
Journal of Advanced Joining Processes 1 (2020) 100024 

Contents lists available at ScienceDirect 

Journal of Advanced Joining Processes 

journal homepage: www.elsevier.com/locate/jajp 

Investigating plasma keyhole welding with multiple wires for fusion 

welding with chemically graded weld seams 

F. Akyel ∗ , L. Oster , S. Olschok , R. Sharma , U. Reisgen 

RWTH Aachen University, Welding and Joining Institute, Aachen, Pontstr. 49, D-52062 

a r t i c l e i n f o 

Keywords: 

Low Transformation Temperature (LTT) 
multi-wire plasma keyhole welding 
graded welding structure 
mechanical properties 
martensite start temperature (M s ) 

a b s t r a c t 

Fusion welding processes are characterised by high temperature gradients, caused by the local heat input, which 
in turn leads to the formation of thermal and transformation induced (tensile-) stress. If the resulting stress exceeds 
the yield point, distortion occurs, which has a strong influence on the geometrical precision of the component. To 
counter these effects, in the past few years Low Transformation Temperature (LTT) materials were successfully 
used as filler wire. Here, the martensite start temperature is reduced and the increased thermal expansion during 
the martensitic phase transformation is used to induce compressive stress. Thus the formation of tensile stress 
through thermal shrinkage can be actively counteracted by the formation of compressive stress at reduced tem- 
perature. This counteracts the thermal distortion with the use of phase transformation. However, a solid technical 
solution for locally inducing LTT injections needs to be found. The following article presents a new approach of 
generating chemically graded weld seams in order to change the microstructure from ferritic to martensitic LTT 
alloy within the welding process. Therefore, a multi-wire plasma keyhole process is used to create a new alloy 
in-situ with varying nickel and chromium contents. To obtain a chemically graded structure the wire feed speeds 
are changed continuously within the welding process. For the multi-wire plasma keyhole process, a conventional 
plasma welding torch is extended by additional wire feeders, developed by the RWTH Aachen University Welding 
and Joining Institute. The graded structure is achieved by combining a high chromium-nickel filler wire with a 
conventional low alloy filler wire. The length of the graded area is varied so that the transition from high to low 

alloy area is either long or short. The results show, that it is possible to establish a stable welding process and 
change the chemical composition within the weld seam in-situ. Cross sections show a changing microstructure 
from low alloy ferritic microstructure to a martensitic microstructure. The influence of the transition area on 
the resulting microstructure and mechanical properties, such as hardness, is investigated. The experiments were 
performed in order to develop a basic knowledge about the mixing of dissimilar materials in plasma keyhole 
welding and the effects on the microstructure. 
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Due to the constantly growing demands on steel constructions with
egard to their geometrical precisions and strength, high-performance
aterials are used more frequently. However, welded constructions,
ade of high strength materials are of limited use, since the welded

oints are susceptible to component distortion and even cracking due to
onstant use Kromm, 2011 . This is due to the fact that the heat gener-
ted during welding causes a structural change in the welded joint. The
ocal application of heat during the welding process generates various
tress conditions in the component. The thermal processing results in a
igh temperature gradient between the weld seam and the base mate-
ial. This results in an inhomogeneous stress distribution in the whole
pecimen and ultimately leads to residual welding stress. If the resid-
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al stresses exceed the yield point, plastic deformation occurs, which
eads to distortion of the component. In order to avoid residual stresses,
ubsequent after-treatments must be carried out, such as stress-relief an-
ealing or mechanical treatments like hammer-peening Reisgen et al.,
016 ; Dilthey et al., 2005 ; Radaj, 2012 ; David et al., 2003 ; Ueda et al.,
976 and Simoneau et al., 2009 . In order to avoid distortion, most com-
onents are clamped restrictively in the welding process or straight-
ned afterwards, which in turn leads to high residual tensile stresses
ithin the welded specimen. A reduced tensile stress is desired since

hese structures show better properties such as fatigue life or sensitiv-
ty to hot and cold cracks, Azizpour et al., 2019 . In order to counteract
igh-priced after-treatment, so-called Low Transformation Temperature
LTT) materials can be used. These materials are usually added to the
rocess as filler materials and reduce distortion and, ideally, residual
tress during cooling of the component. Here, the effect is exploited that
he austenite to martensite phase transformation is being followed by a
olumetric expansion and compressive stresses are induced in the weld
eam, which counteract the high welding tensile stresses. Thus the com-
il 2020 
ed by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
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Fig. 1. Development of elongation depending on martensite start temperature 
(M s ) ( Ohta et al., 1999 ). 
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onent precision can be increased by in-situ alloying, Azizpour et al.,
019 . 

tate of the Art 

In the past few years the controlling of welding residual stress and
istortion by means of phase transformation has been desired. In welded
oints of steels, shrinkage and transformation residual stresses occur in
he immediate weld seam area due to inhomogeneous temperature dis-
ribution and (in the case of transformable steels) phase transforma-
ion. To control residual stress and distortion, compressive stress in the
eld seam by using the phase transformation during the cooling pro-

ess is aimed. With this not only the residual stress within the weld
eam is reduced but the mechanical behaviour of welded structures are
lso increased Masubuchi et al., 1993 . The residual stress distribution is
nfluenced to a significant extent by the phase transformation in ad-
ition to the restricted shrinkage Heeschen et al., 1988 . This means
esidual stress in welded specimen is a superposition of phase trans-
ormations and thermal shrinkage Schulze et al., 2010 . Thermal dis-
ortion cannot be influenced without further ado, however, the influ-
nce of phase transformation can be influenced by means of targeted
lloying in order to build up further compressive stresses in the welded
pecimen. 

For the transformation of martensite, two temperatures are of rele-
ance: martensite start temperature (M s ), where the martensite forma-
ion begins, and martensite finish temperature (M f ), where the marten-
ite is formed 100 % Martinez et al., 2005 . When using conventional
ller wire, cooling induced contraction occurs up to the point of phase
ransformation around 500°C. After the transformation, however, the
ontraction continues until a shrinkage can be recorded due to tensile
esidual stresses within the weld seam, Fig. 1 . If the austenite to marten-
ite transformation takes place at low temperatures (for example 200°C),
his is referred to as the low-transformation-temperature (LTT) effect.
ere the higher expansion by the martensite formation is used, which
ontinues until the room temperature is reached. This leads ultimately
o reduction of tensile residual stresses and distortion Bhadeshia 2002 .
f, however, M s is reduced too much, martensite formation will not be
ompleted since M f drops below room temperature and shrinkage will
ccur again. As a result, retained austenite is formed in the heat affected
one. Therefore it is to take into account, that M s must not be reduced
oo much Ohta et al., 1999 . 

There is no previous definition for the low transformation tempera-
ure material. In literature it is stated, that an LTT alloy is a filler ma-
erial that uses a martensitic phase transformation temperature above
oom temperature and that the main difference to conventional filler
aterial is the higher content of Cr and Ni (at least up to 10 m%).
romm, 2011 ; Çam et al., 2010 . 

In the literature some investigations were carried out to calcu-
ate the martensite start temperature via the composition of the al-
oying elements, Payson et al., 1944 ; Carapella, 1944 ; Rowland et al.,
946 ; Grange et al., 1946 ; Steven et al., 1956 and Andrews et al.,
965 . In Kung et al., 1982 some formulae were investigated regard-
ng their accuracy in predicting the M s temperature for high and low
lloy steels. Research showed that the formulae of Steven and Haynes
teven et al., 1956 and Andrews Andrews et al., 1965 were the most
ccurate. Whereby the formula according to Steven and Haynes proved
o be the most robust for high Cr contents. Since a high alloy filler wire
ith a high Cr content was used in this work, the Steven and Haynes

ormula is used, equation 1 . 

𝑠 = 561 − 474 × 𝐶 − 33 ×𝑀𝑛 − 17 × 𝐶𝑟 − 17 ×𝑁𝑖 − 21 ×𝑀𝑜 (1)

n this study the homogeneous intermixing of two different filler wires
as investigated in order to gain knowledge about the microstructure

hat will be formed and if an LTT effect could be used for further inves-
igations. With the combination of a high alloy and a low alloy material
 de-alloying of the high alloy material was aimed to gain a chemical
omposition that resembled the content of an LTT. Thus, the potential
f in-situ alloying was investigated to produce the desired alloy com-
osition during the welding process by using conventional filler wires.
ince there is no real definition of how high the alloying elements in an
TT should look like, the effect of different alloying compositions was
nvestigated by using a graded structure. 

elding Trials 

Material. Two low alloyed sheets (S235JR) with the dimensions of
00 × 100 × 5 mm were butt welded lengthwise with the multi-wire
lasma keyhole process in a single pass. Two filler wires were used in a
raded structure (bead on plate with free root formation). A high alloy
ller wire G 25 20 (EN ISO 14343-A G 25 20) and a low alloy filler wire
 3Si1 (EN ISO 16834-A G 3Si1) both by the company ESAB, Sweden,
nd both with 1 mm diameter were used during the welding trials. Argon
DIN EN ISO 14175: I1) was used as shielding gas, while H5 (DIN EN
SO 14175: R1-ArH-5) was used as plasma gas. 

The chemical composition of the materials was measured using an
ptical Emission Spectrometer (OES), Table 1 . To be able to measure

he thin filler wires, they were melted under inert gas atmosphere in
eramic crucibles into larger samples. 

Experimental Setup. For the multi-wire plasma keyhole process, a
onventional plasma welding torch was used, which was extended by an
dditional wire feed unit for 2 wires, Fig. 2 . The wire feed speeds were
ontrolled independently of each other by using a control computer,
quipped with an analog out voltage module in combination with Lab-
IEW. 

In order to obtain a chemically graded structure, the transition time
etween the two wires was changed, resulting in an area that has ei-
her a long or short graded pass, Fig. 3 . The transition time of the short
ransition zone (STZ) was 3 s, whereas the transition time of the long
ransition zone (LTZ) was 26 s. This resulted in a STZ of 17.5 mm length,
hereas the LTZ had a length of 145 mm. 

Welding started with the high alloy filler wire (filler wire 1). After a
efined welding time, the low alloy filler wire (filler wire 2) was added
o the process, so that both filler wires were supplied simultaneously.

hile the wire feeding speed of filler wire 1 was gradually reduced, the
eeding speed of filler wire 2 was increased in the same proportion, un-
il the process was completed with filler wire 2 being fed only. Thus at
he beginning of the weld a microstructure of dissimilar material com-
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Table 1 

Main alloying elements of the two filler wires and the base material (in m%). 

Material Fe C Si Mn Cr Ni Mo P S 

S235JR 98.2 0.08 0.056 1.01 0.413 0.041 0.014 0.0338 0.0029 

G 3Si1 97.4 0.09 0.09 1.35 0.02 0.02 < 0.005 0.01 0.02 

G 25 20 51.7 0.11 0.55 1.32 24.96 20.89 0.117 0.0187 0.0019 

Fig. 2. Welding setup of plasma arc multi-wire process with two filler wires. a) Schematic picture of plasma multi wire welding, b) picture of the used plasma 
welding torch. 

Fig. 3. Wire feed speed over time for short transition zone (STZ) and long transition zone (LTZ). 
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ination was produced and at the end of the weld a microstructure of
imilar material combination was produced. During the complete weld-
ent, the summarized wire feed speed and therefore the deposition rate
as kept constant. The influence of the chemical gradient and dissimilar
elding on the mechanical properties (hardness) was investigated. 

To investigate a suitable welding parameter set, pre experiments
ere performed. The goal was, to find a parameter window, which gen-
rates a stable keyhole and uniform weld seam geometry while the wire
eed speeds were altered. As the viscosity of the high alloy filler wire
as higher, compared to the low alloy wire, the arc intensity needed

o be high enough to gain an equal weld seam shape. At the same time
he heat input needed to be kept low enough, to keep the keyhole stable
or the low alloy part of the weld seam. After investigating the opti-
um welding parameter, only the position of the transition zone varied

hroughout the process by changing the starting and ending time of the
ire feeds, Table 2 . 
esults 

Various tests were carried out to evaluate the welded samples. Met-
llographic examinations were carried out by transverse and longitu-
inal cross sections. Hardness measurements, macro and micro sections
ere made. For the investigation of the chemical composition line scans
ere carried out with an energy-dispersive X-ray spectroscope (EDS) in-
estigation. The information on the chemical composition was used to
alculate the theoretical martensite start temperature according to the
ormula of Steven and Haynes. 

Microstructure. First, the cross section of a weld seam with a high
lloy filler wire was examined, Fig. 4 . It can be seen that carbides are
resent. The microstructure consisted mainly of austenite, bainite and
artensite in contrast to the ferritic-pearlitic base material. Because of

he nickel content, the formation of pearlite was suppressed. Although
 dissimilar weld was present, the weld seam appeared to have been
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Table 2 

Welding parameters. 

wire feed speed 
v D [m/min] 

welding speed 
v S [m/min] 

welding time 
t [s] 

plasma gas 
f P [l/min] 

shielding gas 
f S [l/min] 

current 
I [A] 

5 0,35 32 5 18 275 

Fig. 4. Macro and micro cross sections of the welding zone 
with high alloy filler wire. 
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omogeneously mixed. Here, the micro images of the microstructure
ppeared comparable. 

As the next step a cross section in the transition area was examined,
ig. 5 . In the upper area of the weld a predominantly martensitic and
ainitic microstructure could be observed. In the lower part of the weld,
owever, a mainly austenitic structure could be seen. Carbides were
etected over the entire cross section. In the transition area, therefore,
omogeneous intermixing of the two wires did not seem to occur. 

Furthermore, the cross section with low alloy filler wire, i.e. a simi-
ar welding, was examined. A ferritic-pearlitic microstructure was deter-
ined, Fig. 6 . Carbides were not present or were present in very small

uantities. The structure of the upper and lower weld seam was identical
ue to the similar welding process. 

In order to be able to further investigate the intermixing of the two
ller wires in the transition zone, longitudinal sections of the samples
ith a long transition zone were prepared and analysed. 

When considering the longitudinal section in the LTZ, it became
lear that the intermixing between the two wires was initially inhomo-
eneous. The upper and lower areas of the weld seam could be clearly
istinguished with regard to their microstructure, Fig. 7 -a . As the pro-
ortion of low-alloyed material increases, the two regions appear to be
ecoming increasingly intermixed, Fig. 7 -b/c . This continues up to a
ertain point with an apparent mixing of the two areas, so that no clear
istinction between the two areas is possible from a mere macroscopic
oint of view, Fig. 7 -d . 

Hardness. To compare the hardness of each sample, a hardness se-
ies was recorded across the middle of the sample. The hardness ac-
ording to Vickers (HV 0.2) was compared. The hardness of the base
aterial was approx. 150 HV 0.2. The area with purely high alloy filler
ire (dissimilar material combination), the transition area and the area
ith purely low alloy filler wire (similar material combination) were

ompared. 
In the area with high alloy filler wire, a hardness increase of up to

00 HV 0.2 occurred, Fig. 8 . An increase took place first over the fine
rain and coarse grain zone of the weld until the maximum plateau
ithin the weld has been reached. 
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Fig. 5. Macro and micro cross sections of the transition zone. 
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The high hardness values in the weld seam showed that a structure
ith a higher hardness, such as martensite, was present in contrast to

he ferritic-pearlitic base material microstructure. 
This also applied to the transition zone, in which average hardness

alues of up to 380 HV 0.2 were achieved, Fig. 9 . The longitudinal macro
ections showed a difference in the upper and lower microstructure in
he transition zone up to a certain length. This explains why the hardness
alues of the high alloy area and the transition zone are approximately
he same. It can also be observed that the base material hardness of
50 HV 0.2 is reached at a greater distance from the weld seam center
around 6 mm) than the weld areas with purely high alloy filler wire
around 4.8 mm). 

While hardening up to approximately 400 HV 0.2 occurred in the
igh alloy zone and in the transition area, the average hardness in the
ow alloy zone remained at approximately 230 HV 0.2, Fig. 10 . With the
imilar welding no martensite was formed in the weld seam and thus the
ardness was not increased that much. 

From the samples with long graded area and short graded area 8
ross sections were taken at a distance of 15 mm each, starting from
he area with high alloy filler wire (HA-1) over the transition zone
TZ-1) to the area with low alloy filler wire (LA-1). The weld start and
nding was excluded up to 50 mm. For each cross section, the aver-
ge of the hardness plateaus from the centre of the weld seam was
ecorded. Thus, the hardness curve could be documented over the en-
ire sample length (with the exception of the weld start and weld end),
ig. 11 . 

A significant decrease in hardness could be determined for the hard-
ess curve of the short-graded sample. The hardness dropped from 400
V 0.2 to about 200 HV 0.2. 

The hardness curve of the long graded specimen showed a slight de-
rease in hardness. The hardness value dropped from about 400 HV 0.2
o about 360 HV 0.2. Since the areas of the purely high alloy filler wire
r purely low alloy filler wire were in the weld start or weld end, these
ere not covered in the cross sections. Nevertheless, it can be stated

hat even if the low alloy content increases, the hardness almost does
ot change. Even with a decreasing proportion of high-alloy wire in the
eld metal, the amount is still sufficient to increase the hardness within

he weld seam. 
Energy-dispersive X-ray spectroscopy. In order to determine the

hemical composition within the weld seam, the cross sections were ex-
mined using an EDS to perform line scans. As in the hardness measure-
ents, the line scan measurement series was taken across the middle of

he sample. In particular, the alloying elements used to calculate the M s 

emperature (such as Mn, Cr, Ni and Mo) were examined more closely. 
First, a line scan was carried out through a cross section in the high

lloy area. The Cr content in the base material was in average about
.38 m%, while the Ni content was about 0.07 m%. Within the weld
eam, the Cr content increased in average to about 8.18 m%, while the
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Fig. 6. Macro and micro cross sections of the welding zone 
with low alloy filler wire. 

Fig. 7. Longitudinal sections of LTZ with distinctive austenitic area in the lower part of the weld. 
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i content increased to about 5.79 m%, Fig. 12 . In contrast, the alloying
lements Mn and Mo were not influenced by the high alloy filler wire
oticeably, since the content of those two elements are nearly the same
n the base material and the filler wire. This showed overall that the
igh alloy filler material caused an addition of Cr and Ni within the
eld seam, whereas Mn and Mo was not influenced by it significantly. 

In the transition zone, an increased Cr and Ni content could also be
etermined in contrast to the base material, Fig. 13 . Overall, however,
heir proportions were somewhat lower than in the high alloy zone;
hile the Cr content was determined in average to about 4.27 m%, the
i content was about 2.83 m%. This showed that the supply of the low
lloy filler wire lead to the further de-alloying of the high alloy filler
ire in that area, especially of the Cr and Ni elements. 

The cross sections and longitudinal sections of the transition zone
howed that the upper and lower areas of the weld seam had a different
icrostructure. This was investigated more closely in an EDS mapping

n the middle left side of the weld seam and by EDS measurements in
he upper (measure area 1) and lower (measure area 2) area of the weld
eam, Fig. 14 . 

The mapping showed once again the increase of the Cr and Ni con-
ent in the weld seam in contrast to the base material, whereby the Mn
nd Mo contents were not or only slightly changed. However, it was also
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Fig. 8. Hardness propagation in the weld with high alloy filler wire. 

Fig. 9. Hardness propagation within the transition zone. 

Fig. 10. Hardness propagation in the weld with low alloy filler wire. 

Fig. 11. Hardness propagation in average over the entire sample length. 
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Fig. 12. EDS line scan across the middle of a cross section of the sample with high alloy filler wire. 

Fig. 13. EDS line scan across the middle of a cross section of the transition zone. 

Fig. 14. EDS mapping of a cross section in the transition zone showing the higher Cr and Ni compared to the base material. 

f  

p  

m  

t  

t  

e  

t
 

a  

w  

w
 

w  

f  

c  

a  

m  

a  

a  

m  

h  

2  

n
o  

a

C

 

s  
ound that a higher Cr and Ni content could be measured in the lower
art of the weld seam than in the upper part. An EDS measurement of
easuring area 1 showed a Cr contend of around 3.93 m% and a Ni con-

ent of around 2.92 m%. This values increased in the measuring area 2
o 6.16 m% for Cr and 4.72 m% for Ni. The higher Ni content could
xplain why a more austenitic structure was found in the lower part of
he weld seam, since Ni is austenite-stabilizing. 

Further EDS line scan investigations were also carried out in the low
lloy zone, with no major differences in the chemical composition of the
eld in comparison to the base material due to the fact that the weld
as of the similar type. 

Martensite start temperature M s . The martensite start temperature
as calculated using equation 1. The chemical composition was taken

rom the line scan measurements and OES analysis. Since the carbon
ontent cannot be measured reliably in the EDS measurement, upper
nd lower M s values were calculated, whereby the C content of the base
aterial (0.08 m% C) or the high alloy filler wire (0.11 m%) was used

s maximum or minimum values. For the base material this resulted in
 M s temperature of about 474.4°C. Considering the high alloy zone, the
artensite start temperature decreased in the weld seam because of the
igher Cr and Ni contend, resulting in M s,upper of 238.9°C or a M s,lower of
24.7°C. Within the transition zone the martensite start temperature did
ot decrease that much, with an M s,upper of around 354.4°C or a M s,lower 

f 340.2°C. The M s temperature did not change for the low alloy zone
nd was not calculated. 

onclusions 

In contrast to the ferritic-perlitic base material, a microstructure con-
isting of martensite and bainite was found in the high alloy zone dur-
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ng examination of the macro and micro sections. However, carbides
ere also found which can most probably be traced back to the high

hromium content. In order to minimize the carbide content, either the
r content or the C content would have to be reduced. Since both ele-
ents contribute strongly to the reduction of the M s temperature and
 is rather undesirable in welds, attempts should be made to keep it as

ow as possible for further experiments. 
An inhomogeneous microstructure with carbides was found in the

ransition zone. While the upper part of the weld had a martensitic
tructure, the lower part appeared austenitic. In longitudinal sections
he two zones could be separated macroscopically, whereby this separa-
ion disappeared with increasing proportion of low alloy filler wire. The
ixing ratio from which this separation no longer takes place remains

o be clarified. It is also quite conceivable that phenomena such as bath
ixing or different densities of the molten high alloy or low alloy wire

ed to separation in the upper and lower areas of the melt bath. Since
he high-alloy material has a higher density than the low-alloy material,
his could explain why the austenitic material accumulates in the lower
art of the weld. Further investigations will follow. 

In the low alloy zone, a ferritic-perlitic microstructure as in the base
aterial was found. No carbides were present here, which further con-
rms the assumption that the carbides present in the high alloy zone or
he transition zone are chromium carbides. 

When looking at the hardness measurements, an increase of the hard-
ess up to about 400 HV0.2 was found in the high alloy zone as well
s in the transition area, which was due to the presence of harder mi-
rostructures such as martensite. In the low alloy zone, however, the
ncrease in hardness was less in comparison. 

Overall, the measured hardness plateaus were examined on average.
t was found that there was a slight decrease in hardness over a larger
ange in the samples with a long transition zone. This shows that even
ith the gradual reduction of the high-alloy content in the long-graded
rea, the chemical elements are still present in sufficient quantities to
ause hardening of the structure. In the samples of the short transition
one, a higher decrease in hardness over a shorter range was present.
ince the zones of the purely high-alloy filler wire and the purely low-
lloy filler wire are relatively long, the decrease in hardness can be
een quite clearly over the short transition zone. How this affects the
echanical-technological properties has to be investigated further. 

After considering the longitudinal sections, it was proven that weld-
ng and mixing of two wires was possible to a certain extent without pore
ormation or defects in the weld seam. The mixing ratio at which the sep-
ration of the zones no longer occurs still has to be clarified, but it was
learly visible that the samples with long transition zone showed sepa-
ation over a long range. Nevertheless, it can be stated that a martensitic
icrostructure can be produced locally by using a high alloy filler wire.

On the basis of the EDS measurements the chemical composition of
he welded specimen could be investigated. The addition of the high al-
oy filler wire led to an increase in the Ni and Cr contents in the weld
eam, whereby the Mn and Mo contents were not significantly influ-
nced. The investigations of the chemical compositions in the upper and
ower part of the weld seam in the transition zone revealed that the Cr
nd Ni contents in the lower part was higher. Since Ni is an austenite for-
er, this is considered to be the explanation for the austenitic structure

n the lower part of the weld seam. 
After calculations of the martensite start temperature, it could be

hown that in the high alloy zone, the M s could be reduced to about
20°C. Whether this is sufficient to reduce the residual stresses or min-
mize the distortion must be further investigated. The main goal was
o create an LTT microstructure by in-situ alloying using conventional
ethods. It could thus be shown that the generation of an LTT structure
as possible by using multi-wire plasma keyhole process. 
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