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Abstract
Invar, also known as FeNi36, is a material of great interest due to its unique properties, which makes it an excellent alternative for sectors such as tooling in aeronautics and aerospace. Its manufacture by means of wire arc additive manufacturing
(WAAM) technology could extend its use. This paper aims to evaluate the comparison of two of the most widespread WAAM
technologies: plasma arc welding (PAW) and gas metal arc welding (GMAW). This comparison is based on the analysis of
wall geometry, metallography, and mechanical properties of the material produced by both technologies. The results show
a slight increase in toughness and elongation before fracture and worse tensile strength data in the case of PAW, with average values of 485 MPa for ultimate tensile strength (UTS), 31% for elongation and 475 MPa, 40% in GMAW and PAW,
respectively. All results gathered from the analysis show the possibility of successful manufacturing of Invar by means of
WAAM technologies. The novelties presented in this paper allow us to establish relationships between the thermal input of
the process itself and the mechanical and metallographic properties of the material produced.
Keywords Nickel-based alloys · Direct energy deposition · WAAM · Additive manufacturing · FeNi36

1 Introduction
Throughout history, humanity has been in search of new
materials that can improve the quality and would enable a
better fabrication of daily used items. Nowadays, the advance
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in new technologies and manufacturing processes has led to
creating new materials with applications that would have
never been possible in the past. One of these materials is
Invar 36, also known as FeNi36 (designed as K93600 by
the unified numbering system UNS). It is a Fe-based alloy,
composed of nickel and iron forming a solid solution that
commercially has a composition of about 64 wt% Fe–36
wt% Ni [1]. The main quality of this type of alloy is the low
CTE (coefficient of thermal expansion) value that it has.
The most common way of manufacturing Invar 36 alloy is
machining. However, the machinability of this type of material is poor and it presents some problems. The high ductility
(between 0.06 and 0.45), the low heat conductivity (between
12 and15 W/m K) and the considerable work hardening that
presents this material are the main reasons for these problems.
Specifically, in machining processes of Invar alloy, ductile chips
are formed in the cutting faces, which results in much greater
tool wear. This means having processes with very poor efficiency, which leads to a high cost [2]. Due to this poor machining, new ways of manufacturing Invar alloy parts are necessary.
Additive manufacturing (AM) is one of the alternatives
to machining the Invar alloys. AM brings a solution to the
problems presented above and uses the minimum amount
of material achieving high material usage efficiency.
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Furthermore, the design freedom that can be achieved with
this type of process is very high. In previous literature, different additive manufacturing technologies were used to
manufacture Invar parts [3], mostly, laser-based powder
bed fusion of metals (PBF-LB/M) and power/laser directed
energy deposition.
Yakout et al. [4] manufactured Invar samples with different parameters and consecutively, different energy densities
utilizing PBF-LB/M technology. Optimum process parameters and specifically, optimum laser energy density ranges
were suggested after analyzing the density, the mechanical
properties, the composition and the microstructure of the
samples. For Invar 36, with laser energy density below the
brittle-ductile transition energy density (52.1 J/mm3), the
void formation is elevated and a brittle fracture is observed.
Between the brittle-ductile transition energy density and the
critical energy density (86.8 J/mm3), parts have the highest
density, high toughness, and medium tensile strength. Up
to this last energy, the chemical composition of the material is changed and the mechanical properties are reduced.
Wei et al. [5] also analyzed the mechanical properties of the
PBF-LB/M manufactured Invar samples. In this study, was
concluded that the optimal laser energy density was 99.2 J/
mm3 obtaining approximately full density, the ultimate tensile strength of 480 MPa and Vickers hardness of 1.8 GPa.
Moreover, regarding the microstructure of Invar manufactured utilizing PBF-LB/M, Yang et al. [6] and Qiu et al.
[7] confirmed that is composed of columnar γ grains with an
FCC structure and nanosized BCC α precipitates, which is in
accordance with the microstructure obtained in wrought Invar.
Also, power/laser directed energy deposition technology
was utilized to manufacture Invar parts. For example, Liu
et al. [8] studied experimentally and via simulations the heat
accumulation in this type of processes. Furthermore, Zhan
et al. [9] studied the effect of the heat input on the microstructure and the orientation of the grains, employing optical
microscopy, finding that the orientation of the cellular crystals is highly influenced by the heat flow, and consequently
by the scanning direction. Finally, Li et al. [10] analyzed the
microstructure evolution and the mechanical properties of
Invar samples manufactured utilizing power/laser directed
energy deposition. Going a step further, different authors
have also manufactured functionally graded material from
Ti-6Al-4 V to Invar using power/laser directed energy deposition technology and depth analysis of the interface was
performed [11, 12].
Traditionally, powder has been the most widely used raw
material for AM. However, in recent years, more attention
has been paid to processes that utilize wire material and
an electric arc. These processes are able to solve several
problems that the powder feed processes cause. Specifically,
some of these issues are the low deposition rate, the high
cost, aspects related to safety and material reuse [13, 14].
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In this way, there are few studies about the utilization of
wire arc additive manufacturing (WAAM) process to manufacture Invar parts [15]. Most are focused on the use of the
WAAM to manufacture aeronautical tools to reduce costs
and the amount of raw material [16]. For this application,
the Invar material is of vital importance due to its already
named small CTE value. Depending on the nature of the
energy source, three types of WAAM processes are distinguished: gas metal arc welding (GMAW), gas tungsten arc
welding (GTAW), and plasma arc welding (PAW)-based
WAAM processes. In previous literature, only GMAW-based
WAAM process was studied for Invar manufacturing [17].
Finally, in some studies, Invar alloy is combined with structural steel thanks to the WAAM process to adapted locally
the mechanical properties of the deposited material [18, 19].

2 Materials and Methods
2.1 Setup, Deposition Strategy
An ADDILAN WAAM 3 axis machine equipped with a tilt
table and an inert-atmosphere close chamber was used to
carry out both the PAW and GMAW experiments. In PAW
technology, an electric arc is created between a tungsten
electrode and the substrate with the help of a plasmatic
gas that is carried to ionization. This gas chokes the electric arc, creating a concentrated plasma arc directed to the
substrate. By means of this arc, the metallic wire that is
fed thanks to the wire driver and a positioner is melted. In
addition, in order to avoid the contamination of the molten
material, the molten pool is protected with shielding gas.
Nevertheless, in GMAW technology, the fed metallic wire
is the electrode itself that, when it is touching the substrate
creates an electric arc melting and depositing the material
in the substrate. In this case, the molten pool must also be
protected by means of shielding gas. The energy efficiency
in PAW is estimated to be 50% lower than in the case of
GMAW, because the metal nozzle that conducts the gas that
generates the plasma acts as a very efficient heat sink [20].
The machine is equipped with a Tetrix 552 AC/DC Synergic plasma welding generator and a wire feeder for PAW
and a Titan XQ 400 AC puls (EWM) welding system with
a M drive Rob5 XR RE(EWM) wire feeder for the GMAW
welding torch. Figure 1 shows the machine and the scheme
of both WAAM technologies used.
The wire material used in this investigation for each
process was Invar (UTP A 8036 S). The composition of
Invar, as provided by the supplier, is presented in Table 1.
The diameter of the wire, dwire, used as the raw material,
was 1.2 mm. The substrate plate was also Invar (UTP A
8036 S) in sheet form, with a thickness of 8 mm. High
purity argon (99.999%) was used as the pilot, protection
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Two 220 × 100 mm (length × height) walls have been
manufactured using both WAAM technologies (PAW and
GMAW). The deposition parameters in both technologies
have been selected with the objective of having beads of
equal geometry with good continuity and that guarantee a
correct deposition in each case. A height control system is
used in this study in both PAW and GMAW technologies
to compensate wall height in layer-by-layer deposition. The
welding parameters (current and voltage) of the process have
been monitored to adapt the z-position of the nozzle.

2.2 Process Parameters

Fig. 1  Setup and WAAM technologies
Table 1  Composition of Invar wire, as provided by the supplier, by %
weight
Fe

Ni

Nb

Mn

C

Cr

61.6

35.66

1.38

0.43

0.22

0.01

and plasmatic gas for PAW process and Ar (97,5%) + CO2
(2,5%) as the protection gas in the case of GMAW.
The deposition sequence followed in both cases is the
one shown in Fig. 2, in which both beads of the same layer
are deposited in the same direction and the beads of the
subsequent layer are deposited in the opposite direction
in order to diminish geometrical features that occur in the
beginning and end of each bead. The overlap distance in
between two beads of the same layer is approximately 65%
of each bead width as shown in Fig. 2.

Fig. 2  Scheme of the deposition sequence in WAAM

The purpose of the experimentation proposed in this article
is to establish a comparison between two WAAM technologies: GMAW and PAW. For this purpose, their performance
in manufacturing walls of the same geometry under optimum deposition conditions is compared. The correct bead
geometry ratio is defined by a wetting angle, considered as
the arctangent of width (wbead) and height (hbead), of 30°
and a continuous bead, without the presence of spatter. To
achieve a similar geometry, the deposited volume (Vdep) per
substrate area must be equal in both cases giving an equal
bead volume per mm advanced (Vbead) in both cases. The
following equations illustrate the ratios, where the Ratio is
the quotient of the wire speed (WFS) and the travel speed
(TS), of deposition possible for this condition to be satisfied.

Vbead = Abead ∙ 1mm =

2
∙ wbead ∙ hbead
3

)2

∙ Ratio

wettingangle = arctan

(h /

Vdep = 𝜋 ∙

(d

∕2

wire

bead

0.5∙wbead

(1)
(2)

)

(3)

The set of parameters shown in Table 2 for each technology are the ones that provide the equal deposition ratio for
achieving a proper penetration and wet angle but not introducing excessive energy to the process. The energy per unit
length is higher in the case of PAW deposition as it is a less
thermally efficient process. The torch heats the wire and the
substrate by the action of the plasma; in the case of GMAW,
the arc is produced between the wire and the substrate which
results in less power required. As for the interlayer cooling
stratigraphy, an interlayer cooling strategy (ICS) has been
employed, similar to the one presented by Artaza et al. in
[21], in which a fixed time is expected. In this case, a waiting
time of 50 s was used for both technologies. The purpose
of this interpass stop is to avoid the collapse of the wall as
it grows in height. In addition, the energy input has been
reduced by 10% from the second pass onwards.

13

1084

Welding in the World (2022) 66:1081–1091

Table 2  Deposition conditions in the tests performed
Technology
PAW
GMAW
Technology
PAW
GMAW

Energy [J/mm]
986
446
Plasma gas flow rate
[L/mm]

TS [mm/min]
600
800
Nozzle diameter [mm]

WFR [m/min]
6
8
Arc current [A]

Ratio [mm/mm]
10
10
Arc voltage [V]

1.2
-

20
20

290
220

34
27

ICS [s]
50
50
Shielding gas
flow rate [L/
mm]
12
17

Figure 3 shows the plan view of the beads obtained with
the two technologies studied. The width and height of the
bead have been measured and show comparable results.
Being the PAW bead slightly wider, 2.51 compared to 2.67
for GMAW, and higher, 7.05 compared to 6.87 for GMAW,
but with similar geometrical conditions, with the same
ratios, the bead width depends on the melt pool width produced by the heat that is not used in the wire fusion.
The average width and height values measured on both
beads have been obtained by means of a laser profilometer
installed on the machine. This laser allows the reconstruction of the initial bead in the cases of GMAW (Fig. 4a)
and PAW (Fig. 4b). The continuity of the bead is observed
in both technologies, which agrees with a visual inspection. The bead height for GMAW is approximately 3 mm
while it was found to be approximately 2.7 mm for PAW.
As for the bead width determined by the profilometer, it
is 6.57 mm at 1/3 of the maximum height in GMAW and
7.09 mm wide at the same Z-height position in the case
of PAW.
Metallographic and Mechanical Characterization.
Evaluation of mechanical properties was made by means
of tensile testing and hardness values. The specimens were

obtained from the manufactured walls following the scheme
shown in Fig. 5.
Specimens for tensile testing were obtained in two different directions of the wall (horizontal and vertical) following
ISO 6892–1, 3 specimens were machined from each wall in
the horizontal direction and the other 3 in the vertical direction. Mechanical testing was carried out at room temperature
and with a speed of 1 mm/min (less than 5 MPa/s in the
elastic region) using an Instron 5585H electronic machine
with a contact extensometer and a load cell of 100 kN.
Both micro- and macrostructures were observed with an
Eclipse MA200 (Nikon) microscope once the samples had

Fig. 3  Bead zero obtained in WAAM-GMAW and WAAM-PAW

Fig. 4  Bead zero reconstruction in the case of a GMAW and b PAW
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middle, bottom). They were then polished using a series of
abrasive grinding papers of decreasing coarseness from 1200
grit, followed by final diamond suspension polishing before
they were etched in Kroll’s reagent. A Duramin A-300 (Struers) testing machine was employed for the Vickers hardness
testing at room temperature following standard ISO 6507–1
(Normalización Española, Materiales Metálicos, UNE- EN
ISO 6507–1, 2018) with a 10-kgf (98 N) load.

3 Results and Discussion
3.1 Wall Geometry

Fig. 5  Scheme of the specimens obtained for the mechanical testing
and metallographic analysis in the manufactured walls

been transversely cross-sectioned with a metallic saw from
the central part of the wall at different wall heights (upper,

This section analyzes the results observed in the geometry
of the part. This analysis is determinant when defining the
effective wall resulting from the manufacturing process
of the part, as already mentioned in previous papers by
these authors [14]. It is a critical factor when it comes to
subsequent finishing stages through machining processes
[22] since the geometry resulting from the additive stage
is considered a near net shape (NNS). Figure 6 shows the

Fig. 6  Edges of the wall manufactured by means of a GMAW
and b PAW technology
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edge enhancement of the macrographic images of the walls
obtained by both technologies. We have increased the sharpness and contrast of the macrographic images and analyzed
in grayscale the intensity obtained by means of a threshold
the points that define the edge of the wall.
By means of the distance between the wall edges
obtained, the width of the wall at each height is calculated. Figure 7 shows the comparison of the wall width in
both technologies and the true wall width (TWW) which
is the maximum effective wall value in which a machined
rectangular wall could be inscribed. In green dots the wall
thickness at different heights for PAW and in blue dots for
GMAW. The dashed line passes through the minimum point
that defines the effective wall in both cases. The TWW value
for PAW is 9.5 mm compared to 8.93 mm for GMAW.
The summary shown in Table 3 is extracted from the
widths obtained along the Z-direction. The wall width values are higher in the case of using PAW technology; this is
due to the deposition conditions used. Although the value
of the effective wall is higher than expected, the variation of
the same is also higher, which implies some inefficiency in
the use of the material. This difference is not substantial so
it could be established that both technologies have a similar
wall geometry with a slightly better performance in the case
of GMAW technology. Table 3 shows that the maximum
(11.89 mm compared to 10.26 mm), mean (10.86 mm compared to 9.77 mm), and minimum (9.50 mm compared to
8.93 mm) width values of the PAW wall are higher than those
of GMAW. Although the width variability of PAW expressed
as standard deviation (std) is higher, almost double, than that
observed in GMAW. This fact is due to the greater variability
in the mechanics of drop deposition, which is more erratic in
PAW technology, as it is a non-coaxial process.

Fig. 7  True wall width (TWW) obtained on both technologies
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Table 3  Geometric characteristics of the wall manufactured in both
technologies
Technology

Min

Max

Mean

Median

Std

WAAM-GMAW
WAAM-PAW

8.93
9.50

10.26
11.89

9.75
10.86

9.77
10.88

0.30
0.59

3.2 Microstructural Analysis
Microstructural analysis of both WAAM walls has been
carried out considering the three planes of each wall. First,
the microstructure of the substrate sheet in both cases has
a uniform and fine equiaxed well-defined grains. After the
deposition of the walls, in Fig. 8, can be seen the macrographs of the two walls. In these images, the fusion lines of
subsequently deposited layers are appreciated exposing the
identity of these walls manufactured layer by layer.
At the macroscopic level, either using PAW or GMAW
technology, grains with a dendritic substructure are obtained.
In both cases, in the central part of the walls, these grains
are columnar or elongated large grains that grow in the wall
growing direction (z-direction) as shown in Fig. 8. Furthermore, in the edges of the walls and in their top part, equiaxed
grains can be observed. This is because after the deposition
of each layer the material is cooled, and the heat dissipation
is greater in these corners than in the central part. In this
manner, the temperature gradient is large in the central part,
which is adequate for the growth of columnar grains. The

Fig. 8  YZ planes macrographs of PAW and GMAW deposited walls
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columnar grains present a typical epitaxial growth morphology, and evidently, they have a perpendicular direction of
the fusion lines because the grains grow preferentially in a
direction of the heat dissipation.
In contrast, in the edges of the walls, this gradient is not
so high, and the microstructure becomes equiaxed. This phenomenon also can be properly appreciated in XY plane of
Fig. 9 where in the central part of both walls appears the
columnar structure and, in the edges, the equiaxed structure. These two types of grains are similar in size with both
technologies.
For more details, in the other directions of the walls
(Fig. 9), similar morphologies for both technologies are
observed. In the XZ plane layer height can be measured,
being higher, approx. 2.5 mm in the case of GMAW compared to 2 mm in the case of PAW, probably due to the lower
heat input during the deposition process. The heat input is
calculated following the equation HI = I ∙ V∕TS, being 446 J/
mm for GMAW, half of the 986 J/mm of PAW. In the XY
direction, as was mentioned above, columnar grains in the
center of the walls are shown and smaller equiaxed grains in
their periphery as the heat dissipation is faster on the outside
of the wall which is directly in contact with the air.
At a microstructural level, as shown in Fig. 10, dendritic structures are observed in the three directions
of the material after the manufacturing of the walls
using both technologies. Material obtained via PAW
turns out to be more anisotropic than in the case of
GMAW, shown some differences in the morphology of
the three different directions with combined zones of
thicker and finer dendritic structures and with grains
with more marked dendritic structures than others.
These differences in the microstructure of the material
obtained using PAW or GMAW is related to the differences in the energy applied during the process and
thus, the different temperatures achieved for both technologies and the heat dissipation variation in between
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them. The temperature gradient is higher in the case
of PAW and therefore, anisotropy in the microstructure
is caused.
As was demonstrated by Liu et al. [8], when the following bead is deposited, a part of the previous one, which
is dependent on the overlap distance, is remelted. Then,
a melt pool is created with the new feed material and the
part of the material of the previous bead. In this way, the
already deposited material suffers a heat treatment when
the subsequent bead is deposited. In this study, it is found
from Fig. 11 that for both walls, remelting zones are
formed in the junction zone of two subsequent layers that
are clearly observed in the XZ plane. Furthermore, it is
concluded that both remelting regions are similar in size
because both technologies work with an electric arc to
deposit the material layer by layer.
Related to this, Asgari et al. [21] concluded in Invar 36
samples manufactured using PBF-LB/M technology that
the dominant solidification substructure in the analyzed
samples was the cellular dendrite structure. Nevertheless,
near the fusion lines, they found areas with different structures (with planar morphology, cellular dendrites, columnar dendrites, or equiaxial ones) depending on the ratio
between the thermal gradient and the solidification rate. In
this study, as can be seen in Fig. 11 (1 and 3 parts), in both
technologies, in the remelting region and the area above
its, coarse dendrites are observed. The reason behind this
is that this material was reheated during the deposition of
the following bead when it had not yet cooled down completely, reducing the cooling rate and obtaining a coarser
grain size. However, in the area behind the remelted
region, a finest dendritic structure can be observed (2 and
4 parts).
Consecutively, the main observed features in Invar36 are
similar both for PAW- and GMAW-based WAAM manufacturing, with a resulting isotropic material in the case of
GMAW and a more anisotropic material in the case of PAW.

Fig. 9  XZ and XY planes of
PAW and GMAW deposited
material

13

1088

Welding in the World (2022) 66:1081–1091

Fig. 10  Microstructure of
the three planes of each wall
at × 400

3.3 Mechanical Properties
In this section, the mechanical properties measured on
the wall obtained by both technologies are analyzed. The
analysis will focus on the analysis of the hardness at different wall heights and the mechanical properties derived
from tensile tests. Hardness values have been obtained
in both specimens built using PAW and GMAW at three
different heights of the walls as shown in Fig. 12. A slight
increase in hardness values is observed in the middle part
of the walls manufactured by PAW, being appreciably that
also variability increases. The presence of precipitates
derived from the thermal cycles to which the material is
subjected in this type of technology causes the hardness
results to increase locally. The hardness values are not
higher than those observed in the material obtained by
the conventional method [23].
Figure 13 shows the stress–strain curve of each of the
tested specimens of the wall manufactured by PAW (a) and
by GMAW (b). Higher yield strength (YS) and ultimate

13

tensile strength (UTS) results are observed in the cases of
the specimens in the horizontal direction due to the anisotropy of the materials manufactured with WAAM technology in which the directionality of the dendritic formations
that define the microstructure. The difference in behaviour
is more evident in the case of PAW, where in the horizontal direction there is a greater strength (486 MPa) and in
the vertical direction a more ductile behaviour where the
strength is lower (463 MPa) but the elongation at break is
higher (51% compared with 29% in the horizontal direction). Finally, the UTS and YS results are slightly higher
for GMAW than for PAW, the mean value of the UTS in the
case of GMAW is 485 MPa 10 MPa more than in the case
of PAW, suggesting that a lower thermal input improves the
strength.
In the following Table 4, the numerical summary of the
measured values of the stress–strain curves are shown. From
the results shown in the table, a slightly lower value for UTS
compared to the standard is induced, while the values for
elongation and YS meet or even exceed those described in
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Fig. 11  Remelting zone in
between layers of both GMAW
and PAW walls

Fig. 12  Hardness values in the Invar walls built using PAW and
GMAW

the standard. The lowest observed value fot UTS is 455 MPa
in a vertical direction test in PAW technology; in the same
test, YS is also the lowest with 263 MPa. Finally, the worst
elongation at break occurs in the case of PAW technology
but this time in the horizontal direction with a value of 27%.
This leads to the conclusion that the PAW technology is

Fig. 13  Results of tensile tests of the wall manufactured by a PAW
and b GMAW

more disadvantageous since in this scenario, given the anisotropy of the results, the worst values of mechanical properties are observed.
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Table 4  Deposition conditions
in the tests performed
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Material (technology)

Sample direction

Yield strength
(YS) (MPa)

Ultimate tensile
Elongation (%)
strength (UTS) (MPa)

Invar PAW

Horizontal
Vertical
Horizontal
Vertical

277 ± 5
270 ± 7
345 ± 5
305 ± 6
276

486 ± 1
464 ± 7
505 ± 2
464 ± 9
518

Invar GMAW
Invar conventional [23]

Anisotropy observed in PAW during the analysis of the
microstructure is also observed in the mechanical properties.
While the results obtained for the GMAW process are very
similar in both directions, there is a remarkable difference
in the results obtained for vertical and horizontal directions
of the PAW technology, being more ductile in the vertical
direction.

4 Conclusions
The fabrication of two Invar walls using PAW and GMAW
has been detailed, as well as the characterization carried out
in terms of metallography and mechanical properties of the
material. The main conclusions are presented as follows:
• Both technologies produce similar geometries (width

•

•

•

•

•

and true wall width), being more variable in the case of
PAW and thus, indicating to be a less efficient process
compared to GMAW.
At a macrostructural level, no remarkable differences
are observed between technologies. Columnar grains are
observed in the center of the wall with smaller ones in the
periphery, with marked fusion lines in between layers.
Main microstructural features have been detected in both
GMAW and PAW walls (columnar and cellular dendrites), with dendritic grains in all three planes. More
diffused dendritic structures are observed in the case of
PAW with thicker structures compared to GMAW.
Anisotropy is observed in the microstructure of PAW
technology obtained material, with thicker and finer dendrite structures and dendritic zones more marked than
others.
A slightly lower value for UTS (mean value of 485 MPa
in GMAW and 475 MPa in PAW) compared to the standard (518 MPa) is induced, while the values for elongation and YS meet or even exceed those described in the
standard.
While the results of elongation obtained for the GMAW
process are very similar in both directions, mean elongation at break in vertical direction is 33% and 29% in
horizontal direction, there is a remarkable difference in
the results obtained for vertical and horizontal directions
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29 ± 2
49 ± 2
29 ± 1
33 ± 1
34

of the PAW technology, being more ductile in the vertical
direction, 51% in comparison with 29% in the horizontal
direction.
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