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Abstract
Wire arc additive manufacturing (WAAM) is capable of fabricating medium-to-large-scale parts due to its higher deposition 
rates. The mechanical and metallurgical characteristics of WAAMed parts are better compared to other additive manufac-
turing techniques. Since the technology has grown, a wide range of metals are processed by WAAM in recent days. Nickel 
(Ni)-based superalloys are superior in terms of oxidation resistance, high-temperature mechanical performance, and micro-
structural characteristics. The selection of WAAM techniques, input parameters, resulting microstructure, post-processing 
treatments, and the defects can influence the final mechanical properties. The WAAMed Ni-based superalloys show inho-
mogeneous microstructure and mechanical properties from bottom to top layers. To obtain the homogeneous and improved 
mechanical properties, still there is a strong need to understand the underlying physical metallurgical mechanisms. In this 
context, this paper reports a present-day review on the process parameters, microstructural characteristics, mechanical prop-
erties, corrosion behaviour, and defects of WAAMed Ni-based superalloys. Adapting the strategies like interpass cooling, 
post-deposition heat treatment, and solution annealing improves the mechanical properties and can help to obtain homoge-
neous characteristics. More penetrative research works should be carried out to analyse fatigue and corrosion properties of 
WAAMed Ni-based superalloys for future industrial applications. Additionally, process parameters optimization and better 
control over quality are the other aspects to be focused by further studies.

Keywords Wire arc additive manufacturing (WAAM) · Ni-based alloys · Microstructure · Heat treatment · Corrosion · 
Defects

1 Introduction

1.1  Overview of wire arc additive manufacturing 
of alloys

Additive manufacturing (AM) techniques can effectively 
manufacture most superalloys used in aeronautics, aero-
space, marine, and automotive sectors by reducing their 

manufacturing cost compared to conventional manufac-
turing [1]. The AM can minimize the material require-
ments and fabrication time [2, 3]. AM processes enable 
better flexibility to convert the feedstock material into a 
required part, thus provide a better buy-to-fly (BTF) ratio. 
Since AM techniques are reliable and innovative to fab-
ricate three-dimensional (3D) parts directly from com-
puter-aided design (CAD) models, the researchers now 
focus more on developing metal additive manufacturing 
(MAM) techniques. The MAM techniques can manufac-
ture large-scale engineering components inexpensively if 
the deposition rates are increased along with its capability 
of fabricating complex structures [4]. Many MAM tech-
niques have been developed to deposit metallic materi-
als with higher precision and dimensional accuracy under 
the categories of direct energy deposition (DED), pow-
der bed fusion (PBF), powder jetting, and sheet lamina-
tion as per the American society for testing and materials 
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(ASTM) International Committee F42 [5]. Comparing to 
the other MAM techniques, wire arc additive manufac-
turing (WAAM) can deposit metals at higher deposition/
fabrication rates using a wire form feed stock material. 
The WAAM process belongs to the DED category which is 
also known in two different names as structural weld build 
up (American) and shape welding (European) [6, 7]. Over 
a period, WAAM has been given several names like 3D 
welding, solid freeform fabrication (SFF), shape melting 
(SM), and shape metal deposition (SMD) [8]. The WAAM 
has been exercised since 1920 but becoming popular in 
the recent years [9]. The WAAM has been effectively used 
starting from the manufacturing of nuclear components in 
German during late twentieth century to the present-day 
applications like aerospace (wings ribs, stiffened panels), 
architecture, and marine [7, 10].

The WAAM uses an electric arc as a heat source to melt 
and deposit the metallic wire, similar to the conventional 
welding process. The wire form of feedstock material is 
inexpensive than the powder form used by other laser-
based AM techniques which makes it economical com-
pared to other DED techniques. The wire form of filler 
wire costs only about 10% of the same weight of powder 
metal [11]. Modern automation technologies in welding 
advances the WAAM process to be cost-effective, eco-
friendly, structurally flexible and capable of processing 
a wide range of metallic materials such as aluminium 
(Al)-based [12, 13], steel-based [14, 15], titanium (Ti)-
based [16, 17], magnesium (Mg)-based [18, 19], nickel 
(Ni)-based [20, 21] alloys, and many more. Superalloys 
are the category of materials that can retain some of their 
room temperature mechanical and physical properties even 
at higher working temperatures [22]. This is an essential 
characteristic for aerospace components. Having several 
advantages, Ni-based alloys being the base for superalloys 
holds a melting temperature of 1453 °C and high hard-
ness makes it difficult to get manufactured by conventional 
manufacturing processes such as casting and machining. 
The WAAM can produce fully dense components of these 
alloys efficiently with less cost and wastage compared to 
other AM techniques [23]. Recently, there are many exper-
imental studies that reported the microstructure, mechani-
cal properties, distortion, residual stresses, defects, cor-
rosion resistance, and process parameters of WAAMed 
Ni-based alloys [21, 23–25]. Compared to the wrought 
metal, the mechanical and microstructural characteristics 
of WAAMed Ni-based alloys are quite different and show 
anisotropy behaviour [21, 24]. The selection of WAAM 
techniques, optimizing the process parameters, minimiz-
ing the heat input, post-deposition heat treatments, inter-
pass cooling strategies (ICS), solution annealing, etc., can 
help to achieve better microstructural, and mechanical 
characteristics.

1.2  Need and aim of this review

There have been a number of review articles reported in 
the literature on investigating the microstructure, mechani-
cal properties, post-processing heat treatment effects, and 
corrosion properties of additively manufactured metallic 
materials using different AM techniques [6, 26–29]. These 
techniques include laser-based AM [30, 31], electron 
beam-based AM [32], inkjet-based AM [33], ultrasonic 
AM [34], and WAAM [35, 36] among the others. But the 
comprehensive review articles for WAAMed superalloys 
were found to be very few in the literature. Two most 
inclusive reviews on WAAMed Ni-based alloys available 
in the literature are by Wu et al. [37] and Dhinakaran et al. 
[38]. Wu et al. [37] provided an overview about WAAM, 
metals used in WAAM, common defects arise in WAAMed 
components, and the methods to improve the component’s 
quality. These authors have comprehensively summarized 
the metallurgical characteristics and mechanical proper-
ties of WAAMed metals including superalloys such as Ti-
based alloys and Ni-based alloys. Dhinakaran et al. [38] 
reviewed the WAAM of Ni-based alloys. These authors 
have provided an overview of different welding techniques 
adapted for WAAM process and presented the suitability 
of different Ni-based alloys for WAAM process. Further, 
the measures to overcome the shortcomings, the effect of 
residual stresses and porosity were briefed. But none of 
these reviews provided a detailed investigation on the char-
acterization of WAAMed Ni-based alloys and the present 
review focus on this aspect.

This review is mainly centred on presenting parameter 
setting, microstructure, mechanical, and corrosion proper-
ties of WAAMed Ni-based alloys with the available rel-
evant data from the literature. The quality of WAAMed 
Ni-based alloys in terms of microstructure, mechanical 
properties and corrosion properties has been improved by 
adapting post-processing techniques in the recent past but 
there is a lack of summary on how these appreciable prop-
erties were obtained. Also, there are no articles summariz-
ing the defects in WAAMed Ni-based alloys. The present 
review aims to fill this gap by comprehensively summariz-
ing the detailed characterization of different grades of Ni-
based alloys manufactured by different WAAM techniques 
from the literature. We also intend to discuss the positive 
effects of post-processing heat treatment to eliminate the 
defects.

Even though these research works reported the suc-
cessfulness of WAAM of Ni-based alloys, still there is no 
holistic view to understand the underlying physical met-
allurgical mechanisms, and this review is the first of its 
kind. In light of this, a present-day review on the WAAM 
of different grades of Ni-based alloys such as Inconel 625, 
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Inconel 718, ATI 718PLUS, nickel–titanium alloy, and 
other Ni-based alloys in terms of their process parame-
ters, microstructure, mechanical properties, heat treatment 
effects, corrosion behaviour, and defects are presented in 
this paper. To explore the future research opportunities, 
the challenges, limitations, and future research directions 
of WAAM of Ni-based alloys are presented at the end.

2  Wire arc additive manufacturing

WAAM uses a feedstock material in wire form combined 
with an arc welding-based deposition technique which 
makes it a higher deposition AM process. There are other 
wire-based AM processes like electron beam freeform fabri-
cation (EBFF) that offer high deposition efficiency and con-
centrated energy density [39]. Owing to the requirements 
such as vacuum environment, more complicated setup of 
EBFF, WAAM is becoming an emerging technique around 
the global research community. The common welding 
techniques adapted in WAAM are gas tungsten arc weld-
ing (GTAW), gas metal arc welding (GMAW), cold metal 
transfer (CMT), and plasma arc welding (PAW). The GTAW 
produces clean and high-quality depositions [40, 41]. The 
GMAW due to its higher heat input and large melt pool has a 
limitation to produce thin-walled structures with smooth out-
side surfaces [42, 43]. To overcome this issue, a significant 
technique called CMT is widely adapted in which electrode 

is moved forth and back at given frequencies to reduce the 
arcing time. Discontinuous nature of arc leads to smooth 
droplet-based deposition of metal, and minimized heat sup-
ply [44–46]. Research works also acclaim the modification 
of these processes, namely super-GTAW, hot wire GTAW 
(HWGTAW), tandem–GMAW, variable polarity CMT, 
pulsed CMT (PCMT) and pulsed PAW (PPAW) [47, 48]. 
However, the process setting and production rate of intended 
component is directly depending on the selection of WAAM 
technique. The comparison of different WAAM techniques 
based on the source of energy, electrode type, deposition 
rates and the specific features with is presented in Table 1.

2.1  A robotic system for WAAM

The WAAM setups mainly use an automated industrial robot 
to provide an articulated multi-axis motion of welding torch 
on the desired path. In general, two different designs of the 
WAAM systems are available. The systems are basically 
designed to shield the supplied inert gases from the environ-
ment. One system uses a completely closed chamber similar 
to PBF, and another system uses an available existing shield-
ing mechanisms. To produce large sized parts, the robots are 
positioned on the linear rails to increase the working space. 
Such setups can fabricate large components of several metres 
in length. A setup used for WAAM and process monitoring 
in all aspects is shown in Fig. 1.

Table 1  Comparison of different techniques used in WAAM

Technique Source of energy Electrode type Deposition 
rate (kg/
hr)

Features References

GMAW-based WAAM GMAW Consumable wire 3–4 Produces spatter
Arc stability is poor

[49]

CMT Consumable wire with recipro-
cating feed

2–3 Zero spatter
Low heat input
Significant process tolerance

[50]

PCMT Reciprocating consumable wire 
with pulsed arc

2–3 Zero spatter
Low heat input

[51]

Variable polarity CMT Consumable wire with recipro-
cating feed

3–5 Cooler than CMT
Dissimilar metals addition

[51, 52]

Tandem–GMAW Two consumable wires 6–8 Enables the fabrication of inter-
metallic materials

[53]

GTAW-based WAAM GTAW Non-consumable 1–2 Separate wire feed
Need of torch and wire rotation

[54]

Super-GTAW Non-consumable 6–7 Uses C-Filler
Higher energy efficiency

[55, 56]

HWGTAW Non-consumable 8 Constant bead geometry
Stable and spatter-free process

[48]

PAW-based WAAM Plasma Non-consumable 2–4 Separate wire feed [54]
Pulsed plasma Non-consumable 2–4 High manufacturing efficiency

Variable polarity current is 
needed

[57]
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The WAAM process starts with designing a required 3D 
model using CAD software, slicing and path planning for 
the designed model, deposition using an automated robotic 
system, and ends by post-processing [58]. The deposi-
tion parameters and robotic motion required for producing 
defect-free quality metal addition are generated by the slic-
ing and process planning softwares [59–61]. Additionally, 
the process-dependent defects can be eliminated by optimiz-
ing the process parameters [62]. The precise movement of 
welding torch attached to robot arm through a planned path 
deposits the material on a metal substrate as a layer. Repeat-
ing this action offers a layer by layer deposition of metal to 
build a 3D component.

Upon the solidification of molten metal layer over a cold 
substrate, the subsequent thermal contraction of metal layer 
generates tensile and compressive stresses respectively on the 
deposited layer and substrate. These locked-in stress levels can 
be elevated to a remarkable level while depositing numerous 
metal layers during the building process. However, the metal 
undergoes a number of heating and cooling cycles alternatively 
that trigger stress accumulation and relaxation. After depo-
sition, the tensile and compressive stresses can be observed 
respectively on the built wall and substrate and are higher than 
the yield strength that causes bending distortion leading to a 

warpage [63]. According to the earlier studies, the deposition 
strategies and the size of melt pool are the influencing factors 
for the distribution and magnitude of the developed stresses 
[64]. Hence, it important to take into account the residual 
stresses on the selection of deposition strategy and perform 
design of parts during WAAM process.

Recent advanced WAAM systems are equipped with feed-
back sensors to measure, in-process monitoring, and control 
the welding signals [22], geometry of deposition [65], behav-
iour of metal transfer [10], and interpass cooling [66] to obtain 
high product quality and efficient process [67–69]. These 
advancements enable WAAM to process most of the metallic 
materials with feature-based structures as shown in Fig. 2. But 
still WAAMed components show surface irregularities and 
needs a further machining process as shown in Fig. 3. Despite 
of these challenges, MAM using WAAM became the present 
and future thrust area for research.

Fig. 1  A typical WAAM setup used in the University of Wollongong (Courtesy of Wu et al. [37])
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3  Wire arc additive manufacturing 
of Ni‑based alloys

Superalloys are high-performance alloy materials that can 
serve their functions and handle heavy loads even at high 
temperature and corrosive environments. For that reason, 
Ni-based superalloys take part majorly (around 50% by 
weight) in aircraft engines, particularly in the turbine 
and combustor segments. Ni-based superalloys can retain 
their mechanical properties even at elevated temperature 
and load conditions [71]. Researchers around the globe 
have been investigating the additively manufactured Ni-
based superalloys for their applicability in aerospace 
and petroleum industries due to their high-temperature 
stability. The mechanical properties such as tensile and 
yield stresses of WAAM fabricated Ni-based superalloys 
generally meets the standards of ASTM [72]. Different 
grades of Ni-based superalloy depositions using WAAM 

have been characterized for their microstructure formation, 
mechanical properties, defects, and other characteristics 
by previous researchers. The following sections provide a 
brief about previous research works reported on different 
Ni-based alloys fabricated using WAAM.

3.1  Inconel 625

Inconel 625 is a Ni-based superalloy with good weldability 
and high resistance to hot corrosion and fatigue properties. 
Its superior strength is derived mainly by molybdenum and 
niobium in a Ni–Cr matrix due to solid solution hardening 
[73]. Since heat source is the primary factor that decides 
upon the quality of formed parts, different WAAM tech-
niques and strategies have been carried out on Inconel 625. 
Xu et al. [74] examined the microstructure, and mechanical 
properties of PPAW-based WAAM fabricated Inconel625a-
lloy. The strategies such as continuous deposition strategy 
(CDS) and ICS have been adapted during the fabrication 

Fig. 2  Different feature-based build structures produced by WAAM a enclosed b cross-intersections c T-intersections d pipe joints and e features 
in horizontal plane without support (Courtesy of Michel et al. [70], and [4])

Fig. 3  WAAM-deposited Ti wall a as-deposited b secondary machining operation milling and c machined wall (Courtesy of Alonso et al. [17])
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process. CDS produced no appreciable effects, but ICS 
improved the mechanical properties and surface quality. 
Jiang et al. [75] investigated the influence of two different 
torch trajectories on the thermal input, grain growth, and 
mechanical properties of CMT-WAAM fabricated Inconel 
625 alloy. The two-pass multi-layer trajectory exhibits 
improved properties compared to the oscillation pass tra-
jectory. Similarly, Cheepu et al. [56] studied the effect of 
single-pass oscillation and multi-pass layering strategies 
using the super-TIG-WAAM process. Multi-pass layering 
strategies with zig-zag and stringer layering depositions have 
resulted in a refined grain structure.

3.2  Inconel 718 & ATI 718PLUS

Different industries use Inconel 718 alloy due to its stability 
at higher temperature levels. At various working conditions, 
Inconel 718 exhibits high fatigue life with lower levels of 
residual stresses. Though the yield strength is slightly less 
than its residual stress, it is influenced by warping, delamina-
tion, and buckling [38]. But the properties and applicability 
of WAAM-deposited Inconel 718 alloy were investigated 
by several research works in the recent past. Kindermann 
et al. [76] investigated the process parameters and heat 
treatment effects on the CMT-based WAAM built Inconel 
718 alloy. Melt pool imaging and electrical transient analy-
sis were done to examine the process stability. Optimized 
parameters resulted in improved output responses in terms 
of mechanical and microstructural characteristics. Simi-
larly, Xu et al. [77] investigated the mechanical properties 
of CMT-based MIG-WAAM fabricated Inconel 718. Addi-
tionally, the effects of oxide formation and heat treatment 
have been studied experimentally. It was argued that heat 
treatment has no further improvement on the mechanical 
properties of WAAM fabricated Inconel 718. But the ageing 
effect can show different values in mechanical properties 
such as hardness [78]. Wang et al. [79] fabricated a thin 
wall using PAAM. It was found that reduction in heat input 
for every successive layer minimized its accumulation and 
resulted in diverse grain morphologies. Also, the mechanical 
properties were remarkably enhanced compared with as-cast 
Inconel 718.

Allegheny Technologies Incorporated (ATI), a speciality 
metal manufacturer, has developed an advanced version of 
Inconel 718 called ATI 718PLUS by making few modifica-
tions on the chemical composition which resulted in good 
manufacturability and increased properties compared to 

Inconel 718 and Waspaloy. Table 2 shows the comparison 
of chemical composition between Inconel 718 and ATI 
718PLUS [38]. Retaining the advantageous properties of 
Inconel 718, ATI 718PLUS additionally offers improved 
thermal stability than Inconel 718 and used in power plants 
and aero-engines. The manufacturability of ATI 718PLUS 
using WAAM and its process effects have been investigated 
recently by few research studies. Asala et al. [80] performed 
a detailed microstructural analysis of TIG-WAAM fabricated 
ATI 718PLUS superalloy. It was observed that WAAM 
produced microstructure was not in favour of improving 
mechanical properties. Hence, it required the development 
of innovative heat treatment methods. Later, Oguntuase 
et al. [81] examined the influence of post-fabrication heat 
treatments on the WAAM built ATI 718PLUS superalloy. 
The post-deposition heat treatments reduced the aniso-
tropic effects of η phase present in the microstructure, which 
improved the mechanical properties. The studies related to 
strain-deformation behaviour [82] and hot corrosion behav-
iour [83] on the same material helps to improve the process 
and microstructural characteristics further.

3.3  Nickel–titanium alloy

Nickel–titanium (Ni–Ti) alloy is a special category of Ni-
based alloy due to its shape memory capability. Ni–Ti is 
used in various fields such as aerospace, robotic, and auto-
motive due to its superelastic property. The reversible mar-
tensitic transformation of crystals attributes to these special 
properties [84]. Good damping, low stiffness, and corrosion 
resistance are the other characteristics of Ni–Ti alloy [85]. 
Ni–Ti alloy has significantly less impurities and bone alike 
elastic modulus; hence, it is used in medical field also. The 
manufacturability of this alloy has been experimented by 
several powder bed-based AM techniques such as selective 
laser sintering (SLS), selective laser melting (SLM), and 
electron beam melting (EBM) [86]. But porosity and lack 
of fusion are the common defects reported by those powder 
bed fusion techniques.

Recently, WAAM acquired significant attention in fabri-
cating Ni–Ti alloy due to its higher and melt-based deposi-
tion similar to SLM. Initial fabrication results of Ni–Ti alloy 
through WAAM showed increased tensile strength and hard-
ness, but ductility showed a negative trend [87]. Retaining 
its superelastic behaviour under tensile load conditions by 
fusion-based AM is challenging. The experimental results 
produced by Zeng et al. [88] have proven the potential of 

Table 2  Comparison of 
chemical compositions between 
Inconel 718 and ATI 718PLUS

Element Cr Fe Nb Mo Ti Al C P B Co W Ni

Inconel 718 18.1 18 5.4 2.9 1 0.45 0.025 0.007 0.004 0 0 Bal
ATI 718PLUS 18 10 5.45 2.8 0.7 1.45 0.02 0.007 0.004 9 1 Bal
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WAAM to fabricate Ni–Ti-like functional materials. It was 
reported that TIG-WAAM fabricated Ni–Ti alloy exhibited 
superelastic performance under tensile load circumstances. 
Wang et  al. [89] characterized the microstructure and 
mechanical properties of Ni–Ti coatings on Ti6Al4V alloy 
made through the WAAM process. The dense and crack-free 
coatings exhibited excellent wear resistance, microhardness, 
and microstructural characteristics. It is evident that WAAM 
can be used to produce coatings of functional materials to 
obtain improved functional characteristics of surfaces. Shen 
et al. [90] studied the thermal phase evolution of Ni53Ti47 
binary alloy fabricated through WAAM. As-deposited alloy 
showed the presence of micro-strain, which was induced by 
residual stresses during heating. The study opened a scope 
for further research directions on the post-fabrication heat 
treatments.

There are also advancements in the existing WAAM 
process to improve the phase transformation characteris-
tics, melt pool instability, distortion and residual stresses 
of Ni–Ti alloy. Wang et al. [91] deposited dual wires using 
WAAM to investigate the phase transformation, crystal-
lographic arrangement, and mechanical properties of 
Ni–Ti alloy. Different deposition currents revealed differ-
ent results and were helpful to optimize the parameters of 
WAAM-based Ni–Ti deposition. Singh et al. [92] have used 
laser marking-supported WAAM process to investigate the 
mechanical properties and surface morphology of Ni–Ti thin 
walls. With the help of laser marking, WAAM was success-
fully able to produce thin walls with reduced track widths. 
Also, the reduction in surface energy appreciably reduced 
the surface roughness, distortion, and other defects. This can 
be significantly making contributions to the fabrication of 
thin and complex geometries using WAAM.

3.4  Other Ni‑based alloys

Other superalloys of interest from the Ni-based cluster are 
Inconel 825, hastelloy, nickel–copper (Ni–Cu), waspaloy, 
RENE-41, and nimonic. Very few articles have been found 
to discuss the application of WAAM to fabricate these 
alloys. Bharat Kumar and Anandakrishnan [93] investigated 
the influence of process parameters on the layer geometry 
of MIG-WAAM-deposited Inconel 825. The process param-
eters such as the velocity of welding, wire feed speed (WFS), 
and input voltage have been analysed to obtain an optimal 
layer width but no further detailing on the microstructure 
evolution has been reported. Hastelloy is a Ni-based alloy 
with higher resistance to acidic reactions along with superior 
mechanical properties. Therefore, hastelloy has been used in 
extremely corrosive environments. The feasibility of WAAM 
to fabricate hastelloy components has been demonstrated 
by Dinovitzer et al. [94]. The effect of WAAM process 
parameters such as WFS, travel speed (TS), input current, 

and argon flow rate on the bead geometry and microstruc-
ture have been investigated. Complete fusion between the 
interface layers with no oxide formation helped to analyse 
the grain formation and distribution. In another study, Qiu 
et al. [95] fabricated a thin wall of hastelloy-C276 using 
GTAW-WAAM process. Though no visible defects were 
noticed, anisotropy in mechanical properties was found. But 
microhardness has been evenly distributed throughout the 
samples. The materials need to be integrated using advanced 
technologies for applications that require different properties 
at different locations. WAAM is capable of bonding differ-
ent functional materials successfully without compromis-
ing their inherent properties. To check this feasibility on 
hastelloy, Rajesh Kannan et al. [96] bonded SS904L with 
hastelloy using WAAM process and found excellent bonding 
characteristics. The tensile strength of the samples exhibited 
higher values than wrought materials.

Ni–Cu from Ni-based alloys family is also called monel 
alloy first discovered in International Nickel Company INCO 
by Robert Crooks Stanley in 1901. Monel alloys are costlier 
compared with other metals for corrosive and thermal appli-
cations. Generally, these alloys are fabricated by metal form-
ing processes, but WAAM is an alternative manufacturing 
process to manufacture its complex parts due to inexpensive 
manufacturing setup. Marenych [97] investigated the micro-
structure and mechanical properties of CMT-WAAM fabri-
cated Monel K500 and FM60 alloys. From this study, it is 
evident that WAAM can replace the conventional manufac-
turing processes effectively for handling costly materials like 
Ni–Cu alloys. The results exhibited excellent microstruc-
tural and mechanical characteristics compared to traditional 
manufacturing. The heat treatment process with appropri-
ate temperatures on WAAM fabricated Ni–Cu alloys can 
initiate the precipitation strengthening process, resulting in 
enhanced mechanical properties [98]. Waspaloy surpasses 
the Inconel 718 alloy with its increased creep strength and 
increased percentage of Cr (19.5%) and Co (13.5%) without 
Fe content [99]. But no significant research works have been 
found for other Ni-based alloys such as waspaloy, nimonic, 
and RENE-41 by WAAM Process.

4  Characterization of WAAMed Ni‑based 
superalloys

4.1  Process parameters and their levels

Process parameters are the major driving factors for the 
product quality and performance of any manufacturing pro-
cess. Although the surface finish is one of the measures of 
product and process quality [100, 101], the surface finish 
of as-deposited WAAM components is poor. More impor-
tantly, the quality is assessed based on the evolution of 
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microstructures, mechanical properties, physical properties, 
geometrical requirements, and other functional characteris-
tics such as resistance to corrosion, wear, acidic reactions, 
etc. [102]. These characteristics highly rely on the process 
parameters of WAAM, which can be controlled within spe-
cific levels without compromising the deposition rates. Dif-
ferent WAAM process parameters and their levels used for 
successful deposition of Ni-based alloys from the recent 
studies are shown in Table 3. The WFS, input current, and 
voltage were major influencing factors for the complete dep-
osition of wire metal without visible defects. The selection 

of appropriate combination of these parameters can also help 
in deciding the width and height of the deposition.

Majority of the researchers have used pure argon [76–79], 
and few have used Ar 93% +  H2 7% [56], and Ar 70% + He 
30% [105] as shielding gases. Besides the stated process 
parameters from Table 3, the researchers have used different 
torch-to-substrate distances (TSD) for various metals. For 
Ni-based alloys, TSD values were generally varied from 10 
to 20 mm, and electrode to work piece distance was main-
tained around 3.5 mm [78, 91, 93]. The TSD values were 
adjusted through trial runs to get better arc stability and 

Table 3  Major WAAM process parameters and their levels used to fabricate Ni-based alloys

Feed wire WAAM type 
(Ref.)

Wire feed 
speed (WFS) 
(m/min)

Power supply 
(voltage & 
current)

Travel speed 
(TS) (mm/
min)

Torch angle 
(deg)

Flow rate 
(L/min) of 
shielding gas

Interpass 
cooling time/
temperature

Wire dia (mm), 
Layer thickness 
(mm), Overlap 
rate (%)

Inconel 625 Super-TIG 
[56]

1.25 I: 285 200 90o 25 (Ar 
93% +  H2 
7%)

80 °C 1.2, 2–3, –

MIG [103] 1 V: 26
I: 250

540 – 15 (100% Ar) 300 °C 1.2, 1.34, –

PAW [74] 1.50 I: 230 230 – 15 (100% Ar) 300 s 1.2, 1.4, 40%
CMT [104] 6.50 V: 12.5

I: 130
800 90o 15 (100% Ar) 120 s 1.2, 6–7, –

CMT [105] 6.50 V: 14.6
I: 148

480–600 90o 15 (Ar 
70% + He 
30%)

400 °C 1.2, 3.5, 55%

Inconel 718 CMT-MIG 
[77]

7.00 – 360 90o 15 180 s 1.2, 2.8, –

CMT [76] 6–10 – 200–800 90o 15 (100% Ar) 80 °C 1.2, 3, –
CMT [78] 4.80 V: 13.4

I: 120
500 90o 20 (100% Ar) 0–60 s 1.2, 10, –

PPAW [79] 2 V: 14.3–19.6
I: 120–300

150 – 100% Ar 15 s 1.2, 1.37, –

TIG [106] 0.5 I: 100 130 – 100% Ar – 0.787, –, –
ATI 718PLUS TIG [83] 0.4 I: 100 100 – 15 (100% Ar) – 1.6, 4, –

TIG [81] 0.4 I: 100 100 – 15 (100% Ar) – 0.8, 5.5, 75%
Ni–Ti GTAW [91] Ni: 0.51

Ti: 0.7
I: 80, 100, 

120
95 30o &  60o 15 (100% Ar) 90 s 1, –, –

TIG [88] 0.9 I: 75 300 90o 15 (100% Ar) 60 s 0.7, 1, –
GTAW [90] Ni: 0.56

Ti: 0.80
I: 140 95 90o – 400 °C 0.9, 0.94, –

GTAW [89] Ni: 0.41
Ti: 0.24

I: 50, 60, 70 95 30o &  60o 15 (100% Ar) 90 s 1.2 & 0.9, 
1.91, –

Hastelloy TIG [94] 0.2–0.29 I: 50–59 84–120 90o 20–35 (100% 
Ar)

0 1.2, 1, –

GTAW [95] 1 V: 13
I: 140

100 30o 15 (100% Ar) 60 s 1.2, 0.9, –

GMAW[96] – V: 16.4
I: 160

250 – 100% Ar – 1.2, 3.4, 55%

Monel K500 CMT [107] 8.3 V: 19.1
I: 157

400 90o 100% Ar – 1.2, 2.2, –

FM60 V: 15.4
I: 146
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smooth deposition throughout the deposition of entire layer. 
Recent intelligent power systems can adjust the other param-
eters based on the major input parameters fed. The parameter 
levels are decided based on the deposition rate and the physi-
cal requirements such as bead width and thickness (Fig. 4).

Optimizing the process parameters of WAAM is essen-
tial for these materials to produce complete and defect-free 
depositions. Also, high cost and lack of availability of Ni-
based alloy wires necessitate its optimal use. Bhuvanesh 
Kumar et al. [108] have used TS, WFS and voltage as input 
process parameters keeping 20-mm TSD for depositing 
Inconel 825. The TS was varied between 3 and 5 m/min, 
WFS was varied between 3 and 7 m/min, and voltage was 
varied between 17 and 21 V. The study was carried out to 
obtain optimal combinations of these parameters to deposit 
defect-free layers with different bead widths as shown in 
Fig. 6. The lower bead width of 8.8 mm and the highest 

bead width of 15.4 mm were obtained within the different 
levels of input parameters. Another study by Benakis et al. 
[109] reported the effect of current on the bead geometry of 
GTAW-WAAM-deposited Inconel 718. Current in different 
states as main current (Ip), background current (Ib), and delta 
current (ID), with different modes such as continuous, slow 
pulse (low-frequency), inter-pulse (high-frequency), and the 
combination of both slow pulse and inter-pulse have been 
applied along with TS and WFS.

The geometrical requirements of weld bead such as width 
and depth of penetration can be controlled by selecting a 
suitable level of input current and other parameters. Some 
examples of Inconel 718 linear weld beads deposited on 
SS316L substrate based on the parameters combination from 
design of experiments (DOE) are shown in Fig. 5. The met-
allographic images of the same weld beads at their cross sec-
tion are shown in Fig. 6. The bead profiles of the depositions 
were also varied which lead to different bonding strengths 
with substrate material.

The deposition method is the other concern that influ-
ences the bead geometry and growth of grains. Generally, 
WAAM uses two different deposition strategies: oscillation 
path and two-pass multi-layer path, as shown in Fig. 7. A 
single-pass multi-layer approach is used to fabricate thin 
walls, whereas the thicker walls require more deposition 
hence multi-pass strategy is adapted. Mechanical and met-
allurgical properties of Inconel 625 depositions using these 
strategies through the CMT-WAAM process are studied by 
Jiang et al. [75]. Comparatively better mechanical properties 
and less surface irregularities were found in the two-pass 
multi-layer path strategy.

The dwell time or interpass time is a period between 
the completions of successive layers. Dwell time is given 
for the deposited material to cool down, initiate the grain 
growth, and avoid residual stresses, distortion, warping, 
delamination, and other related defects [110]. The advanced 
WAAM process setups are equipped with different features 

(a)
Width

2 mm

Re-melting 
zone

2 mm

(b)

Fig. 4  a Maximum width obtained in the deposition of Inconel 825 
at 3 m/min TS, 7 m/min WFS and, 21 V b Successful deposition of 
defect-free Inconel 825 wall using CMT-MIG welding process (Cour-
tesy of Bhuvanesh Kumar et al. [108])

Fig. 5  WAAM-deposited linear weld beads of Inconel 718 at a Ip-124 A, Ib-0 A, ID-0 A, b Ip-128 A, Ib-87 A, ID-0 A, c Ip-132 A, Ib-0 A, ID-78 A 
and d Ip-132 A, Ib-87 A, ID-50 A (Courtesy of Benakis et al. [109])
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to measure interpass temperature [9, 111], bead geometry 
[112], and other signals. These advancements aid in-process 
observations and control to build a quality product. For Ni-
based alloys, the previous researchers have used different 
interpass temperature vary from 80 to 400 °C. For the exper-
imental setups without advanced monitoring and control sys-
tems, the researchers used interpass time ranging from 0 to 
300 s for Ni-based alloys, as shown in Table 3. Researchers 
have also tried interpass cold rolling techniques to mini-
mize distortion, residual stresses, and homogeneous mate-
rial properties [113]. Another method of increasing product 
quality is a pulsed mode of arc in WAAM. The size of drop-
lets and detachment frequency is controlled by setting an 
appropriate frequency of the pulse. Compared to continuous 
depositions, pulsed droplet deposition in WAAM increases 

physical characteristics and microstructural refinement [114, 
115] due to the impact force acts on the molten droplet, as 
shown in Fig. 8. Additionally, to enable optimized fabrica-
tion, the deposition rate and efficiency may be determined 
by precisely calculating average arc power, linear heat input, 
and the arc stability index [76].

4.2  Microstructure of WAAMed Ni‑based 
superalloys

The microstructure of Ni-based alloys consists of some 
intermetallic phases enclosed by a metallic matrix. The most 
predominant are the matrix gamma (γ) phase, intermetallic 
precipitate gamma prime (γ′), and the metal carbides. The 
γ is a solid solution of alloying elements present in Ni, a 

Fig. 6  Metallographic images of Inconel 718 weld beads at their cross section with respect to Fig. 5 (Courtesy of Benakis et al. [109])

Fig. 7  Metal deposition strategies used in WAAM for thick walls a Oscillation path and b Two-pass multi-layer path (Courtesy of Jiang et al. 
[75])
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face-centred-cubic (fcc) austenitic phase. The percentage 
of γ′ phase depends on the elemental composition and the 
temperature. The γ′ phase is primarily responsible for the 
implausible resistance to creep and the mechanical strength 
at elevated temperatures. There is another phase called 
gamma double prime (γ″) with the principal compositions of 
 Ni3Nb or  Ni3V which is used for strengthening the alloy for a 
lower temperature range (600–850 °C) since γ′ is unstable at 
this temperature range [116]. Additionally, Ni-based superal-
loys can show up the other phases such as mu (µ), sigma (σ), 
and Laves phases at elevated temperatures for an extended 
duration [117]. The constitute elements which are soluble 
in the host lattice such as C, Cr, Mo, W, Nb, Ta, Ti and Hf 
are responsible for the carbide formation, and the formed 

carbides incline towards precipitations at grain boundaries 
that can reduce the boundary sliding [118].

Since the WAAM process involves higher operating tem-
peratures during fabrication, it is inevitable to investigate 
the microstructural evolution. The typical thermal cycle 
in WAAM consists of repeated heating and cooling [119] 
which results in inhomogeneous compositions and meta-
stable microstructures. The inhomogeneity in grain growth 
is majorly identified between adjacent layers of WAAM 
fabricated parts. However, appropriate cooling strategies 
can help the formation of homogeneous grain structures. 
WAAM-deposited Inconel 625 alloys exhibit a columnar 
dendritic grain structure formed along the build direction 
which is normal to the deposition direction [103, 105]. A 
similar grain structure has been noticed in the interlayer 
interface also. The continuation of columnar grain growth 
in the layer band is due to the partial remelting of previous 
layer, as shown in Fig. 9.

The columnar grains were not always parallel to the build 
direction, but there was a little change in orientation near the 
melt pool edge. At the centre of deposited walls, the grains 
are oriented in parallel to the build direction, but few grains 
inwardly grew to indicate the variation in heat flow near the 
edges. As shown in Fig. 10, the orientation change shows 
the remelting region at the interface denoting the bound-
ary. Higher magnification on the depositions confirms the 
precipitations of γ matrix eutectic phases lined up to the 
build direction in the interdendritic region. A closer look 
at the eutectic phase reveals the Laves phase and carbides 
along with precipitations of TiN particles [76]. There is also 
a change observed in the shape of Laves phase. The shape 
varied based on its proximity from the substrate material. 
For example, Van et al. [78] reported this phenomenon while 
building Inconel 718 wall using CMT-WAAM process with 
an interpass cooling time of 30 s. The SEM images show 
a lamellar-shaped Laves phases majorly. The Laves phases 
are discrete near the substrate, but they develop continu-
ous phase around the middle portion of the fabricated wall. 

Fig. 8  Comparison of metal deposition and arc force impacts on the 
droplet between a pulsed arc and non-pulsed arc WAAM (Courtesy of 
Luo et al. [115])

Fig. 9  Microstructure of 
WAAM-deposited Inconel 625 
a interlayer interface and b 
columnar grain structure (Cour-
tesy of Yangfan et al. [105])
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Again at the top of the wall, the discontinuity in Laves phase 
is observed as shown in Fig. 11. This is mainly due to the 
effect of cooling rate. Cooling rate is higher at the bottom 
due to the conduction through substrate and the top due to 
convective cooling by air/gas supply. It was concluded that 
prolonging temperature induce the continuous form of Laves 
phase and higher cooling rates tend to form a discrete Laves 
phase.

The solidification after deposition is reported to be den-
dritic, where the interdendritic area is mixed with eutec-
tic elements in the secondary phase. This phenomenon 
was exhibited in the TIG-WAAM-deposited ATI 817Plus 

alloy [82] also. The morphology of precipitated particles 
is reported to be a mixer of µ-phase particles in a plate-like 
form and strengthening constituents. The micro-segrega-
tion during the molten metal solidification forms the Laves 
phase and the particles of MC carbides. The segregation 
format is responsible for the formation of precipitates at γ, 
γ′ and µ phases as shown in Fig. 12. Research works have 
reported a similar microstructural formation in the other 
Ni-based alloys such as hastelloy [95] and Ni–Cu alloy 
[107]. The formation of these microstructural features 
depends on the elemental composition and the process 

Fig. 10  CMT-WAAM-deposited 
Inconel 718 a macrograph 
showing the wide linear wall, 
b microstructure showing 
the orientation of grains near 
edges, interlayer boundary and 
remelting region, and (c and d) 
eutectic phase γ matrix with the 
presence of Laves and carbides 
(Courtesy of Kindermann et al. 
[76])

Fig. 11  Microstructural images 
showing the change in Laves 
phase shape based on its dis-
tance from the substrate in the 
z-axis build direction (Courtesy 
of Van et al. [78])
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parameters that attribute to the superior level performance 
of Ni-based superalloys. The observation with respect to 
resulting microstructure and the formation of precipitates 
from the deposition of different Ni-based alloys using 
WAAM are shown in Table 4.

4.3  Mechanical properties

Most researchers attempted to investigate the microstruc-
tural and mechanical characteristics of WAAM-deposited 
Ni-based alloy samples cut from wall-shaped multi-layer 
depositions rather than functional components. Majority 

Fig. 12  a Microstructural image of as-deposited ATI 718Plus, b Microstructure showing the eutectic elements along the interdendritic area in 
dendritic structure, and c γ, γ′ and µ phase precipitations (Courtesy of Asala et al. [82])

Table 4  Major mechanical properties of Ni-based superalloys obtained from WAAM process

AF As-fabricated, SA Solution annealed, IC Interpass cooling, HT: heat-treated
a In build direction
b Perpendicular to build direction

Materials Process Condition Microstructure UTS (MPa) Microhardness YS (MPa) El (%) References

Inconel 625 MIG AF Laves + NbC + MC + γ—matrix 696.5 270–285  HV1.0 335 46.6 [103]
SA 670 260–265  HV1.0 357.5 59.6

CMT AF Cellular dendritic struc-
ture + coarser dendritic crystal

647.9–687.7 246–259.9 HV 376.9–400.8 43–46.5 [105]

GTAW HT Coarser Laves particles + Nb 
precipitates

802 240–270 HV 469 42 [121]

PPAW IC Laves phase + NbC carbides 771 285–300  HV0.2 480 50 [74]
Inconel 718 CMT-MIG HT NbC carbides + TiN inclu-

sions + acicular δ phase
1194 258 ± 9 HV 949 19.9 [77]

PAAW AF Laves + γ phases 872 ± 31 249–277 HV 563 ± 14 34 ± 3 [79]
HT Lamellar + γ + δ phases 1152 ± 28 377–436 HV 864 ± 21 23 ± 2

GMAW AF Nb precipitates + dendritic struc-
ture

828 ± 8 266 ± 21 HV 473 ± 6 28 ± 2 [122]

Ni–Ti GTAW AF Coarse B2 grains + lenticular 
precipitates

927.9 – – 8.7 [91]

TIG AF Austenite, martensite, 
R-phase + Ni–Ti precipitates

571.4 ± 18.6 228–245 HV 350 16.8 ± 2.4 [88]

GTAW AF Ni–Ti precipitates + dendrite 
structure

– 700–820  HV0.2 – – [89]

Hastelloy GTAW AF Ni, Mo precipitates + columnar 
dendrites

399 ±  12a

469 ±  52b
200–215  HV0.1 186 ±  27a

287 ±  50b
43 ±  6a

55 ±  3b
[95]

GMAW AF Columnar and equiaxed 
grains + parallel dendrites

680.73 – 311.08 28–35 [96]

Monel K500 CMT HT Coarse Ti–rich particles 622 ± 20 265 HV 280 ± 3 31 ± 1 [107]
FM60 Coarse Mn-rich particles 428 ± 20 173 HV 190 ± 5 40 ± 2
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of the mechanical properties experimentally investigated 
are the ultimate tensile strength (UTS), yield strength (YS), 
elongation (El), and microhardness. The detailed mechani-
cal properties resulted from WAAM fabricated samples of 
different Ni-based superalloys are shown in Table 4. While 
WAAM fabricated samples show compatible mechanical 
properties with wrought form, some post-fabrication heat 
treatments have proven to improve some properties due to 
microstructural changes [120].

Majority of the research works revealed the improved 
mechanical properties of Ni-based alloys after WAAM depo-
sition compared to wrought material. As-fabricated samples 
showed coarser dendrites with the presence of lesser Mo, and 
Nb precipitates at some points. These secondary elements 
responsible for strengthening were absorbed during precipi-
tation and lead to reduced mechanical properties [105]. The 
microstructures were dominated by columnar dendrites and 
showed relatively less microhardness and tensile properties 
[88, 95]. Heat-treated samples of Ni-based alloys showed 
Ni–Ti, and carbides with a lamellar, and acicular phases and 
improved mechanical properties [77, 91, 98, 123].

Very few research works have reported inferior mechani-
cal properties of WAAM depositions compared to as-cast 
or wrought material properties [5, 103]. But the data from 
majority of the articles demonstrate the improvements due to 
post-deposition strengthening strategies like solution anneal-
ing, interpass cooling, and heat treatment. Wear resistance 
is also an important property required for functional appli-
cations, and few articles have investigated it. Wang et al. 
[89] systematically analysed the wear resistance of WAAM-
deposited NiTi coatings on Ti6Al4V substrate. The dry slid-
ing wear tests revealed that the wear rates of NiTi surfaces 
varied between 3.611 ×  10−4 and 3.948 ×  10−4  mm3/Nm with 
a load of 5N. But the wear rates were decreased with an 
increased load of 10N. However, the NiTi coatings offered 
60–70% higher wear resistance than the substrate material.

Similarly, Marenych et al. [98] investigated the wear 
properties of heat-treated WAAM depositions of Monel 
K500 and FM60. The particle density due to heat treatment 
of up to 610 °C in the first ageing has increased the wear 
resistance in both the materials. But the second phase of heat 
treatment with 480 °C resulted in the particle growth and 
minor variations only. Conclusively, heat treatments have 
improved the wear properties of Monel K500 to about 16%, 
whereas FM60 has experienced a 24% improvement. The 
comparison of wear resistance in terms of mass loss between 
Monel K500 and FM60 after heat treatment is portrayed in 
Fig. 13. Thorough investigations on these aspects are essen-
tially needed to characterize the wear properties of Ni-based 
superalloys.

Although the studies related to the fatigue properties 
are very limited in the literature, few have applied fatigue 
tests on WAAM processed metals. This may be because of 

the duration of fatigue test. A fatigue test measuring the 
fatigue strength analogous to a fatigue life of a component 
for  107 cycles with a frequency of 10 Hz can consume nearly 
12 days [124]. Apart from other metals, fatigue properties 
of Ni-based alloys processed by WAAM are still countable 
in numbers. Rajesh Kannan et al. [96] have investigated the 
fatigue resistance of defect-free hastelloy C-276 deposited 
over a SS 904L wall using GMAW-based WAAM process. 
After the cyclic loading test, the WAAMed hastelloy C-276 
sustained 2 ×  106 cycles and showed a fatigue resistance of 
156 MPa which is 28–35% lower than wrought specimen. 
Also, microstructural defects can influence the fatigue resist-
ance of WAAMed components. Siddiqui and Araiza [125] 
have investigated the effect of microstructural defects on 
the torsional fatigue resistance of WAAMed Inconel 718. 
The torsional fatigue fracture occurred where the un-melted 
particles and lack of fusion appeared. Furthermore, the cor-
relation between build orientation-reliant fracture mechanics 
and torsional fatigue failure was made by the author. But 
post-processing heat treatments were reported to improve 
the fatigue properties of WAAMed Ni-based alloys similar 
to other metals. Yet the investigations to analyse the fatigue 
properties of WAAMed Ni-based alloys must be conducted 
in future.

4.4  Heat treatment effects

Heat treatment processes are usually carried out as a post-
deposition process to alter the surface properties. Altering 
the surface properties is aimed to suit specific application 
environments. But the main purpose of heat treatment on 
WAAM-deposited Ni-based alloy parts is to overcome one 
of the inevitable challenges in metal AM viz. anisotropy 
[38]. This post-heat treatment process on Ni-based alloys 
mainly alters the built parts’ microstructure resulting in 
improved mechanical properties.

Fig. 13  Variation in mass loss (to predict wear resistance) of heat-
treated WAAM depositions of Monel K500 and FM60 (Courtesy of 
Marenych et al. [98])
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The anisotropy in Inconel 718 is attributed to the develop-
ment of columnar grain growth and fibre textures. The Laves 
phase present in as-fabricated Inconel 718 deteriorates the 
mechanical performances; therefore, it requires additional 
heat treatment processes. Seow et al. [126] introduced two 
different heat treatment conditions, namely standard homo-
geneous and solution aged (HSA), and modified homogene-
ous and aged (HA) to WAAM-deposited Inconel 718. The 

results were appreciable as shown in Fig. 14. The modi-
fied HA was more effective than standard HAS. The HA 
dissolved the Laves phase without any δ precipitates, but 
not in the case of HAS or ageing only as shown in Fig. 15. 
Thus, the Inconel 718 after modified HA yields higher elon-
gation properties both at room and elevated temperatures 
(650 °C) [127]. Table 5 shows the mechanical performances 
of WAAM-Inconel 718 subjected to different heat treatments 

Fig. 14  Two different heat treatment conditions employed on WAAM-Inconel 718 (Courtesy of Seow et al. [127])

Fig. 15  Backscatter electron microscopic images of heat-treated WAAMed Inconel 718 after a Standard HSA, b Modified HA and c Ageing 
only (Courtesy of Seow et al. [127])

Table 5  Mechanical 
performances of WAAMed 
Inconel 718 subjected to 
different heat treatments

Values rounded to the nearest tenth

Room temperature Elevated temperature 
(650 °C)

As-fabricated Ageing only Standard HSA Modified HA As-fabricated Modified HA

UTS (MPa) 750 1070 1120 1040 630 820
YS (MPa) 430 950 1060 860 400 730
EL (%) 21 2 0.9 20 9 6.7
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[127]. The effect of post-heat treatment is shown in Fig. 16. 
The modified HA offers almost the isotropic behaviour of 
the material.

Inconel 625, after heat-treated at 980 °C, eliminated 
the Laves phases without altering the grain structure. But 
prolonged exposure to such an environment resulted in an 
increase in δ-phases and the size of metal carbides [104]. It 
was also found the κII phases control the tensile properties 
of WAAMed Inconel 625. Two-hour heat-treated samples 
developed superior tensile characteristics due to the elimi-
nation of the Laves phases. However, significant changes in 
microhardness values were not found [128]. After WAAMed 
Inconel 625 was introduced to 1100 °C heat treatment for 
6 h, the Laves phases were dissolved next to the secondary 
phases, and new equiaxed grains in xy plane were grown. 
The grains elongated along the dendrite direction in xz 
plane. Yet, it is reported that anisotropy cannot be eradicated 
completely [129].

A standard heat treatment process [130] on the WAAMed 
ATI 718Plus resulted in degradation of tensile properties 
due to excessive formation of η-phase particles and traces of 
partially dissolved Laves phases. A modified homogeneous 
heat treatment process involves 1075 °C for 1 h and is then 
reduced to 950 °C for 40 min and finally at 788 °C for 8 h as 
the stage 1 process. The stage 2 process had the same con-
stituent, the only difference being the initial homogeneous 
heat treatment involved 1150 °C for 1 h and 950 °C for 6 h, 
followed by the same furnace cooling as stage 1 [131]. TEM 
results of the post-deposition heat-treated WAAMed ATI 
718Plus using this modified heat treatment process showed 
a reduction in η phases. Results also showed the strengthen-
ing precipitates (γ′ phases) without increment in γ″ phases, 
which escalates the strength of the material [81].

Hastelloy C276 fabricated using WAAM was subjected 
to post-fabrication heat treatment at 871 °C. Results showed 
the higher strength due to Mo-rich nano-sized μ phase 

formation but compromising the ductility, while the same 
material heat-treated at 1177 °C did not show μ phase pre-
cipitates, thereby increased the strength and lowered the 
anisotropy [132]. Shen et al. [90] subjected the WAAM-
deposited  Ni53Ti47 binary alloy to a post-fabrication heat 
treatment and evaluated its microstructure using a neutron 
diffraction experiment. During this study, at a rate of 2 °C/
min, the temperature of the WAAMed  Ni53Ti47 is raised to 
1050 °C and held for 10 min; see Fig. 17. During this stage, 
the hcp-lattices are transformed to bcc lattices. The tem-
perature is brought down to 200 °C at a rate of 2 °C/min 
and then at room temperature in a vacuum chamber filled 
with helium gas. This heat treatment process had reduced the 
residual stress produced during fabrication. Also, this heat 
treatment has generated the  Ni4Ti3 phase precipitates evenly 
which attribute to significant improvement in mechanical 
properties. Moreover, the c/a ratio (lattice parameters) varia-
tion was helpful in the accurate detection of the phase trans-
formation process [90]. Thus, the heat treatment process in 
WAAM-deposited Ni-based alloys has a significant effect in 
overcoming the anisotropy character. It also has a consider-
able impact on increasing mechanical properties.

4.5  Corrosion behaviour

Corrosion behaviour is an essential property for the applica-
tions under aggressive circumstances. Ni-based alloys are 
well-known for their superior corrosion resistance property 
at higher temperatures but may reduce during downtimes 
due to room temperature corrosion [133]. Hence, it is worth-
while to investigate the corrosion resistance of WAAMed 
Ni-based alloys. Zhang and Ojo [106] investigated the cor-
rosion resistance of heat-treated Inconel 718 fabricated 
using TIG-WAAM process. Several analysis methods like 
potentiodynamic polarization, electrochemical impedance 
spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS) 

Fig. 16  Effect of post-heat treatment on WAAMed Inconel 718 (Courtesy of Seow et al. [127])
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analysis, and potentiostatic polarization have been per-
formed to compare the corrosion behaviour of HT-WAAM 
and HT-wrought Inconel 718 samples. Different acidic solu-
tions such as  HNO3 and  H2SO4 of each 1 M have been used 
for the potentiodynamic polarization analysis. Using the 
electrochemical parameters such as corrosion current den-
sity (icorr), critical current density (icrit), corrosion potential 
(Ecorr), passivation current density (ipass), and passivation 
potential (ΔEpass), the corrosion behaviour was analysed.

The formation of passive layers offers corrosion resist-
ance during electrochemical studies in Ni-based alloys [134, 
135]. Lower ipass denotes the higher formation of passive lay-
ers resulting in higher corrosion resistance. But HT-WAAM 
samples have shown higher ipass (nearly ten times higher) 
than HT-wrought samples, indicating the WAAM samples 
possess significantly less corrosion resistance than wrought 
samples. Similarly, other parameters have their influencing 
patterns on the electrochemical measurements. Conclusively, 
WAAM specimens have shown lesser corrosion resistance 
property in both the  HNO3 and  H2SO4 solutions, as shown 
in Table 6. The nature of passivation layer formation was 
examined using XPS analysis. This method was used to 
inspect the chemical compositions which are responsible for 
passive layer formation. The XPS spectra have detected the 
peaks of Ni 2p, Cr 2p, O 1s, C 1s, Mo 3d, Nb 3d, and Fe 2p, 
as shown in Fig. 18. The elements like  Cr2O3 and  MoO3 are 

usually dense and offer more passive protection against cor-
rosion. The presence of these protective elements is higher 
in wrought samples than WAAM fabricated pieces which 
again confirmed the lesser corrosive resistance property of 
WAAMed specimens.

Asala et al. [83] investigated the hot corrosion perfor-
mance of WAAM-deposited ATI 718plus. The low melting 

Fig. 17  Heat treatment process 
for WAAM-Ni53Ti47 binary 
alloy (Courtesy of Shen et al. 
[90])

Table 6  Comparison of corrosion resistance characteristics between HT-WAAM and HT-wrought Inconel 718 samples (Courtesy of Zhang and 
Ojo [106])

Solution Specimen icorr (µA/cm2) Ecorr (mV) icrit (µA/cm2) ipass (µA/cm2) Epp (mV) Passive range 
ΔEpass (mV)

HNO3 HT-WAAM 16.0 ± 0.7 471.5 ± 1.5 523 ± 31 421 ± 57 708 ± 6.3 756 ± 1.3
HT-wrought 11.6 ± 0.8 510 ± 8.5 66 ± 2.9 27.6 ± 4.9 590 ± 6.1 850 ± 5.4

H2SO4 HT-WAAM 3.89 ± 0.1 371.67 ± 38 541 ± 11.7 251 ± 37 678 ± 3.2 808 ± 3.5
HT-wrought 2.80 ± 0.4 400.67 ± 56 83.1 ± 3.5 22.7 ± 7.6 555 ± 6.8 891 ± 6.3

Fig. 18  XPS spectra after the potentiostatic polarization on HT-
WAAM and HT-wrought specimens (Courtesy of Zhang and Ojo 
[106])
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eutectic of sodium vanadate was prepared at temperatures as 
low as 500 °C. The test specimens were heated up to 160 °C, 
and the prepared salt was sprayed on it to a required quan-
tity. Further, the coated samples were exposed to isothermal 
oxidation inside the alumina crucible at around 650–705 °C 
for different hours. Then, the weights, microstructure, and 
elemental compositions were analysed and compared with 
the values before exposure. The oxidation attack was found 
to be uniform in the wrought specimen, but notable changes 
were identified around the dendritic core regions. After a 
broader analysis of the specimens, it was concluded that 
the hot corrosion resistance of WAAM-deposited samples 
are slightly low compared to the wrought specimen. The 
same procedure of testing for standard heat-treated (STA) 
and homogenization treated (HTA) samples revealed that 
the HTA samples exhibited higher hot corrosion resist-
ance than the STA samples. On the whole, corrosion resist-
ance behaviour after heat treatment was not improved than 
wrought one. Still, the investigations on corrosion resistance 
of WAAM depositions for different materials under this class 
need to be performed.

4.6  Defects

Though WAAM offers a wide range of advantages concern-
ing new product development and many design freedoms, 
the process is associated with defects whose dynamics 
are yet to be studied. Since WAAM follows the arc weld-
ing principle, it is inherent to the defects of fusion weld-
ing processes like porosity, residual stresses, distortions, 
and deformities [38]. These defects are highly dependent 
on the material alloys used and the parameters employed 
for layered deposition. Product quality and its performance 
are directly proportional to the type and nature of defects. 
Path programming, process modelling, and online control of 
process control the product quality parameters [136]. Table 7 
provides the consolidated report on the research works car-
ried out in understanding the defects evolved during WAAM 
of Ni-based alloys.

4.6.1  Residual stress

Residual stress occurs mainly due to the Laves phases pre-
sent in the as-fabricated alloys and the reasons for which 
have been extensively discussed in earlier sections. It is 
found that the residual stresses are reduced by increasing 
the welding speed [137], which is the case for WAAM. 
During substrate heating, the selective growth behaviour 
of grains has influenced the residual stresses that accounts 
for constrain effects in the WAAM of  Ni52Ti [138]. Dis-
tortions results from the residual stresses [37], which 
also prevail in the fabrication of Ni-based alloys. The 
effects of residual stress have their highest effect during Ta
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the fabrication of thin walls. However, these defects can 
be treated by hybridizing the WAAM process using pre-
heating the deposition surface through laser markings [92].

4.6.2  Porosity

Porosity is an insufficient penetration of deposited metal 
between the gaps over the preceding layers. Porosity dur-
ing WAAM of IN718 occurs due to unfavourable energy 
input and welding speed. Volumetric energy inputs below 
14 J/mm3 and above 35 J/mm3 have resulted in porosity 
defects. Within this window of energy input along with 
a speed of 3 mm/s, the WAAMed IN718 had reduced 
porosity [139]. It is evident that porosity results in dete-
rioration of tensile properties. Upon studying the poros-
ity effects over fatigue strength of WAAM- Ti–6Al–4 V 
using Kitagawa–Takahashi diagram, it was found that 
100-µm-diameter pores are predicted to be more criti-
cal [140]. In WAAMed Hastelloy X, the radial flow of 
the weld pool at the bead centre has contributed towards 
the generation of voids (interfacial defects) as shown in 
Fig. 19. Employing one-way ANOVA, the process param-
eters were optimized to ensure the absence of interfacial 
regions, thus avoiding interfacial defects. However, print-
ing path strategies did not influence the porosity [94]. The 
internal defects were identified using an ultrasonic testing 
method and confirmed using metallographic analysis. It 
was reported that a large weld pool might result in internal 
defects.

4.6.3  Delamination

Delamination is the process of one layer slipping upon 
another due to poor bonding during deposition. During 
fabrication of WAAM-Ni52Ti that intended for 30 layers of 
deposit using in situ alloying without substrate heating, the 
process experienced severe delamination right after five lay-
ers. Heating the substrate prior to metal deposition is recom-
mended to overcome delamination [138]. Figure 20 shows 
the back scattered electron (BSE) and TEM-black field (BF) 
images of grains at different substrate heated conditions of 
WAAMed Ni-rich NiTi alloy.

The cause for delamination is the residual stresses 
resulted from dilution effect. The various sizes of NiTi pre-
cipitates with lenticular shape and high aspect ratios were 
found in the precipitate morphologies. These precipitates 
intersect each other by approximately 60° as shown in 
Fig. 20. This behaviour accounts for constrain effect due to 
residual stresses. Coarsening of these precipitates is found 
while increasing the substrate heating temperature result-
ing in decreased stresses and has avoided the delamination 
defect.

4.6.4  Cracks

The phenomenon of cracking happens in two forms: solidi-
fication and liquation. Solidification cracking usually origi-
nates from low plasticity (ductility) and tensile stresses in 
transverse directions. At the same time, liquation cracking 
emerges due to moving heat sources. During fabrication of 
IN718, both these cracking occurs due to the eutectic reac-
tion, which forms the Laves phases at 1200 °C [139]. It was 
found that these defects are anisotropic and attributed to 
reduced toughness. It was also observed that the crack ori-
entation has much influence over the mechanical properties 
[141]. Figure 21 shows the crack and associated Laves phase 
in WAAM-IN718. Micro-cracks were identified during the 
fracture analysis of WAAMed Ni-rich NiTi shape memory 
alloy (SMA) which has occurred due to nucleation of voids. 
However, the effects of micro-cracks on fabricated material’s 
performance were negligible [88].

Artaza et al. [142] investigated the influence of heat 
input on hot cracking while fabricating Inconel 718 using 
PAW-based WAAM process. Two different cooling strat-
egies were adapted, namely ICS and controlled overlay 
strategy (COS) for fabrication. The SEM micrographs of 
samples made through both strategies showed the pres-
ence of precipitates. The precipitates of ICS samples were 
Laves and Ti, Nb-rich inclusions and further identified to 
be MC carbides. These enrichments affect the microstruc-
ture and resulted in the formation of cracks. Compared 
to COS strategy, the ICS samples experienced low ther-
mal gradient and lead to faster solidification. Hence, the 

Fig. 19  Porosity in the interface areas of WAAMed hastelloy X 
(Courtesy of Dinovitzer et al. [94])
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microstructure showed more homogeneous with discontin-
uous cracks as shown in Fig. 22. In case of COS samples, 
due to longer solidification time, the needle-like precipi-
tates including Laves phase appeared. From XRD analysis, 
the phase was identified to be δ-phase and its occurrence 
is completely based on manufacturing process parameters, 

and solidification time. The needle-like precipitates in 
interdendritic regions developed continuous cracks; see 
Fig. 22. The cracks were reported to be resulting from 
liquation cracking [143]. This phenomenon initially devel-
ops around the undissolved nitrides or carbide precipitates 
in the heat-affected zone (HAZ). The formation of Laves 

Fig. 20  BSE and TEM-BF 
images of grains at different 
substrate heated conditions a 
and b 150 °C, c and d 250 °C, 
and e and f 350 °C (Courtesy of 
Wang et al. [138])

Fig. 21  SEM images of cracks 
in WAAM-IN718 along with 
Laves phase bonded to the 
defect boundaries (Courtesy of 
Seow et al. [141])
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phase due to eutectic reaction under 1200 °C led to the 
initiation of cracking since Laves phase is brittle [144].

4.6.5  Summary on the defects

In addition to the previously discussed defects, few welding 
related defects may prone to appear in WAAMed Ni-based 
alloys. These defects include inclusions, centreline grain 
boundary, lack of fusion voids, collapsing and un-melted 
wires sticking to the deposits [94, 145]. The inclusions are 
mostly in the form of oxides. However, oxide inclusions 
have occasional effects on the mechanical properties of 
the WAAMed Ni-based alloys [146]. The centreline grain 
boundary formed during the fabrication of WAAMed IN718 
has a considerable impact on the materials’ mechanical per-
formance and can be averted by controlling the input energy 
[139]. Still more research works need to be carried out to 
investigate in detail about these defects arising from WAAM 
of Ni-based alloys. The summary of research works car-
ried out to investigate the defects of WAAMed Ni-based 
alloys is shown in Table 7. Major defects reported by most 
of the research works include the porosity and cracks. The 
presence of residual stresses, distortion, and the occurrence 
of delamination were found less than the major defects. 

Post-fabrication heat treatment processes were highly 
influencing in eliminating the defects. Though many of the 
defects can be completely eradicated, residual stress and dis-
tortion defects were only reduced to the minimum possible 
extend by heat treatment processes [138].

5  Challenges and limitations

Although the WAAM process is becoming more and more 
emerging topic around the world due to its benefits, such 
as the capability of fabricating large parts with adequate 
structural complexity, high deposition rates, and the pro-
cessability of a wide range of metallic materials [147], there 
exist some challenges and limitations associated with the 
fabrication of Ni-based alloys. The challenges and limita-
tions that hamper the application of WAAM on Ni-based 
alloys are as follow:

1. The microstructure and mechanical properties of 
WAAM-deposited Ni-based alloys show inhomogene-
ity along the build direction due to different heat transfer 
mechanisms.

Fig. 22  Hot cracking during 
PAW-WAAM of Inconel 718 
using a and b ICS strategy, and 
c and d COS strategy (Courtesy 
of Artaza et al. [142])
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2. Since Ni-based alloys possess high melting temperature, 
deciding upon the parameters such as interpass cooling 
time and temperature is a real-time challenge. Also, a 
higher level of heat input imparted on the substrate and 
build part for the entire fabrication duration leads to the 
distortion. Handling it without the generation of residual 
stress is a highly challenging task.

3. Though inclusions of impurities are lesser than the other 
MAM processes, its presence during the interpass cool-
ing periods being the cause for defects in WAAMed Ni-
based alloys and controlling it is a highly demanding 
task.

4. The elements which offer passive protection against cor-
rosion such as  Cr2O3 and  MoO3 were less in WAAMed 
Ni-based alloys compared to wrought material. Post-
heat-treatment processes did not show any notable 
improvements on the corrosion behaviour.

Apart from these property-specific challenges, there 
exist a few basic challenges associated with the fabrica-
tion of WAAMed Ni-based alloys. Shortage of reliable and 
integrated real-time monitoring and controlling systems 
limits the controlled depositions of Ni-based alloys. The 
lack of availability of different Ni-based alloy wires with 
the required dimensions and forms (machine-winded reel 
without physical defects) limits the research works to be 
in fewer numbers. Handling stiff wires of superior grades 
of Ni-based alloys is also a little difficult task. Avoiding 
the occurrence of spattering due to mismatched parameter 
levels is challenging, and it requires extensive attention 
for fabricating Ni-based alloys using WAAM. Repairing 
of functional components using WAAM is further limits 
its application. This is mainly due to the dimensionally 
imprecise fabrication. Standardizing the process in terms 
of process parameters and post-deposition heat treatment 
conditions for different materials, deposition geometries 
and required properties may highly contribute to minimize 
the current limitations of WAAM.

6  Conclusion and future scope

The WAAM process is a comparatively low-cost and high-
speed deposition technology for the fabrication of large 
components. The WAAM process substitutes the powder-
based DED processes with complete usage efficiency but 
can handle moderate product complexity. Additionally, 
due to lower surface area per unit volume, the inclusion 
of impurities is minimized. From the detailed literature 
review, the following conclusion can be drawn in favour 
of processing Ni-based alloys using WAAM:

1. The costs of different grades of Ni-based materials are 
significantly low in wire form compared to powder form 
used by DED. The WAAM process, due to less waste, 
convenient machine setup, deposition rate, and build 
time, is an effective, efficient, and economical alterna-
tive to other metal AM processes offering a better BTF 
ratio.

2. WAAM processes involve higher input energy and 
varying heat transfer mechanisms which leads to inho-
mogeneous characteristics of deposited materials. The 
application of short-circuit-based WAAM technique 
like CMT-MIG and CMT-TIG are more or less equally 
competent techniques in reducing the heat input during 
fabrication. Hence, they are highly suitable for process-
ing high-temperature materials like Ni-based alloys.

3. The resulting microstructures majorly consist of den-
dritic grains mixed with eutectic elements in the sec-
ondary phase. These elements were reported to be the 
precipitates of Laves phase and MC carbides. But the 
size, orientation, and distribution were varied in differ-
ent locations of depositions. This anisotropic phenom-
enon is the major cause for inhomogeneous mechanical 
properties at different locations of the depositions.

4. Post-processing heat treatments on WAAM-deposited 
Ni-based alloy parts improves the microstructural attrib-
utes resulting in better and homogeneous mechanical 
properties.

5. Comparing to UTS, YS, hardness, and El of convention-
ally manufactured wrought Ni-based alloys, WAAM-
deposited components exhibit improved mechani-
cal properties. In addition, heat treatment processes 
improves the wear-resistant property also. But both as-
deposited and heat-treated WAAMed Ni-based alloys 
possess slightly reduced corrosion resistance property 
compared to wrought material.

There are many possible ways by which the WAAM pro-
cess can be incorporated into multi-disciplinary research that 
integrates different areas such as thermo-mechanical engi-
neering and electro-mechanics. Similarly, integrating the 
conventional machining process with WAAM analogous to 
ultrasonic AM can produce more complex structures with 
the finest surface finish.

6.1  Future research directions

Since the research works related to the fabrication of Ni-
based alloys using WAAM are significantly less in the lit-
erature, future research works can be propagated in many 
directions including,

1. Only a countable number of articles have performed 
wear and corrosion studies on WAAMed Ni-based 
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alloys. More studies in future should attempt to explore 
the surface characteristics of WAAMed Ni-based alloys.

2. The investigations were mainly included the UTS, YS, 
El, and hardness properties alone. But future studies 
can be performed to investigate the fatigue properties 
of WAAMed nickel alloys.

3. Optimization of process parameters for different bead 
geometry and the correlation between different substrate 
materials with Ni-based alloys are the other area to be 
focused by future studies.

4. Fabrication of very thin walls with good dimensional 
accuracy using WAAM is the present-day requirement. 
Also, more variants in Ni alloy is required to be investi-
gated for the applicability of WAAM process.
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