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Abstract Wire arc additive manufacturing (WAAM) has attracted more attention
in recent years, due to its ability to create large components with high material
deposition rate and low cost of equipment. It is getting more popular nowadays
because it provides high strength at low cost, high deposition rate, faster build
time, and optimum heat input. In this article, a comprehensive literature review has
been covered to show the effect of different process parameters on mechanical and
microstructural properties. Primarily, aim is to provide information about accuracy of
WAAM manufactured part in correlation with change in different processes param-
eters such as heat input, current, voltage, wire feed rate, and travel speed. This paper
also gives an idea about which parameters can be used to get desired mechanical and
microstructural properties. It also provides information about challenges that lead
to abnormal results and remedies to overcome with heterogeneous and anisotropic
properties of materials. Selection of process parameters help to optimize theWAAM
process to obtain the desired geometry with required properties.
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1 Introduction

In past many years, additive manufacturing (AM) has achieved great heights of
success. An AM process is to create three-dimensional and complex build parts in a
layer by layer deposition which result in less material waste [1]. For a metal additive
manufacturing process, several methods have been developed such as laser beam,
electron beam, plasma beam,GTAW, andGMAW[2]. Laser is a high power and high-
energy source to generate high energydensity beamof photons focusedon aparticular
small spot area to heat that region and tomelt metal. It generates beam powers of very
highwatts (in thousands) and beam can focus tomillimeters spot sizes [3]. In electron
beam, instead of beam of photons, electron beam is used to get high energy density
as same as laser beam. Plasma arc jet is highly focused beam with intense heat to
localize small region and use inert gas as shielding [3]. Laser and electron beam-based
additivemanufacturing ismore popular because of its dimensional accuracy, but at the
same time, it is more time-consuming process as well as specific set up is required
for this process [4]. The AM processes based on fusion has low deposition rate,
increasing lead times; hence, there is a need of one AM process which gives higher
strength and high deposition rate, based on this requirement. Researchers developed
wire arc additive manufacturing (WAAM) in 1920 to achieve high strength, high
productivity, low cost, lower cycle time, and no requirement of specific tooling [5].
WAAM required an electric arc as a heat source and wire continuously feed from
feedstock. WAAM process for GMAW is with special purpose machine, where the
MIG torch is used as a heating source. In this processes, variety of materials and
process parameters can be used to achieve required properties [6]. As this process is
based on arc, the parameter of arc generation like current, voltage, travel speed, and
deposition rate influences the build material attributes like bead width and height,
surface roughness, and build properties like tensile strength and hardness [7]. Hence,
it is necessary to study the effect of process parameters during WAAM process. The
main aim of this paper is to show recent advancement related to effect of processes
parameters on the build material properties. This paper also includes future visions
of WAAM process.

2 Effect of Process Parameters

Selection of processes parameter plays an important role in WAAM to produce
complex 3D shape, desired property, and quality components. Different parame-
ters like heat input, current, voltage, wire feed rate, travel speed, etc., control the
quality of 3D fabricated components [8]. The effect of different processes variables
on deposition of layers for Inconel 625 by GMAW-WAAM is examined [9]. The
effect of heat input, current, welding speed, shielding gas on tensile strength, hard-
ness, and roughness are observed as given in Table 1. Four different experiments
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Table 1 Effect of different process parameters on tensile strength, hardness, and surface roughness
for GMAW-WAAM [9]

Wall Heat
input
(kJ/cm)

Current
(A)

Welding
speed
(cm/min)

Shielding
gas

Tensile
strength
(MPa)

Hardness
(Vickers)
(HV)

Roughness—RMS
(mm)

a 3.024 138–130 38 97.5%Ar,
2.5%CO2

751.94 223.13 0.187

b 2.906 133–119 38 95.5% Ar,
3% He,
And1.5%
H2

698.13 213.06 0.162

c 2.965 130–121 36 (95% Ar,
5% H2)

699.88 202.38 0.116

d 2.899 131–123 38 99.999%
Ar

698.99 200.38 0.101

(wall number a, b, c, and d) were performed to examine the effect of these parame-
ters. Heat input influences the tensile strength, and strength decreases with decrease
in heat input. Hardness also increases with increase in the heat input. As observed in
results, higher macrohardness was observed more for (wall a) with 97.5% Ar, 2.5%
CO2 shielding gas, whereas minimum for 95.5% Ar, 3% He and 1.5% H2 (Wall b).
Figure 1 shows influence of process variables on roughness of deposited surface.
The surface roughness decreases with decrease in heat input [9]. Maximum wall
roughness is obtained for wall a and minimum for wall d. Chakkravarthy and Jerome
investigated the effect of torch angle on the topology, orientation, and texture of a
component built byWAAM-CMT (coldmetal transfer) process. Two different values
of torch angles (5° and 15°) were used to perform experiments. The proposed model
suggested that weaving motion has an influence on the texture, grain refinement, and

Fig. 1 Influence of process parameters on surface roughness [9]
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topology. Waving motion was more effective as torch angle increased. The surface
roughness in case of 15° was fine up to 59 nm which improves corrosion resistance.
Therefore, with the high angle, component can be built with minimum requirement
of post-processing [10].

Researchers have also investigated effect of process variables on heat input and
weld bead geometry for all the six experiment perform with different parameters
like current, voltage, travel speed, and wire feed as shown in Fig. 2. They found that
heat input decreases as speed rate increases for constant voltage. However, heat input
increases as increment in the voltage for constant speed rate. In addition, the best
result is achieved in case of first experiment for lesser speed rate and voltage as shown
in Fig. 2 [11]. Fang et al. examined that minimum temperature of the build material
does not depend on the deposition length during the deposition pass. However, as
the width and thickness increase, minimum temperature decreases in beginning due
to strengthening effect of the deposited part by his conduction. Heat conduction
was enhanced within a short time and leads increase in minimum temperature [12].
Figure 3 shows the travel speed effect on the bead geometry with steady current and
wire speed rate for WAAM processes. The ratio of feed rate to travel speed was set

Fig. 2 Deposited layer at
various parameter [11]
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Fig. 3 Effect of travel speed
on deposited layer [13]

on 30, and travel speed was varied in a range of 0.2–0.5 m/min. They found smooth
weld bead for lower travel speed of 0.2 m/min as compared with higher travel speed
of 0.5 m/min due to formation of globular spatter at higher speed [13].

During GMAW-WAAM, distance between nozzles and deposited material plays
a crucial role in deciding the arc current, voltage, and deposition rate. Yang et al.
performed various experiments to observe effect of current on the build charac-
teristic for GMAW-WAAM. The mean bead increases with increase in current.
However, standard deviation deceases up to 80A after that it increases again the
surface texture during process also increaseswith increase in current [14]. InGMAW-
WAAM usually, the work plate is moved down in predefined value after every layer.
However, it was observed that movement is not constant every time, and it affects
the deposition rate [15]. The variation in deposition rate increases with increase in
deposited layer. Figure 4 shows the effect of current on the bead geometry during
GMAW-WAAM. The weld bead decreases with increase in the current. In addition
to this, surface roughness increases as the current increases as shown in Fig. 4 [14].
Malinet al. performed WAAM using super duplex filler wire to develop walls with
different heat input. All the build components were defect free with different process
parameter. Yield strength of build component was lower than that of base metal
(i.e., 100–160 MPa). Notch toughness was around 100 J at 20 °C. The secondary
intermetallic phase was formed due to multiple heating and cooling during layer
deposition. Lower mechanical properties have been observed due to lower ferrite
contain [16].

Dinovitzer et al. studied the influence of different process variables on build mate-
rial characteristic of nickel-based alloy by GTAW based wire arc additive manufac-
turing. They concluded that bead width and wetting angle decrease and bead height
increased as wire feed rate is increased [17]. In MIG-WAAM, it was observed that
weld attempts are successful as well as unsuccessful with change in travel speed.
Unsuccessful weld attempts are due to superficial porosity melting, discontinuities,
and collapsing [18]. When researchers have observed higher tensile and hardness
with speed arc WAAM as compared to speed pulse WAAM due to finer solidifica-
tion structure [19]. The strength of heat treated alloys declined with the arrangement
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Fig. 4 Effect of weld current
on the bead appearance [14]

temperaturewhile the ductility increment till 1473Kand scopes to its greatest estima-
tion at value of 1.56% and then start decreasing as solution temperature approaches to
1543K [20]. Themicrohardness drops significantly as Al content increasedwith esti-
mated value 510.3 HV0.2 and 335.5 HV0.2 for Ti-45Al and Ti-35Al, and Ti-55Al
samples value is 250.9 HV0.2, respectively [21]. Surface waviness of high-speed
low-alloy (HSLA) steel decreases with increase in heat due to good wettability of
the layers over the previously deposited [22]. Researchers also observed short build
stress relief at 653 K for 2 h, and it gives 30% higher ductility without getting larger
grain size for Ti–6Al–4V material [23]. Hot iso-static pressing is effective tech-
nique to eliminate the porosity; though in the ductility and strength, there was no
major improvement. The static tensile strength properties were compared and found
different uniform elongation [24]. Fatigue strength observed regarding themaximum
applied stress at around 10 million cycles was 600 MPa and 400 Mpa, respectively.
The tensile strength in the CMT mode is observed maximum as compared to the
arc mode and wrought alloy. The CMT mode of variable polarity transfer columnar
grain effectively in the form of equi-axed grain; therefore, grain size will be refined
that improves the mechanical performance [25]. As wire feed rate increases, bead
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width and wetting angle decrease. However, bead height increases. The variation in
frequency affects also the narrowed bead shape and the quality of surface texture
[26, 27].

3 Conclusion

The WAAM technique is widely adopted by industries because of its capability to
build a component with bare minimum wastage of materials, faster build rate also
with freedom of any customize design. In this technique, process parameters play
a crucial role to obtain the complex geometry and desired properties. This paper
gives a comprehensive literature to examine the effect of process parameters on the
build material properties. Effect of process variables like Current, Voltage, feed rate,
heat input, and wire feed on build material properties for various WAAM processes
are discussed. Current and voltage influence the heat input, process time, deposition
rate, as per the heat input equation current and voltage are directly proportional to
the heat input so as the current increases the heat input also increases. Travel speed
is contrarily proportional to the heat input, so with increasing the travel speed, the
heat input lessens. Additional heat input affects the appearance of the molten pool,
because as the heat input is low, then the width of the layer decreases and height of
the layer increases. As the heat input increments, the appearance of layer becomes
rough, so as the heat input increments, the roughness value (RMS) will also increase
and the reason for this is because of the spread ability increases with more heat. In
mechanical property, tensile strength and hardness are essential properties because
these influenced by travel speed, current and voltage. This means that the higher heat
input makes a strong bond with the layer to increase the strength. More hardness
is obtained at high heat input due to high cooling rate which lead to finer structure.
WAAM technology has an inherent capability to build a complex component for
automobiles that is difficult to building with the conventional methods. This advan-
tage of WAAM techniques specially helps in build the unique designs every time
with low cost rather than establishing a steady production line. This process has
been widely used for developing an automobile prototype because of its rapidness
and lower cost.
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