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The present study discusses the use of the Tandem GMAW process as a technology capable of

postponement manufacturing in the production of specific alloys, using different commer-

cially available alloys. The results show that the Tandem GMAW process can be successful

applied to produce in-situ alloys for specific purposes by combining different alloys dur-

ing  the welding procedure, leading to advances in the manufacturing and development of

new alloys. Based on this technique it is possible to map the binary or multicomponent

alloys with their new metallurgical features that are different from the original metals or

alloys, which can be deposited in various different proportions. In addition, this technique

allows the optimization in multicomponent alloy systems, by finding suitable combinations

of  chemical elements from commercial alloys, and thereby increasing the range of options

for the industrial sector. Furthermore, the industrial use of this technique will increase the

prospects of these complex alloys and consequently there will be a need to study the effects

of  the compositional modifications of these complex alloys as well as to evaluate the phase
transformations and precipitation kinetics of these new alloys.

©  2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Metals and their alloys, such as steels and superalloys

have enormous potential in science and engineering. This
is due to the impressive combination of mechanical, phys-
ical and chemical properties that these metals and their
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alloys have [1,2]. Ni-based superalloys, for example, are a spe-
cial class of materials due to their specific properties such
as high-temperature strength, ductility, oxidation resistance,
hot-corrosion resistance, and weldability [3–5].
In general, Ni-based alloys contain as many  as 5–12 alloying
elements that improve the mechanical properties and/or for
the enhancement of corrosion and oxidation resistance [6].
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j m a t e r r e s t e c h n o l

owever, even with recent advances of the new generation
f Ni-based alloys there are still many  issue and applica-
ions which are unsolved. Such issues open up possibilities
or the development of new alloys. As a general rule, when
eveloping a new alloy, the concept and initial design are
xecuted by computational methods, which help to guide
he chemical elaboration and the procedures for melting and
olidification. The next steps are the experimental procedures
hat include: fusion, liquid treatment, cleaning, solidification,
eat treatments and mechanical processing. Consequently,
he development of different kinds of alloys with a combina-
ion of different elements and metallurgical routes can be a
hallenging task.

Several methodologies have been proposed to study and
anufacture bulk components. In the recent past, additive
anufacturing emerged, and it has become an important
aterials processing technology [6–8]. Its enormous potential

o build parts-on-demand using metals, ceramics, polymers or
heir combinations, with significant reduction of energy and
ost, led to extraordinary advances in the field of materials
cience [9–11].

However, for applications involving pipelines as well as
tructures and heavy equipment, the most widespread man-
facturing process is welding. Unfortunately, there are still
any problems in the field of welding waiting for answers.
ne of these scientific and technological hot spots is dissimilar
elding. A recent study highlighting some current challenges
ssociated with fusion welding of materials for energy usages
12], cited dissimilar metal welds as a challenge for industrial
pplications. The risk of failure can be reduced by selecting
he correct joint design and appropriate type of filler metal.
lso, the dissimilarity, in many  cases, is related to the deposi-

ion of a coating on a substrate. Many  industrial applications
equire a corrosion resistant weld overlay. Stainless steels or
ickel-based alloys are good options for corrosion protection
ith a low cost. However, in either case it is not always pos-

ible to select the best alloy for a specific application, due to
everal factors, including not being commercially available.

Therefore, the development of new alloys to assure spe-
ific features for specific applications is required for various
ndustries. In the oil and gas, nuclear, energy, pulp and paper
ndustries, among others, there is on-going research works
n materials with improved performance for manufacturing
quipment, as well as suitable materials for specific appli-
ations. Unfortunately, it is not always possible for the final
ustomers of a supply chain to obtain exactly the ideal mate-
ial for a given application. More  expensive materials are used
ecause of the absence of a commercial alloy with the desired
haracteristics. Thus, the development of a specific alloy, or
he nearest possible, is indeed a necessity, and this could result
n greater efficiency in the use of high-cost advanced materi-
ls. In basic welding with low-cost materials, it is common
o choose commercial brands as filler metals that can serve

 wide range of applications. However, for advanced appli-
ations using high-cost materials can become economically
mpracticable.
Some few studies are found in literature concerning the
evelopment of in-situ alloying by welding [13–15]. Ma et al. [16]
ombined gas tungsten arc welding (GTAW) process to produce
n-situ alloying by separately depositing elemental pure Ti and
 0;9(3):6950–6956 6951

pure Al wires. However, in-situ alloying development using two
wires GMAW are not reported in the literature and opens new
perspectives to this process. In addition, the studies developed
until now are related to titanium aluminides, being in-situ Ni-
based alloying development an unpublished subject matter.

Advances in welding processes have made improvements
in arc stability and have increased deposition efficiency and
productivity. One of the high productivity processes is the tan-
dem gas metal arc welding (T-GMAW) process, which uses two
wires [17–19]. Each wire has its own power source and they are
insulated from each other in the welding gun.

The simultaneous use of different materials in this type of
process results in the development of an in-situ alloy, that is
different from either consumable when used individually as a
filler metal. In these processes, each wire is equipped with a
separate power supply, and gas shield device, and the welding
process parameters can be adjusted individually to meet the
various requirements of the desired weld. This new material
has specific properties, which may differ by either the quanti-
ties of each wire used during the process or due to the process
parameters such as the welding heat input, welding speed,
and weaving, among others.

However, there is some difficulty to perform welds using
this process, which is related to arc deflection. One of the
possibilities to overcome it is the use of out-of-phase current
pulse, aiming to give greater stability to the electric arcs. This
is particularly important to allow the use of different filler
metals with different proportions. Another aspect that is also
widespread in pulsed GMAW welding is regarding metal trans-
fer. The condition of a drop per pulse with droplet diameter
close to the electrode has been sought aiming to make the
process stable. However, in the T-GMAW configuration using
electrodes with different feed speeds, it is not possible to
maintain simultaneously the out-of-phase current pulse and
the condition of one drop per pulse on both electrodes. Recent
study showed that for welding made with T-GMAW process,
applying different feed speeds, the use of out-of-phase current
pulse became determinant for arc stability. It is also important
for the quality of the weld bead itself with distinct droplet
diameters between the two wires and larger than the diame-
ter of the electrode [20]. Another point to consider is the wire
speed limiting to perform a well-filled weld pool and result
in a homogeneous weld on macro- and microscopic scale.
This may limit the use of this technique to proportions within
30–70% of mixture.

Even though there is some complexity and limitations in
using this process for in-situ welding production, the present
study shows the use of the T-GMAW process as a technology
for postponement manufacturing in the production of specific
alloys, using different commercially available alloys. In this
article, we will discuss some applications in which the pro-
duction of in-situ alloys by the T-GMAW process was carried
out successfully.

The first case is the production of an in-situ alloy using
two different alloys as filler metal, shown in Fig. 1. In this
example, a conventional low carbon steel (AWS  A5.18 ER80S-

D2), with a chemical composition of essentially Fe, with small
amounts of silicon (Si), manganese (Mn) and carbon (C), was
used as the filler metal. This metal essentially presents a fer-
ritic microstructure with a body-centered cubic (BCC) crystal
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Fig. 1 – Drawing showing the Tandem GMAW torch and weld bead details during the welding. The differences in terms of
 the 
microstructure of each wire  for this specific application, and

structure, which is a low cost commercial material. The other
was an austenitic stainless steel (AWS  A5.9 ER 307) wire con-
taining Fe with additions of chromium (Cr), nickel (Ni) and
manganese (Mn). The microstructure of this steel is essentially
austenitic and it has a face-centered cubic (FCC) crystal struc-
ture. Although stainless steels are initially more  expensive
because of the additional alloying elements, specially nickel,
they can become more  accessible in price once the alloy is
produced on a large scale and becomes widely available on
the market.

The welds were performed using an x–y coordinate work-
bench and an IMC  Digiplus A7 DCDU electronic power supply,
which was developed for tandem MIG/MAG. All parameters
of power and wire  feed were monitored using a data acquisi-
tion system. The welding parameters and procedures used in
this case were constant tension, resulting in a voltage of 18 V,
a contact-tip-to-workpiece distance of 20 mm,  and a welding
speed of 10 mm/s, resulting in a heat input of 0.6 kJ/mm.  The
shielding gas was a mixture of 75% argon with 25% CO2. The
wire feed speed ranged from 4 to 6 m/min  depending on the
required weld pool chemistry.

In this example, the result was a novel in-situ alloy with
high hardness and good mechanical properties, and which
also presented a good corrosion resistance due to the partic-
ipation of Cr and Mo  as alloying elements in the weld metal.
Different proportions of the alloys were tested within a spe-
cific range between 40 and 60 wt.% of each other. In this way
different properties were achieved as a function of the ratios
of each molten filler metal used. Microstructural analysis per-

formed by optical microscopy (OM), indicated an apparently
fully martensitic matrix, as shown in Fig. 2. This matrix is hier-
archically structured in thin lath substructure, blocks, packet
and grains (prior austenite grains) characteristic of low carbon
microstructure in the weld fusion zone are also shown.

high strength martensitic steels [21,22]. Additional analysis
performed by scanning electron microscopy indicated also
the presence of retained austenite along lath martensites,
which can be attributed to the significant amount of austeni-
tizing elements, especially Ni, from austenitic stainless steel.
The chemical composition along the melted zone was very
uniform (Fig. 2b), as was the microhardness. An example
of two different filler metal proportions tested, which were
evaluated for microhardness with a load of 0.1 kgf (0.98 N),
resulted in 361.3 ± 3.7 and 452.5 ± 3.7 HV0.1, showing a sig-
nificant variability with low dispersion. These characteristics
point to promising applications for industry, such as welding
high strength steels, among others.

Another interesting application is the need for special
materials that are used in oil and gas processing plant equip-
ment, in nuclear energy plants as well as in the power
generation and chemical industries to resist their specific cor-
rosive environments. Various corrosion resistant alloys have
been applied as a coating and are deposited by welding on low
alloy steels or carbon steel. This leads to a significant reduc-
tion in costs when compared to the use of highly corrosive
resistant steel in the first place. Depending on the applica-
tion, alloys that offer the maximum resistance to corrosion,
for example, can represent a high cost, making the process
economically unviable. In other cases, it may be important to
ally certain characteristics of an alloy with another having a
different chemical composition and specific properties. The
tandem gas metal arc welding (T-GMAW) process shows that it
has ample flexibility from a metallurgical point of view to com-

bine different alloys, resulting in an in-situ alloy, and therefore
this method is able to guarantee the necessary characteristics
required.
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Fig. 2 – (a) Cross-section of weld overlay produced in-situ with using two different alloys as filler metal, a conventional low
carbon AWS A5.18 ER80S-D2 steel with ferrite (bcc) and an AWS A5.9 ER 307 austenitic stainless steel (fcc) wire.  (b) EDS
linescan showing the resulting chemical composition, which was homogeneous along weld metal. (c) Light microscopy
shown a martensitic matrix. (d) SEM analysis confirming the martensitic microstructure and some retained austenite
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A practical example is the use of nickel-based alloys as the
nternal coating of processing equipment and offshore steel
ipelines. In general, the UNS N06625 alloy, with 20−22 wt.%
f chromium,  9 wt.% of molybdenum, and an addition of nio-
ium (4 wt.%) with iron limited to a maximum of 5 wt.% has
een commonly used. In other situations, the UNS N10276
lloy, whose composition differs from the alloy 625 in terms
f chromium (16 wt.%) and with higher percentages of molyb-
enum (16 wt.%), no niobium but with an addition of 4 wt.%
f tungsten, can be used. In this case, chromium and molyb-
enum are essential for corrosion resistance. However, recent
tudies have shown that coatings deposited by welding using a
hird alloy, UNS N06686, obtained superior performance com-
ared to previous ones [21,22]. The 686 alloy has the same
hromium content as the UNS N06625 alloy (20−22 wt.%), with
he same amount of molybdenum as the UNS N10276 alloy
16 wt.%), as well as tungsten additions (4 wt.%). However, its

ost is higher when compared to the others.

This situation motivated an investigation into the per-
ormance of weld overlays produced by combining the UNS
N06625 (AWS  ER NiCrMo-3) and UNS N10276 (AWS  ER NiCrMo-
4) alloys, in order to create an in-situ novel alloy. Thus, an
alloy with an intermediate composition between UNS N06625
and UNS N10276 alloys would be produced and which would
approach the composition of the UNS N06686 alloy. The exper-
imental procedure evaluating various welding parameters to
obtain a stable arc with good metallic transfer, and which
permitted the formation of a weld pool with a suitable con-
tribution of each alloy.

In this case, the welds were performed in a KUKA KR16
robotic workbench and an IMC  Digiplus A7 DCDU electronic
power supply, developed for T-GMAW. All parameters of power
and wire feed were monitored using a data acquisition system.

Some of the welding parameters selected to produce the
novel Ni-based alloy based on the mixture of commercial
alloys were kept constant: the contact tip to work distance was
20 mm and the welding speed was 20 mm/s. The operational

mode was a constant pulsed current, with a peak current and
a base current of 380 and 100 A, respectively. The heat input
was 0.75 kJ/mm,  and the shielding gas was 70% argon and 30%



6954  j m a t e r r e s t e c h n o l . 

Fig. 3 – (a) Macrograph of the Ni novel alloy weld coating
cross-section. (b) EDS linescan through several microns
along the dashed-line shown in the macrograph.

process can be successful applied to produce in-situ alloys for
He. More  details on welding procedure and parameters can be
found in recent publication [20].

Afterwards, several tests were carried out to evaluate the
performance of the in-situ alloy. The final chemical compo-
sition was assessed by optical emission spectroscopy; the
microstructural characteristics appraised by scanning elec-
tron microscopy (SEM), energy dispersive spectroscopy (EDS)
and X-ray diffraction (XRD); also, corrosion resistance was
evaluated by immersion tests according to the ASTM G48 stan-
dard.

The results showed that the use of this process for the
production of in-situ alloys was feasible, since the welds
were of good quality, without defects or cracks. The coatings
produced showed good chemical and microstructural homo-
geneity. Energy dispersive of X-ray spectroscopy (EDS) linescan
for the main elements confirmed the good quality of the
deposits, as shown in Fig. 3. Microsegregation of some alloying
elements such as Mo, Nb, and W occurred during solidifica-
tion of the weld metal. These partitioning of alloying elements
resulted in an enrichment of the aforementioned elements in
small portions of liquid metal in the end of solidification.

This microsegregation resulted in the formation of
secondary phases, which was another important feature eval-
uated. The microstructural analysis of in-situ alloy indicated

the presence of two different secondary phase particles, being
one with cuboidal morphology and rich in Nb, Ti, C and N.
This is characteristic of TiN/NbC core/shell structure, simi-
2 0 2 0;9(3):6950–6956

lar to reported in previous study [23]. The second structure
presented a misshapen morphology, characteristic of solidi-
fication of residual interdendritic liquid. Based on XRD and
SEM-EDS analysis, these particles were identified as topo-
logically closed packet phases rich in Mo, Nb and W,  with
rhombohedral crystal structure, known as �-phase, similar to
the reported in literature for other NiCrMo alloys [24]. Further
investigations by TEM should be performed to elucidate the
structure and chemistry in nano scale.

This microstructural pattern regarding to the secondary
phases for the in-situ alloy is uncommon and interesting, being
directly related to the microstructural feature of each commer-
cial alloys. The microstructure of the UNS N06625 dissimilar
weld was characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and X-ray
diffraction (XRD) analysis. The microstructure consisted of
a �-fcc matrix with cuboidal particles formed by a core of
titanium nitride (TiN) and a shell of niobium-titanium car-
bides (NbTiC), forming (TiN)/(NbTiC) complex precipitates, and
a Nb-rich Laves phase [23,25], as shown in Fig. 4a. While the
microstructure of the UNS N10276 dissimilar weld was formed
by Mo-rich topologically-closed packed (TCP) phases (�-, �-
and P-phases), precipitated in a �-fcc matrix, as shown in
Fig. 4b [24,26]. The results of the microstructure for the novel
in-situ alloy showed that the (TiN)/(NbTiC) complex precipi-
tates remained in the microstructure, since the TiN nitrides
is in the solid state during the fusion, acting as a nucleat-
ing agent for the formation of the (NbTi)C carbide shells [23].
The combination of molybdenum, tungsten and niobium ele-
ments in the same alloy and its microsegregation behavior
resulted in a local liquid chemical composition, at the end of
the solidification process. This complex local chemical com-
position was able to suppress the Nb-rich Laves phase and
Mo-rich �-phase and P-phase. Thus, the secondary phases
that resulted from the solidification of the in-situ alloy were
(TiN)/(NbTiC) complex precipitates, as a direct contribution
of the UNS N06625 alloy, and the �-phase was the result of
the blend of the molybdenum, tungsten and niobium. In that
case, the molybdenum and tungsten were contributions from
the UNS N10276 alloy whereas the niobium and molybdenum
were contributions from the UNS N06625 alloy. The differences
in terms of microstructure and microchemistry found in these
studies will directly affect the properties of the alloys.

In this particular application, the in-situ alloy was designed
to be used as a corrosion resistant alloy; therefore, it had to be
evaluated from this point of view. Based on the results of the
ASTM G48 tests, the performance of the in-situ alloy was supe-
rior to the UNS N06625 and UNS N10276 alloys separately, and
comparable to the performance achieved by the UNS N06686
alloy [27,28]. This clearly demonstrates the feasibility of this
technique not only for the development of experimental alloys
for scientific use but also for practical applications in indus-
try. Moreover, this process had a higher productivity, due to the
welding speed of the T-GMAW process that has considerably
higher welding speeds than conventional processes.

In summary, the tandem gas metal arc welding (T-GMAW)
specific purpose. This goal was achieved by the combination
of different alloys during the welding procedure, leading to
advances in manufacturing and development of materials.
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Fig. 4 – Exemples of some microstructural features of the novel Ni-based alloy produced from the IN625 and C276 alloys. (a)
The X-ray diffraction spectrum of secondary phases extracted from UNS N06625 alloy displaying Nb-rich Laves phase and
TiN/NbTi(C) nitrides/carbides with the respective SEM image showing both phases. (b) X-ray diffraction spectrum of
secondary phases extracted from UNS N10276 alloy displaying peaks referring to the Mo-rich TCP phases such as P-, �- and
�-phase with a SEM image showing an example of the Mo-rich particle. (c) Novel Ni-based alloy X-ray diffraction spectrum
showing peaks indexed only for two secondary phases extracted from the matrixes: NbC from the UNS N06625 alloy and
the �-phase attributed to the UNS N10276 alloy. In addition, a SEM image is presented showing the NbC particle together
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