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Abstract 

Hastelloy C276 alloy, a typical Ni-based solid solution strengthened trademark 

superalloy, possesses excellent practical performance under severe environmental 

conditions and elevated temperatures. Hence, Hastelloy C276 has been investigated as 

a candidate for structural material for nuclear reactors, chemical processing and 

aerospace, particularly as aero-engine components. Wire arc additive manufacturing 

(WAAM), with its relatively high deposition efficiencies and cost-effectiveness, is 

revolutionising the 3D fabrication of advanced alloy components. However, the 

effectiveness of WAAM, for fabricating Ni-based alloys, is not fully understood. 

This thesis explores Hastelloy C276 structures deposited by the WAAM process, 

aiming to provide an insightful understanding of this process in the fabrication of 

Hastelloy C276 alloy and to assess and optimise different processing approaches, 

permitting a systematical investigation of process-microstructure-property 

interrelationships in WAAM fabricated Hastelloy C276.  

The feasibility of WAAM fabricated Hastelloy C276 was addressed using the gas 

tungsten arc welding-based WAAM (GT-WAAM) process. Microstructures are non-

uniform and responsible for the occurrence of anisotropy and heterogeneity in the 

observed mechanical properties at ambient temperatures and preliminary creep 

properties.  

The mechanical properties of fabricated structures were optimised through post-

processing and in-situ operations. First, stress relieving and solid solution post-heat 

treatments (PHTs) were applied at selected temperatures of 871 °C and 1177 °C, 

respectively, in order to refine the microstructures of samples with PHT. The post heat 
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treated samples at 1177 °C possessed a more homogenised elemental distribution and 

decreased intermetallics, providing the best mechanical properties. Next, in-situ 

magnetic arc oscillation (MAO) was added to the GT-WAAM system at three different 

frequencies of 5 Hz, 10 Hz and 20 Hz to control arc density. The lowest frequency (5 

Hz) promoted mechanical properties at a micro and nano scale through manipulated 

dendrites and elemental distribution. The refined microstructure and mechanical 

properties were further optimised and stabilised when combining active interlayer 

cooling and a cold metal transfer (CMT)-based WAAM system, with CMT creating 

lower heat input, compared with GT-WAAM. The results indicated analogous 

mechanical properties of three heat input samples. However, lower heat input is more 

favourable for achieving slightly refined microstructure and decreased mechanical 

anisotropy.   

Finally, this work studied cladding Hastelloy C276 alloy on P91 steel using GT-

WAAM process for the potential application in nuclear reactors in a more cost-effective 

manner. The microstructure was first investigated in an as-cladded condition, and then 

optimised through a tempering operation, by which an enhanced homogeneity in the 

microstructure and hardness was obtained. 

Based on the outcome of this research, it can be concluded that the fabrication of 

Hastelloy C276 components via WAAM process is feasible, with a large operational 

window. A preliminary creep test indicated that the performance of WAAM fabricated 

components is highly dependent on the texture, which can be utilised based on the stress 

distribution of the components. Cladding Hastelloy C276 on creep-resistant steel 

appears to be a cost-effective approach to producing bimetallic components used at 

elevated temperatures.   
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1 Introduction 

1.1   General 

Ni-based alloys, being one of the most important series of engineering materials, have 

Ni as the principal element, often alloyed with a significant proportion (7 - 30 wt.%) of 

Cr, and/or additional metallic elements to strengthen performance, such as Fe, Nb, W, 

Mo, Ti and Co. With rational alloy design, Ni-based alloys present outstanding 

resistance to corrosion and oxidation, high strength at both ambient and elevated 

temperatures, relatively low coefficient of expansion, and excellent resistance to creep 

and fatigue [1]. Hence, they offer a wide range of applications in various environments, 

including the industries aligned with chemical, aerospace, nuclear, marine, electric, and 

medical sectors [2-4]. Due to the accelerated advancement of these fields, research and 

development of these alloy systems are ongoing. 

Traditional manufacturing processes for Ni-based alloys depend on hot working and 

cold working for the production of bulk alloys, followed by processes such as rolling 

or extrusion, with subsequent subtractive machining processes to arrive at the required 

geometries. These complex processes can result in a long cycle period and low work 

efficiencies, which inevitably affect cost-effectiveness. High costs are also associated 

with a large amount of capital investment in required specific machines, large work 

areas required for casting or forging operations, and significant quantities of raw 

material wastage from the subtractive manufacturing process. Furthermore, due to the 

continuous work hardening of Ni-based alloys, in particular for strengthened alloys, it 

can also be difficult to fabricate some Ni-based alloy components by traditional 

machining processes, which in turn, may cause degradation of machining tools and 
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associated reductions in their usable lifetimes [5, 6].  

Additive manufacturing (AM) processes can produce a near-net shape structure of Ni-

based alloys based on a pre-designed 3D model via a layer-by-layer deposition strategy, 

with relatively high accuracy and flexibility [7]. AM has emerged as a highly digital-

based manufacturing approach, covering the model design to the end fabrication via 

computer-aided design/manufacturing (CAD/CAM), which achieves significant 

resource savings compared to conventional manufacturing methods [8]. A large amount 

of leading time-saving and less capital investment on the fixed assets can offset the cost 

of post-finish refinement required for AM [9, 10]. The effectiveness of AM is also 

attributed to the maximisation of material utilisation, reducing the buy-to-fly ratio in 

the prototyping or the manufacture of central components, such as aerospace 

components [11]. Despite their cost benefits and performance efficiencies, current AM 

methods are associated with some inherent drawbacks, such as residual stresses [12, 

13], and a dendritic/columnar microstructure, resulting in anisotropies in mechanical 

properties and even defects in some cases [14-16]. The series of drawbacks of AM call 

for an insightful understanding of the relationship in process-microstructure-properties 

of alloys to enhance the effectiveness of AM process.  

Wire arc additive manufacturing (WAAM) is one type of wire-based AM process in 

which an electrical arc is adopted as a heat source to melt welding wire for fabrication 

of 3D components in a layer-by-layer deposition strategy [17]. The WAAM approach 

is advantageous for the production of large metallic components of complex geometry, 

due to its high deposition rate in comparison to the other AM approaches using laser or 

electron beams as heating sources. Furthermore, it requires relatively low apparatus 

investment and enables the fabrication of alloys with high density. These characteristics 
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enable a significant reduction in capital cost and efficient usage of raw materials [8]. 

WAAM can be further classified into three types: Gas Metal Arc Welding (GMAW)-

based, Plasma Arc Welding (PAW)-based, Gas Tungsten Arc Welding (GTAW)-based. 

Hastelloy trademark alloy is a typical family of Ni-based alloys, and research on 

Hastelloy series alloys has both scientific and industrial significance. In the current 

study, WAAM processes were utilised to produce Ni-based Hastelloy C276 samples, 

including GTAW-based WAAM (GT-WAAM) and gas metal arc welding-based 

WAAM (GM-WAAM) processes, with optimised in-situ and post-processing 

procedures. Hastelloy C276 is a Ni-Cr-Mo-based superalloy, offers preferable 

competence in corrosion and creep resistance, hence being applied in extreme acid 

environments, and has recently been evaluated as one candidate structural material in 

Generation IV nuclear reactors [18]. Numerous investigations have been conducted on 

microstructural evolutions, mechanical properties, machinability, and corrosion 

resistance of Hastelloy C276 [19-21]. So far, component fabrication techniques are still 

mainly concentrated on welding and traditional subtractive technologies, and only 

limited research [22] has been reported on AM of Hastelloy C276 alloy; this makes an 

attempt to apply the AM process timely. 

1.2   Objective of current research 

This research aims to give an insightful understanding of a novel WAAM of Hastelloy 

C276 alloy, establish optimal processing parameters and evaluate the mechanical 

properties of the fabricated material. Furthermore, this thesis also provides a 

preliminary understanding of a dissimilar metal cladding of Hastelloy C276 alloy on 

low-alloyed P91 steel. The issues connected to this research include the feasibility of 

fabrication, fabrication parameters, porosity, deformation, cracking, microstructure 
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evolution, solidification behaviour, and effects of optimised parameters. Specifically, 

the objectives of this work are as follows: 

(1) To explore the feasibility of fabrication of Hastelloy C276 alloy using GT-WAAM, 

to determine manufacturing process parameters and identify the operation windows 

through the study of related microstructures and properties. In this case, the 

challenges in the as-built component manufactured by GT-WAAM, including 

cracking, deformation, anisotropy, and non-homogenisation are investigated. 

(2) To investigate alternative post-heat treatment processing, in-situ lower heat input 

arc processes, as well as in-situ interlayer operation routes to optimise material 

performance characteristics, in comparison with the as-deposited condition.  

(3) To develop a dissimilar metal cladding of Hastelloy C276 alloy on low-alloyed P91 

steel using GT-WAAM; Moreover, to explore the effects of post-heat treatment 

(PHT) on the fabricated cladding structure.  

1.3   Major contributions of current research 

There are limited recorded investigations of WAAM fabricated Hastelloy C276 alloy, 

so this research is benchmarked with conventionally produced Hastelloy components. 

The outcome of this research is of particular importance in understanding the WAAM 

processing-microstructure-properties for the Ni-based Hastelloy C276 alloys, 

exclusively providing valuable information for process optimisation and improvement 

in the resultant properties.  

This thesis systematically studied WAAM of Hastelloy C276, via interlayer 

management, heat input control, magnetic arc oscillation and PHT, which is unique for 

the academic study of this alloy by AM processes. During manufacturing and post 
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processes, temperature evolution, welding pool behaviour, dendrite and columnar grain 

pattern, bulk texture, elemental segregation and secondary phases were investigated by 

the thermodynamic calculation and experimental approaches. These studies will 

initiatively contribute to the in-depth understanding of the microstructural evolution of 

Hastelloy C276 alloy in the WAAM process. Of particular importance, this thesis 

explores mechanical properties at micro and nano scales under various processes, 

providing WAAM fabricated Hastelloy C276 structures with comparable mechanical 

properties for practical industrial applications. Through these explorations, this thesis 

provides reproducible process parameters for the fabrication of full density and property 

reliable Hastelloy C276 by WAAM.  

Due to the intrinsic advantages of WAAM, the synthesis of Hastelloy C276 alloy by 

the WAAM processes enables an alternative industrial approach to produce structures 

cost-effectively with complex geometries, and on a large scale in comparison with 

traditional processes. Furthermore, this thesis also studied the cladding of Hastelloy 

C276 on steel which is of a comparatively lower cost than a direct synthesis of the single 

composition superalloy components. This was done in order to enhance cost-

effectiveness of this alloy’s application. Hence, the high benefits to both industry and 

academia will be readily offered through the outcome of this thesis work.  

1.4   Outline of this thesis 

To achieve these aims mentioned above, this thesis is organised in nine chapters as 

follows: 

Chapter 1 introduces the background, studied alloy and processes in conjunction with 

the objectives and contribution of this research.  
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Chapter 2 provides a comprehensive review conducted in this chapter to understand 

Ni and its alloys and, particularly, the Ni-based Hastelloy alloys are introduced in their 

conventional manufacturing and joining processes. The common defects and challenges 

of the conventional fabrication processes are summarised. Subsequently, AM as an 

alternative process is discussed in the fabrication of Ni-based alloys. Finally, Hastelloy 

C276, as the investigated material in this research, is introduced particularly, at the end 

section of this chapter.  

Chapter 3 introduces the methodology, characterisation techniques, and related 

instruments required for the realisation of current research.  

Chapter 4 studies the feasibility of a fabrication of Hastelloy C276 thin-wall structures 

by GT-WAAM. The microstructure, primary dendrite arm spacing, dislocation density, 

second-phase precipitates, ambient temperature mechanical properties and preliminary 

creep property at elevated temperature of the as-deposited structure are evaluated in 

detail using specimens extracted from different orientations and locations along the 

deposition direction.  

Chapter 5 explores the influence of PHTs at 871 °C and 1177 °C on the microstructure 

and mechanical properties of the Hastelloy C276 alloy prepared using the GT-WAAM 

process. The elemental distribution and intermetallics which are different from those 

formed under traditional processing conditions are particularly studied in this chapter. 

Chapter 6 describes an investigation of the effects of magnetic arc oscillation (MAO) 

at three different frequencies (5 Hz, 10 Hz and 20 Hz) applied during GT-WAAM 

deposition of Hastelloy C276. The processing, microstructure, surface finish and 

mechanical properties on micro and nano scales of the alloy fabricated with MAO are 

investigated and compared in-depth with the counterpart without the application of 
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MAO.  

Chapter 7 continues to investigate in-situ processing to improve mechanical properties 

and decrease the anisotropy, in which the cold metal transfer (CMT) process parameters 

with different associated heat inputs (276 J/mm, 368 J/mm and 553 J/mm), and active 

interlayer cooling, is applied.  

Chapter 8 explores application of a further cost cutting measure, that of cladding of 

Hastelloy C276 on P91 steel by WAAM. This chapter studies the microstructure of as-

cladded alloy with and without tempering treatment. Related effects on hardness are 

compared.   

Chapter 9 summarises the work in this thesis and provides some recommendations for 

future work on Hastelloy C276 alloy by WAAM.  
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2 Literature review 

2.1   Ni-based alloys 

2.1.1 Ni and its alloys 

Solid Ni generally retains its face-centred cubic (FCC) crystal structure throughout its 

temperature range up to the melting point. It presents an inactive chemical property that 

is difficult to involve in reaction to acid solutions or oxidizing conditions, instead, it 

can form a protective corrosion resistance or an oxidizing film under exposure to 

corrosive or oxidizing environments [23]. These properties are sourced as an excellent 

opportunity for its application in corrosion resistance under high temperatures. Ni is 

marketed in various forms that are available to widely meet industrial demand, such as 

Ni powder, salt, pallet, ferronickel, etc. In common with other metals, pure Ni exhibits 

unstable mechanical properties which are significantly influenced by impurities, 

temperature, and machining history [24]. Compared with Ni-based alloys, pure Ni 

possesses lower mechanical properties, especially than those of age-hardening alloys.  

Ni-based alloys as one of the most important series of engineering materials have Ni as 

the balancing element alloyed with some metal materials to strengthen performance. 

They can offer improved properties, or additional properties that the other alloy families 

cannot offer. For example, metallurgy and weldability issues for Ni-based alloys are 

considered to be much simpler than iron-base materials. Inconel 625 can be the material 

for surface modification of oil and gas components, especially those made of stainless 

steel because of the high corrosion resistance and ductility [25]. The family of Ni-Cr-

Mo welding products is ever applied to weld 9% Ni steel to obtain high mechanical 

properties and impact toughness under liquid nitrogen temperatures [26]. The new 
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development of superalloys is in an extremely high requirement for the ultra-efficient 

power generation system, such as gas turbines designed for electricity generation, 

which will be doubled due to the rapid development of the economy worldwide [27]. 

Hence, Ni-based alloys play an important role in the development of the modern world 

in alignment with the industries of nuclear, chemical, aerospace, etc, which even 

become the strategy supplies of one country.  

2.1.2 Role of alloying elements in Ni-based alloys 

The addition of elements contributes to the solid solution strengthening, the formation 

of precipitation strengthening and hardening in some cases. In addition, based on the 

content and types of these elements, corrosion resistance is also enhanced.  

Ni is an excellent base to design alloys as this element itself can moderately resist 

corrosion and can be provided as a matrix to maintain the ductile FCC structure with 

alloying elements. It is outstandingly resistant to alkalies both in hot and cold 

temperatures and reacts slowly to dilute nonoxidizing inorganic and organic acids [28]. 

Ni can be cathodically protected by making itself as a cathode of the electrochemical 

cell, but other easily corroded elements as an anode. Many elements are added to obtain 

enhancement the properties in mechanical properties and corrosion resistance in various 

extreme environments.  

Mo, as one of the most important refractory elements of Ni-based alloys, is provided 

for mechanical strengthening and enhances corrosion resistance of the alloy. Mo has 

larger atomic radii than Ni, and it can impede dislocation and relative solubility, 

working as solid solution strengthening. The addition of Mo can improve the strength 

under elevated temperatures and creep strength, but the upper application is limited due 

to its tendency of severe oxidation over 1150 °C (2100 °F) [26]. Besides, Mo reduces 
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chlorination resistance for high-temperature applications, yet it can improve chloride 

stress crevice cracking (SCC) in an aqueous environment. In particular, Mo can resist 

reducing corrosive media and increase localised corrosion resistance [28]. 

Cr essentially improves oxidation resistance both at high temperatures and aqueous 

environment and strengthens mechanical strength. Besides, it enhances the sulfidation 

and carburization resistance but lowers the resistance to nitriding and fluorination [23, 

28]. However, it also has a high risk of forming the intermetallic phase and leads to 

brittleness if the content is too high [29]. 

Fe can improve the cost-effectiveness of Ni-based alloys, but it does not optimise the 

corrosion resistance. It can enhance the high-temperature carburization resistance as it 

increases the solubility of C in the Ni matrix [23]. 

W has a larger atomic radius than Ni. W as a refractory element and solid solution 

strengthening element can improve the high-temperature strength of the alloys [23, 30]. 

Besides, it also can improve pitting and crevice corrosion.  

C is the element of the carbide former. The refined primary M6C carbide can be the 

strengthening phase, and it will be the main factor to increase the mechanical properties 

[31]. The content of C has to be controlled within 0.02 wt%, because C is relatively 

active over 315 °C (600 °F) in the matrix, resulting in the brittleness of the alloys due 

to the formation of graphite particles [26]. 

Co provides solid solution strengthening and increases strength under high temperatures 

of the alloy. It reduces the rate of sulphur diffusion and increases the solubility of 

carbon, so it can increase resistance to sulfidation and carburization [28]. 

Si is added to Ni-based alloys in a minor amount to improve the oxidization and 
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carburization resistance [23]. It plays an important role in the formation, stabilization, 

and distribution of primary carbide which might be the strengthening phase in Ni-based 

superalloys [32].  

Other compositions enable to increase the strength under high temperatures through the 

formation of precipitations. For example, the addition of Ti and Al can be solid solution 

strengtheners, but they are mainly used to form the γ' phase [Ni3(Al, Ti)] which can act 

as precipitation strengthening of the FCC matrix [26]. Ta and Nb are refractory 

elements and can be used as precipitation hardening. Mg is added to increase the 

mechanical properties and the resistance to oxidation [24]. 

In general, the elements in Ni-based alloys, including Ni, Mo, Cr, Fe, Co, participate 

the austenitic γ and strengthen the matrix with the different atomic radii from Ni. Mo, 

Cr and Si are strong former of carbide, which can be a strengthening phase. However, 

the processing technology of these alloys has to be controlled firmly in case of harmful 

brittle intermetallic phases [33]. 

2.1.3 Classification of Ni-based alloys 

Ni-based alloys have no systematic classification but are usually known by the numbers 

or trade names signed by the producers of the alloys, such as Inconel® 625, Hastelloy® 

X, and Monel® 400. Comparing these alloys, the content can witness some differences. 

Based on the composition, these alloys are classified into commercially pure Ni alloys, 

solid-solution strengthened Ni-based alloys, precipitation-strengthened Ni-based 

alloys, and speciality alloys, as listed in Fig. 2.1 [26].  
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Fig. 2.1 Classification of Ni and Ni-based Alloys [26]. 

Commercially pure Ni alloys are alloys that contain over 99% Ni, usually with 

relatively low strength and hardness [34]. These pure Ni alloys are primarily applied 

due to their corrosion resistance in a severe environment, and they are also selected in 

electrical or magnetostrictive limited applications.  

Solid-solution strengthened Ni-based alloys are those that are strengthened by the added 

substantial alloying elements to the matrix including Cr, Fe, Mo, W, and Cu, and also 

Co, Nb, and Ta in some cases, but Nb and Ta are usually used for precipitation 

strengthening. Due to these substations with different atomic parameters, the local 

matrix is distorted along with a lowered stacking fault energy. Hence, local dislocation 

can be formed, resulting in difficulty in further cross slip. Solid solution alloys can 

remain in an austenitic (FCC) matrix from the start of solidification to absolute zero, 

hence it can be used from cryogenic temperatures up to 1200 °C (2190 °F) [26]. The 

versatility of the solid-solution strengthened Ni-based alloys is offered by the 

combination of the additions of elements. For instance, Cr is added for the high 

resistance to oxidization, while Mo is for the resistance to corrosion [35]. Given the 

types of elements and their content, the alloys are applied for their different 

performance. In general, these alloys are usually used in applications where moderate 
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strength and excellent corrosion resistance are required at a high temperature [36]. The 

representative of solid-solution strengthened Ni-based alloys can be found to be Inconel 

625, Hastelloy N, or Hastelloy C276.   

Precipitation strengthened Ni-based alloys are realised through additions of Ti, Al, 

and/or Nb, and form strengthening precipitation after heat treatment. The matrix can be 

strained due to the appearance of these precipitations and thus increase the strength of 

the alloys remarkably. Being the same as solid-solution strengthened Ni-based alloys, 

the precipitation strengthened alloys also consist of austenite matrix and secondary 

phases. The differentiation is that the added elements can be precipitated as a 

strengthening phase under appropriate heat treatment. The most common phases are 

gamma prime [γ′-Ni3Al, Ni3Ti, and Ni3 (Ti, Al)] and gamma double prime (γ"-Ni3Nb), 

which are effectively coherent with the matrix in most cases [37]. Precipitation 

strengthened alloys possess the combination of outstanding corrosion resistance and 

high strength at elevated temperature, which is unique in metal alloys, hence being 

generally called “superalloys” based on their extremely high strength and corrosion 

resistance. The wide popular presentative of the precipitation strengthened Ni-based 

alloys can be found to be Inconel 718. 

The other types of Ni-based alloys can also be classified as superalloys due to their high 

creep strength under high temperatures. For example, the MA 6000 which is an oxide 

dispersion strengthened alloy exhibits high creep strength through the precipitation 

strengthening and dispersion strengthening. The hardening of the alloy is created by 

dispersion particles which can be stable under high temperatures.  

 

 



 

 
Chapter 2. Literature review 

14 

 

2.1.4 Examples of Ni-based alloy manufacturers and their representative alloys 

2.1.4.1 Inconel 

Inconel 718 contains 50 - 55 (wt) % of Ni, 17 - 21% of Cr, 4.8 - 5.5% of Nb, 2.8 - 3% 

of Mo, 0.65 - 1.15% of Ti, 1% of Co, small additions of Al (0.2 – 0.8%), and Fe 

(balance). Inconel 718 is precipitation strengthened Ni-based alloy, which is primarily 

hardened by γ'- Ni3(Al, Ti) and metastable γ''-Ni3Nb phases in an austenite γ matrix, 

and remains stable under 720 ℃. δ-Ni3Nb phase and Laves phase transformation can 

occur if the alloy is exposed to temperatures higher than 720 ℃. Being incoherent with 

the matrix, carbides and nitrides are also reported to exist in this alloy [38]. Inconel 718 

exhibits excellent mechanical properties and corrosion resistance, and superior tensile 

strength at elevated temperatures up to 700 ℃ [39]. Inconel 718 possesses good 

weldability because of its relatively low precipitation kinetics. However, this alloy is 

difficult to shape at room temperature by conventional machining processes, owing to 

low material removal rates and high shear strength [40, 41]. Inconel 718 has a wide 

range of applications as components used in harsh environments, such as high-pressure 

piping, supporting structures, and nuclear reactor applications. 

Inconel 625 contains Ni as balance, 20 - 23 (wt)% of Cr, 5% of Fe, 3.15 - 4.25% of Nb, 

8 - 10% of Mo, 0.5% Mn, and a small amount of Al (0.4) and Si (0.5%). Inconel 625 is 

a solid-solution strengthened Ni-based alloy, which is achieved by refractory metallic 

elements, Nb and Mo, in a Ni-Cr matrix. Due to the occurrence of fine metastable γ''-

Ni3Nb phases after long exposure at a temperature range of 550 to 850 ℃, Inconel 625 

can be further precipitation hardened [42]. Laves phase can be formed due to 

segregation during fabrications, and carbides can also precipitate out in various phases 

(MC, M6C, and M23C6), depending on the exposed ageing temperatures and time. 
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Inconel 625 possesses excellent properties, including high yield strength, creep 

resistance, fatigue strength, and oxidation and corrosion resistance under severe 

environments. The alloy can be used extensively, from cryogenic environment to ultra-

high temperatures (over ~ 700 ℃ with high tensile strength and ~1000 ℃ for corrosion 

protection) [43]. With a good balance of weldability, fabricability, corrosion resistance, 

and mechanical properties, Inconel 625 is widely used as turbine blades and engine 

components in the fields of petrochemical, power, aerospace, and marine applications 

[44].  

2.1.4.2 Monel 

Monel K500 contains Ni (minimum 63%), 27 - 33% of Cu, 2.3 - 3.15% of Al, 0.35 - 

0.85% of Ti, and a small amount of Fe, Si, and Mn. Monel K500 is a precipitation-

hardened alloy which possesses high mechanical properties, fracture toughness and 

corrosion resistance in a wide range of corrosion media [45]. The increased strength is 

obtained by the precipitation of the γ'- Ni3(Al, X) phase in the matrix under the aging 

process, in which X can be Ti, Mn, Cu or Si. The incoherent TiC phase which exhibits 

different morphology with aging can distribute heterogeneously in the matrix [46]. 

Despite some instances of failures, such as hydrogen embrittlement and stress corrosion 

cracking (SCC), it shows extraordinary corrosion resistance, on the whole, under the 

marine environment and sour oil [47]. Monel K500 is widely used in electronic, oil and 

gas productions, as well as marine industry, such as submarine propeller shafts. 

2.1.4.3 Hastelloy 

Hastelloy X contains Ni as the balanced composition, and 20.5 - 23 (wt) % of Cr, 17 -

20% of Fe, 8 - 10% of Mo, 05 - 2.5% of Co, 0.2 - 1.0 % of W, and little amount of Al 

(0.5%) and Mn (1.0 %). Hastelloy X, as a solid solution strengthening alloy containing 
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Mo, Co, and W, is designed for high-temperature applications. It combines 

extraordinary oxidation resistance with high-temperature strength over temperatures 

ranging from 540 to 1000 ℃ [48]. The high-temperature mechanical properties of 

Hastelloy X are sensitive to microstructural variations, in particular, the Mo-rich 

carbides (M6C, M23C6), σ, and μ phase, as reported in this alloy [49-51]. Given the good 

formability due to its high ductility and weldability, Hastelloy X is widely applied in 

gas turbines as combustors, transition ducts, spray bars and flame holders, and exhaust 

components [51].  

2.2    Hastelloy® alloys 

2.2.1 Hastelloy family 

Table. 2.1 Chemical composition of corrosion resistance Hastelloy alloys. 

aAs balance         bMinimum           cCb+Ta      *Maximum 

Table 2.1 shows the chemical composition of Hastelloy® alloys which are the corrosion 

resistant alloys of Haynes International Corporation. Based on their composition, they 

are also numbered by UNS in America. Comparing the chemical element in Hastelloy 

alloys, it can be found that the corrosion resistance of Hastelloy alloys are mainly Ni-

Alloy Nia Co Fe Cr Mo W Mn Si Nb V Al Ti C Cu Others 

B-3®
 65b 3* 1.5 1.5 28.5 3* 3* 0.1* 0.2* 0.2* 0.5* 0.2* 0.01* 0.2* Ta-0.2*, Zr-0.01* 

C-4  65 2* 3* 16 16 - 1 0.08* - - - 0.7* 0.01* 0.5* - 

C-22®
 56 2.5* 3 22 13 3 0.5* 0.08* - 0.35* - - 0.01* 0.5* - 

C-22 HS®
 61 1* 2* 21 17 1* 0.8* 0.08* - - 0.5* - 0.01* 0.5* - 

C-276 57 2.5* 5 16 16 4 1* 0.08* - 0.35* - - 0.01* 0.5* - 

C-2000®
 59 2* 3* 23 16 - 0.5* 0.08* - - 0.5* - 0.01* 1.6 - 

G-30®
 43 5* 15 30 5.5 2.5 1.5* 0.8* 0.8 - - - 0.03* 2 - 

G-35®
 58 1* 2* 33.2 8.1 0.6* 0.5* 0.6* - - 0.4* - 0.05* 0.3* - 

HYBRID-

BC1®
 

62 1* 2* 15 22 - 0.25 0.08* - - 0.5* - 0.01* - - 

N 71 0.2* 4* 7 16 0.5* 0.8* 1* - 0.5* - - 0.06 0.35* (Al+Ti)-0.5* 

https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HASTELLOY-B-3-alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HASTELLOY-C-4-Alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HASTELLOY-C-22
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/c-22hs-alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HASTELLOY-C-276-Alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HASTELLOY-C-2000-Alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HASTELLOY-G-30-alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HASTELLOY-G-35-alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HYBRID-BC1-Alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/HYBRID-BC1-Alloy
https://haynesintl.com/alloys/alloy-portfolio_/Corrosion-resistant-Alloys/hastelloy-n-alloy
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Cr-Mo alloys except for Hastelloy G-30 alloy as Ni-Cr-Fe alloys. Ni metal is the major 

ingredient in the most effective manner of Hastelloy alloys, and some other elements 

with various percentages are added to form the different types of Hastelloy grades. 

These alloys provide unique properties, composed of a series of Hastelloy B, Hastelloy 

C, Hastelloy G, Hastelloy N, and Hybrid-BC1. Due to the extraordinary performance, 

Hastelloy alloys are specially chosen for the applications of corrosion, which is widely 

applied in chemical industries. The reliable quality leads to their market growth in 

energy, nuclear power plant, health, environmental, oil and gas industry, 

pharmaceutical and flue gas desulfurization industries [52]. Their high performance in 

extreme manners could be attributed to high resistance to outstanding localized 

corrosion resistance, reliable weldability and fabrication, corrosion cracking resistance 

[53]. The standard product forms include sheet and plate, wire and welding consumers, 

pipe and tubing, bar and bullet, fitting, and flangs. In this section, the Hastelloy alloys 

family will be introduced with details. 

Hastelloy family alloys exhibit various corrosion resistance in various corrosion media 

based on their chemical compositions. With the technique development, the alloys are 

promoted in weldability, mechanical properties, and corrosion resistance. At present, 

the fabrication of Hastelloy alloys is mainly the traditional working process.  

2.2.2 Fabrication processes of Hastelloy alloys 

2.2.2.1 Hot working and cold working 

The hot working of Hastelloy alloys includes hot forging, hot rolling, hot upset, hot 

extruding, and hot forming. Before and during the process of heating, most of the 

Hastelloy alloy’s surface is required to be kept clean and far away from the pollutions, 

such as sulfur, phosphorus, lead, or other metals with a lower melting point.  
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During the hot working process, it is important to clarify the alloy’s work hardening 

effects and the softening mechanism, such as dynamic recrystallization, to obtain a 

defect-free alloy [54]. The Hastelloy alloys have an austenitic matrix and have a high 

potential of working hardening rapidly. The prime softening mechanism is the dynamic 

recrystallization phenomenon, which is sensitive to temperature, strain rate, and stain 

[55]. Higher temperatures can lead to a higher rate of recrystallization, which could 

suppress the work hardening rate [56]. However, the temperature for hot working to 

Hastelloy alloys is quite narrow. It is recommended that the start temperature of hot 

forging is from 1204 ℃ (2200 °F) for Hastelloy G and N, and C-4 or 1232 ℃ (2250 

°F) for other Hastelloy C and HYBRID-BC1, and the finish temperature is 954℃ (1750 

°F), as they are sensitive to strain rate and strain. In order to optimise the working result, 

frequent re-heating has to be applied [57], which will highly increase the fabrication 

cost.  

The cold working for Hastelloy alloys includes cold forming, spinning, drop 

hammering, punching, and shearing. Hastelloy alloys are stiffer than some of the other 

alloys, such as austenitic stainless steel, therefore, more power is required for cold 

working. Besides, Hastelloy alloys have higher deformation resistance, the cold 

working efficiency is correlated with the alloy’s microstructure [56]. For example, after 

cold rolling, the uniform microstructure is expected to lead a good ductility which is 

better for the next step forming of the alloys, such as extruding. Therefore, some of the 

Hastelloy alloys require several steps for cold working, and annealing has to be applied 

before cold working along with intermediate annealing to obtain a refined 

microstructure. Cold working usually does not affect the general corrosion resistance 

of Hastelloy alloys, but it can lower the resistance to stress corrosion cracking. Hence, 

re-annealing to recover corrosion resistance is important. After cold working, the alloys 
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are required for re-annealing if the working process causes an elongation of 7% or more 

[57]. 

As can be seen in the traditional hot working and cold working process, the products 

will have exceptional mechanical properties and corrosion resistance due to the uniform 

microstructure, although the procedures are quite complex. The process will be 

productive and has to work on a large scale if the cost of each piece is controlled to be 

relatively low, while if the order or requirement of the products is not as many enough, 

the cost will rise. There are several reasons: First is the high capital investment which 

can be attributed to the cost of special operating equipment for the hot working and cold 

working process. Then the equipment will also occupy a large area so a large working 

plant is required (Fig. 2.2). Again, the hot forging system includes a preheated 

workpiece, lubricant, and a forging tool, such as the hammer, which is used to deform 

the workpiece. The working tool will be subjected to repetitive thermal exposure and 

mechanical loading, resulting in damage to the working tool because of mechanical 

fatigue, erosion, and deformation [58]. The damaged tool increases the possibility of 

failures of the workpiece, such as different geometries, or even scrapping of the 

workpiece.  

 

Fig. 2.2  Illustration of materials in a hot forging machine 
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2.2.2.2 Heat treatment 

Given the different composition, forming requirements, and intended service, there are 

six principle types of heat treatment, including annealing, solution annealing, stress 

relieving, stress equalizing, solution treatment, and age hardening. Different types of 

heat treatment are performed either to soften the alloys, such as annealing the work-

hardened alloys, or to enhance the mechanical properties, such as age hardening the 

alloys by precipitation in the matrix [23].  

During the cold and hot working process of Hastelloy alloys, intermediate heat 

treatment is required for the workpieces. When the alloys reach the service size, the 

final heat treatment has to be given again to restore optimum properties in corrosion 

resistance and high mechanical properties, especially the ductility. Generally, solution 

annealing is recommended for Hastelloy alloys, no matter during or after forming work 

before the following applications. Water quenching (WQ) or rapid air cool (RAC) is 

required to follow the heating process to keep the single-phase presented under the high 

temperature of the alloys without the precipitation of the secondary phase in the 

microstructure, particularly at grain boundaries. These precipitations tend to impair the 

hot ductility that can fracture before the grain boundary sliding and recrystallization 

[59]. 

The solution annealing temperatures for various grades of Hastelloy alloys are provided 

in Table. 2.2 [57], which can effectively dissolve most of the other phases but keep 

within the range of grain size to impart optimum mechanical properties. Rapid cooling 

is essential to the solution annealing in preventing deleterious microstructure changes. 

The time should be started immediately when the whole material reaches the 

recommended temperature and controlled between 10-30 minutes depending on the 
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thickness of the workpieces.  

Table. 2.2  Solution-annealing Temperatures of the Hastelloy (corrosion-resistant) 

Alloys 

 

 

 

*Plus or Minus 25°F (14°C) 

2.2.2.3 Machining and surface finishing 

There are three important elements to influence the machining of alloys: workpiece, 

cutting tool, and machining parameters. The selection of tools and the cutting regime 

parameters are limited by the machinability of the alloys, while the machining 

parameters and the alloys can influence the tool’s life.  

Ni-based Hastelloy alloys are difficult to machine because of their high strength and 

hardness, and abrasive chips under high elevated temperatures [60, 61]. The metal 

cutting process can be explained by plastic deformation theory, as the cutting process 

itself is the process of metal’s plastic deformation [62]. However, the high pressure 

generated between the cutting tools and alloys during the cutting process can lead to a 

stressed layer on the deformed surface of the workpiece. This deformation stimulates a 

hardening effect of the cutting layer, which further affects the mechanical properties of 

the workpiece and causes distortion of the small-sized workpiece.  

The choice of the cutting tool must be considered based on the specific content of 

Hastelloy alloys and their previous operation processes. To achieve better surface 

Alloy 
Solution-annealing Temperature* Type of Quench 

°F °C - 

B-3® 1950 1066 WQ or RAC 

C-4 1950 1066 WQ or RAC 

C-22® 2050 1121 WQ or RAC 

C-22HS® 1975 1079 WQ or RAC 

C-276 2050 1121 WQ or RAC 

C-2000® 2100 1149 WQ or RAC 

G-30® 2150 1177 WQ or RAC 

G-35® 2050 1121 WQ or RAC 

HYBRID-BC1® 2100 1149 WQ or RAC 
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roughness and machinability, the coated insert was ever applied [62]. Another choice 

is ceramic tools because of their chemical stability and extreme hardness [63]. Being 

different from the conventional cutting process, electrical discharge machining (EDM) 

can be an alternative to machining the workpiece. EDM applies controlled and 

repetitive sparkles produced by a DC pulse generator to erode the material of the 

workpiece. This process presents advantages in precision and low limitation on the 

geometry in comparison with the conventional cutting machines, especially it is more 

economical at the time of machining the superalloys  [64]. During the machining 

process, the tool’s life and productivity can be decreased due to the outstanding 

mechanical properties of Hastelloy alloys. Machining at a high speed can accelerate the 

element diffusion of the alloys due to the generation of extremely high temperatures. 

The Ni-Cr-Fe base workpiece might have the possibility to react with the tool materials, 

such as silicon, and aluminium [61]. These elements diffuse into the tool matrix, 

resulting in a decrease in the tool’s strength. The tool failure modes, such as flank wear, 

chipping and cracking, can result in the occurrence of notching or cracking on the 

alloy’s surface, and cause a distinguished machining failure. The consumption of 

cutting tools and, in turn, contributed to the unsatisfied dimensional accuracy and 

surface integrity was always regarded as the increased cost of the conventional 

machining process.  

Machining parameters include cutting force, cutting speed, feed force, lubricants and 

coolants, etc. The most important parameter is cutting speed which can significantly 

influence surface roughness, and the surface roughness can be improved by the increase 

of cutting depth [63]. Hastelloy alloys can be worked hardening rapidly, so it is 

recommended to use low cutting speed and high cutting depth. The cutting surface 

temperature is increased because of extreme friction between the tools and workpieces 
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under high cutting speed [65]. The lubricants or coolants have to be chosen based on 

the primary consideration being cooling or lubrication during cutting processes. Soluble 

water-base fluids are used to essentially remove heat, while ceramic tools are not 

recommended to use oils due to high risk of ignition. To the EDM, Choudhary, et al. 

[66] reported that the pulse on time, tool electrode, and current are the most influential 

parameters to affect the performance and the surface finish. Hastelloy alloys can be 

sensitive to oxidation and pollution on the surface, so it is important to grind with fine 

grinding wheels. There are different types of recommended grindings to refine the 

workpiece surface. The cylinder grinding is used to remove the sharp corner, and the 

internal grinding is applied for the hole removing, while the thin components or bevels 

have to use surface grinding. Comparing the grinding by polishing wheels, 

electrochemical mechanical polishing is also suitable for all types of Hastelloy alloys, 

and its mechanism is to passivation the alloy and form a passive film. Its high 

advantages are attributed to high efficiency, low surface scratching, low raw material 

removes, and particularly it has high quality for work-hardened alloys [67].  

Basically, the machining processes of Hastelloy alloys have overcome the drawbacks 

of the alloy properties that are caused during the working processes. However, 

conventional machining is a subtractive process, which will cause a significant waste 

of raw materials. It was reported that about 83% of titanium turned out to be the 

discarded machining chips during the Ti alloy airframe fabrication process of Boeing 

787 aircraft [68]. Hence, no matter how well the parameters are controlled, the 

machining process can translate the components to high-cost fabrication. To the 

complicated shape, the component requires careful machining, but sometimes it still 

cannot be fabricated by conventional machining from a single billet, instead, the 

welding and joining process is necessary.  
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2.2.2.4 Welding and joining 

Ni-based alloys with high weldability can contribute to the high quality of the welded 

components. Hastelloy alloys, as one of Ni-based alloys, also exhibit good weldability, 

which is defined as a high ability to be welded and perform effectively during service. 

They can be successfully welded by arc welding, laser welding, and electron beam 

welding. The most common arc welding processes include GTAW, GMAW, and 

shielded metal arc welding (SMAW) processes. In addition, there are plasma arc 

welding (PAW), resistance spot welding (RSW), laser beam welding (LBW), and 

electron beam welding (EBW). Some other joining techniques, such as brazing, are also 

tried by academic researchers [69]. To achieve high-quality welding of Hastelloy 

alloys, lower heat input is recommended, by employing the low current and quick travel 

speed [57]. 

GTAW is a fusion welding process that is performed by a stable electric arc between 

the tungsten electrode and the workpiece under an inert environment. It’s a wide-use 

process for Hastelloy alloy welding due to its high work efficiency and flexible 

operation. Manikandan et. al. studied the weldments of Hastelloy alloy manufactured 

by continuous and pulsed current GTAW techniques [70]. The results showed that the 

component by continuous GTAW exhibited less effectiveness than that by pulsed 

current GTAW. The unwanted brittle intermetallic phase was not precipitated in the 

weldment using pulsed current, resulting from the lower heat input and controlled 

solidification. The increased strength was found in the welded joint due to the refined 

microstructure. However, the normal GTAW technology has a high risk to cause 

elemental segregation, hot cracking, and non-equilibrium solidification due to high heat 

input, and lower heat input is critical in arc welding [21].  
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EBW is fusion welding in which the joints are produced by the fusion of base metal 

using high power density. It is carried out in a vacuum environment, which can avoid 

oxidation of the welding. Besides, this process has an extremely high cooling rate and 

high penetration depth, so there will be a very small heat-affected zone (HAZ). Hence, 

the EBW is integrated with low risk in the distortion of the workpiece and high working 

speed [71]. Hastelloy alloy has been welded by an electron beam, and the experiment 

obtained a fine lamellar structure, without detrimental intermetallic compounds in the 

welded molten zone (MZ), such as μ phase [72]. By EBW, an enhanced hardness in the 

MZ is achieved due to refined microstructure, but the defect, for instance, voids or hot 

cracking is remarkably decreased. The input process parameters, such as beam current, 

accelerating voltage, and welding speed, can significantly affect the beam width and 

beam penetration [73], and the welding speed is prior to current and voltage in affecting 

welding geometry [74]. Yet, a strict working environment is required for EBW, and the 

component size is also the limitation for a widespread application for this welding 

process.   

Laser welding (LW) is a fusion welding process as another excellent alternative to weld 

Hastelloy alloys. It can provide benefits in precision, rapid processing capability, high 

energy density, and narrow heat input [75], hence there will be less distortion and 

residue stress compared with arc welding with higher heat input. The weldment of 

Hastelloy alloy was tested by Nd: YAG laser welding in an argon (80%) and CO2 (20%) 

environment [21]. It was found that there is no significant HAZ due to narrow heat 

input, and the microsegregation in the welded zone is limited because of rapid 

solidification. The refined microstructure led to higher hardness and increased tensile 

strength in the welded zone. However, similar to EBM, the working environment also 

limits the work efficiency of LW. 
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Brazing is used to bond the material through melting and flowing a filler that usually 

has a lower melting point than the base metal into the joint. For Ni-based alloys, the 

fillers are Ni-Si, Ni-Cr-P, Ni-Cr-Si, Ni-Cr-Si-B alloys in the form of powder, paste, and 

amorphous foil [76]. Due to its vacuum operating environment, there will be a low risk 

of oxidation in the joint. The brazed Hastelloy N has ever been researched by He et al., 

using Ti foil with different soaking times [77]. The results showed the intermetallic 

phases Ni3Ti, NiTi, and Ti2Ni occurred in the joint, among which Ni3Ti is adjacent to 

Hastelloy N and Ti2Ni is close to Ti foil. The microstructure of the joint varied with the 

different soaking time and heating temperatures. The joint bond strength was critically 

governed by the microstructure of the brazed joint. Besides, Ma et al. [78] also reported 

that the brazing joint potentially becomes the weakest point under extreme 

environment. Hence, the performance of the joint can significantly determine the 

overall properties of the workpiece. 

There are various types of welding technology that can be applied based on the size of 

the workpiece, and the working environment. The matrix of the weld joint usually 

presents a dendrite morphology, along with various amounts of precipitations. 

Compared to arc welding, laser and electron beam welding can have a better 

microstructure, nevertheless, they have limitations in workpiece size and work 

effectiveness. The refined microstructure can be controlled through lower heat input if 

arc welding is applied. To obtain a well-fabricated component, it is critical to 

understand its microstructure and the corresponding properties.  

2.2.3 Microstructure of Hastelloy alloys 

2.2.3.1 Matrix 

The matrix of solid solution strengthening Hastelloy alloys is FCC austenite γ-Ni. 



 

 
Chapter 2. Literature review 

27 

 

Hastelloy alloys usually require solution annealing in the final machining process, 

hence the grains in the matrix are mainly equiaxed cells with a large number of annealed 

twins, as is shown in Fig. 2.3 [79-81]. It can be found the grain size varies widely, being 

about 80 μm on average. Under the solution annealing process, most of the phases in 

Hastelloy alloys, other than the gamma phase can be dissolved except for some primary 

carbides. For instance, Hastelloy C-4 witnesses primary MC (TiC) carbide due to the 

presence of titanium [57]. Wang et al. [79] found that the Hastelloy N sheet can witness 

a significant amount of carbides inside of the grains and at grain boundaries, with a size 

of 0.5 - 8 μm. Grain size can affect the distribution of carbides at grain boundaries, 

which might be formed during solidification in Hastelloy alloys. The coarse grains have 

less grain boundary area, hence the carbides will become more continuous and have 

higher density, resulting in impairing the mechanical properties [23].  

 

  

Fig. 2.3 Microstructure of Hastelloy alloys: (a-b) Hastelloy N ; (c) Hastelloy 

C276; (d) Hastelloy C2000 

The distribution of chemical composition in the matrix is an important microstructure 

parameter to affect the properties of alloys, which can be alternated by the later working 
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process, such as welding or heat treatment. Ahmad et al. [72] found that the W, Cr, and 

Ni are higher in the solid solution matrix of Hastelloy C276, which can act as a solid 

solution hardening.  Bal et al. [82] illustrated that the weld zone (WZ) of Hastelloy 

C276 owned higher corrosion resistance due to lower concentration of Mo and Cr in 

the dendrite core and higher concentration of Mo in the per unit length within the WZ. 

The element and thermomechanical processing can initiate the microstructure and 

texture, which can influence the anisotropy of mechanical properties. Mehta et al. [83] 

explored the as-cast Hastelloy C276 alloy and found that the texture showed the 

dendrite features with high intensity of [200] and [111], while the hot rolled and 

annealed alloys had annealing twins within equiaxed grains with a moderate intensity 

of [111]. The presence of twins in the recrystallization microstructure is attributed to 

the relatively low stacking fault energy (SFE) of the FCC microstructure. Huang et al. 

[84] observed the hot-rolled following with mill annealed Hastelloy C22HS alloy and 

found no observed texture, while the measurement by neutrons found a moderate 

intensity of [111].  

2.2.3.2 Intermetallic precipitates 

Hastelloy alloys are a complex series of alloy family. Except for Hastelloy G-30 with 

more content of iron, the Ni-Cr-Mo system forms the basis of corrosion resistance 

Hastelloy alloys. The liquidus and isothermal sections from 1250 ℃ to 600 ℃ are 

shown in Fig. 2.4 [26], and the content of Cr (10 - 30 wt%) and Mo (0 - 20 wt%) in the 

boxes can be found in most of the Hastelloy alloys. As shown in Fig. 2.4, the 

solidification of these alloys initiates from γ austenite. Mo can segregate aggressively 

to the liquid during solidification, which has a wide range to promote the formation of 

intermetallic phases, such as P, σ (FeCr) phases [85]. Delta (δ) phase is found in the 
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low temperature, which is the equilibrium phase corresponding to the metastable γ″ 

phase [86]. This phase was reported to nucleate at austenite grain boundaries and 

coherent and incoherent twin boundaries at a lower temperature. However, the 

solidification in the welding process is usually a non-equilibrium process [72]. The 

intermetallic phases P phase, σ phases, and μ phase will be introduced briefly as 

follows. 

 

 

Fig. 2.4 Liquidus and isothermal sections of Ni-Cr-Mo system 

P phase (Cr9Mo21Ni20) is reported to be a low melting topological closed packed (TCP) 

phase by Bal et al. [87]. They investigated laser beam welded Hastelloy C276 with post-

weld heat treatment at 1170 ± 1°C, and found a significant increase in hardness and 

formation of P phase in the weld zone after PHT. Leonard reported that the formation 

time of the P phase in Hastelloy C276 is 5 min or more from 650 °C to 1100 °C [88]. 
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Cieslak et al. reported that the intermetallic P phase is responsible for the hot cracking 

during welding [89]. Due to the existence of the brittle intermetallic P phase, the 

strength of the welded structure can be lowered, and the P phase can lead to the 

appearance of failure if the structure is subjected to loading [87].  

μ phase (Ni7Mo6) is another intermetallic phase in Hastelloy alloys, which is also the 

TCP phase. Both of them might exist in the Hastelloy C series, such as C276 and C22 

[85, 90]. Cieslak et al. found P and μ phases in Hastelloy C276 during arc welding [89]. 

μ phase is known to be hard and brittle [91], and it can be formed from the 

decomposition of the P phase after a long-term thermal exposure. Ahmad et al. [72] 

found the appearance of the μ phase in Hastelloy C276 after subjecting to a tempering 

treatment at 950 °C for 3 h and air-cooled. The chemical compositions of the P phase 

and μ phase are similar, but their structures are orthorhombic and hexagonal 

respectively [85]. 

σ (sigma) phase as TCP phase is found in Hastelloy C22 and C2000 alloys, with 

tetragonal structure, and the reported average size is about 150 nm [26, 92]. Being 

different from P and μ phases with a higher content of Mo, the σ phase is higher in Cr, 

hence the lower content of Cr in C276 alloy lead lower possibility to form a σ phase. 

The appearance of the P phase in C22 alloy occurs by a solid-state transformation from 

the decomposition of the sigma phase, stabilized by Cr and Fe [26]. The σ phase in 

C2000 is a metastable phase, formed due to the increase of both defects’ density and 

heterogeneity of alloying elements during plastic deformation [92]. This hard and brittle 

phase can hinder dislocation and hence increase strength [93]. 

Both Mo and W are reported to stabilize the TCP phases which are harmful to the 

weldability and mechanical properties with a large amount in the alloys. These 
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intermetallic phases can extend the solidification temperature range and increase 

solidification cracking. They are brittle and can lower ductility. In addition, due to the 

occupation of Mo and Cr from the matrix, the corrosion resistance of Hastelloy alloys 

can be decreased. Therefore, controlling and eliminating these intermetallic phases are 

quite important for the end applications of Hastelloy alloys. According to the Scheil–

Gulliver simulations performed by Turchi et al. [94], the results clearly showed that the 

alloys can be properly annealed in a relatively wide range of temperatures and quenched 

in order to obtain a single FCC phase.  

2.2.3.3 Carbide 

The precipitation of carbide can enhance the hardness and strength of the alloys, acting 

as a dispersion strengthening, but the precipitation of carbide can also reduce the alloy 

corrosion resistance [95]. This is because the addition of carbon preferentially reacts 

with Cr and Mo which are used to improve the corrosion resistance in alloys. The 

precipitation carbides such as M6C and M23C6 will lead to the accumulation of Mo and 

Cr in the carbides and depletion in the matrix [96]. Hence, the content of carbon in 

Hastelloy alloys is limited.  

The M6C carbide is widely reported to exist in Hastelloy alloys, (seeing an image 

illustration in Fig. 2.3b), such as Hastelloy N, Hastelloy B, and C series alloys [97, 98]. 

The primary M6C carbide in Hastelloy N is in the form of Ni3Mo3C with FCC structure 

(11.2 Å), and Ni2Mo4C can be precipitated at grain boundaries after the alloy is 

exposure in the 500 -1000 ℃ [99]. The primary M6C can be transformed into 

undesirable eutectic MoC type (M6C) carbide in HAZ at grain boundaries after the 

thermal cycle during the welding process. These eutectic carbides can lead to hot 

cracking and worsen the performance of the welded component [100, 101]. However, 
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the eutectic carbide can be spheroidised by heat treatment and benefit to the 

performance of the welding joint [102]. Primary carbide can be dissolved from 1177 ℃ 

to 1300 ℃ and relieve Mo and C into the matrix, with reduced lattice parameters, but 

it can precipitate to the grain boundary again during cooling [79]. 

The M2C carbide has a hexagonal close packed (HCP) structure with nano-size at the 

grain boundaries of Hastelloy alloys. It is a metastable phase precipitated in 

intermediate temperature from the solid matrix during the cooling in the welding 

process [31]. Hence, the M2C carbide is unstable and can be dissolved by heat treatment. 

This fine carbide can act as dispersion strengthening in the weld component to enhance 

the hardness and strength [103].  

Because Cr has a high tendency to form carbides, there are also some other CrC type 

carbides, such as Cr3C2 and Cr7C3, and they are found in laser beam welded Hastelloy 

C276 [87]. 

2.2.4 Strengthening mechanisms of Hastelloy alloys 

Based on the dislocation theory, the strengthening of mechanical properties is 

controlled by the density and mobility of dislocations in the microstructure of the alloys. 

The increase of resistance again the movement of dislocation can be the way to 

strengthen the alloys, which can be achieved by microstructure refinement, solid 

solution strengthening, precipitation strengthening, dispersion, or deformation 

strengthening [104].  

2.2.4.1 Grain size strengthening 

Grain size, as an important microstructure parameter, can significantly influence the 

mechanical properties and corrosion resistance. Generally, the fine grain size can 
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provide better properties under room temperatures, such as strength, or fatigue 

resistance, while the coarse grain might provide better creep resistance at elevated 

temperatures [105]. The strengthening by fine grain size can be attributed to the 

existence of grain boundaries which are the source of dislocations and the barriers of 

blocking the movement of deformation [106]. Bal. et al. [87] found that the presence of 

more grain boundaries can provide higher resistance to the dislocation movement, 

which can increase the tensile strength. Cold working or hot working with the 

subsequent annealing for Hastelloy alloy are used to realise the grain boundary 

engineering to form twinning that can retain strain and break up the random grain 

boundary [107]. It has been proven that the final grain size significantly depends on the 

degree of deformation during the hot rolling of Hastelloy C276. That is, the greater the 

deformation, the smaller the recrystallization of grain size [56].  

2.2.4.2 Solid solution strengthening 

Solid solution strengthening is supplied due to the strengthening through the substantial 

element, using the solid solution heat treatment and rapid cooling as a way to keep the 

single phase in the matrix. The alloying additions are assured to be dissolved in the FCC 

matrix through solution annealing and the alloys are free of embrittle phases, resulting 

in a local dislocation. As is mentioned during the fabrication process of Hastelloy 

alloys, the temperature and annealing time are used to control the grain size which 

should be within the range of most effective temperatures. Rapid cooling is required to 

prevent the formation of carbide and intermetallic phase during the cooling process, 

while not necessary if the material is used under elevated temperature [26]. Wang et al. 

[31] reported that the grain boundary primary carbide is difficult to be dissolved into 

the matrix with solution heat treatment, but heat treatment can lead to the reduction of 

lattice parameters of carbide and spheroidisation of the eutectic carbide precipitated 
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during welding, which is good for the mechanical properties.  

2.2.4.3 Precipitation strengthening  

Precipitation strengthening is also called ageing hardening or particle hardening. The 

produced fine particles impede the movement of dislocations or defect the crystal’s 

lattice to increase the strength of alloys. With the coarsening of precipitations, particle 

shearing and loops from precipitation become possible. The hardening results from the 

coherence between particles and matrix, the shear modulus, the occurrence of the 

difference of surface energy, or the change of bond energy after ordered structure. 

Akhter et al. explored the ageing temperature of Hastelloy C276 at 650 ℃ and 850 ℃  

up to 240 hours respectively [108]. The results presented that there was no hardening 

phase after ageing at 650 ℃ up to 240 hours, but 850 ℃ was effective to harden the 

alloy while lowering ductility due to the formation of the Mo-rich μ phase. The hardness 

was also reported to remain after ageing at 850 ℃ for 96 hours. Brooks and Wang [109] 

studied the aged Hastelloy B from 500 ℃ to 850 ℃ for 1200 hours. The alloy strength 

and hardness were increased markedly due to the form of Ni4Mo (β phase), which is 

the strengthening and embrittle phase in the FCC matrix. However, the ductility was 

reduced significantly, from 80% under solution annealing conditions to <5% under 

ageing condition. During the implementation of precipitation hardening for Hastelloy 

alloy, the temperature and time are critical to avoid the occurrence of over ageing. Due 

to the lowered ductility, the balance of the increase of strength, and accompanied by the 

loss of ductility and toughness, have to be considered.   

2.2.4.4 Work hardening 

As mentioned before, Hastelloy alloys have a moderate to high work hardening rate. 

Work hardening is alloy strengthening by plastic deformation. The plastic deformation 
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can lead to the appearance of defects, such as deformation-induced dislocation and 

deformation twins [110]. Because of the increased energy and heterogeneity of the 

composition elements of alloys, these defects can be the nucleation location of the 

second phase [111]. The metastable σ-FeCr phase was found in the cold-rolled 

Hastelloy C2000, along with an abundance of dislocations in a mutual entanglement 

pattern around the deformed twins. This led to an increase in hardness, yield, and tensile 

strengths of the researched alloy [92]. Work hardening can be desirable for the shape 

change of the alloys to intentionally perform the cold working process, while it might 

be undesirable under work hardening, such as cutting process, which can damage the 

cutter surface and increase the machining cost.  

2.2.5 Mechanical properties of Hastelloy alloys 

2.2.5.1 Tensile properties and hardness  

As shown in Table. 2.3 [57], it can be found that the tensile strength of Hastelloy alloys 

is over 750 MPa, yield strength is over 300 MPa, and elongation is over 50% under 

room temperature (RT). Hastelloy alloys have excellent tensile properties and hardness, 

and the properties will be lowered if applicated under high temperatures. It is widely 

accepted that the mechanical properties are controlled by the microstructure which is 

determined by chemical composition, fabrication parameters, and post-heat treatment. 

First of all, in the single grade of alloy, the properties are influenced by the fabrication 

processes. For example, from the properties of Hastelloy N under different conditions, 

it can be found that the aged alloy witnesses a bit higher mechanical properties than 

those under the solid solution heat treatment (SSHT) condition but induces a decreased 

ductility, as is shown in Table 2.3. This should be attributed to different strengthening 

mechanisms which cause the change in the microstructure. Hastelloy alloys are also 
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strengthened by hot working or cold working, which will present different higher 

mechanical properties as well. Hastelloy 2000 was reported to be strengthened under 

cold rolling due to the formation of the FeCr phase which hinders the dislocation 

movement hence increasing the strength [92].  

Table. 2.3 Mechanical properties of Hastelloy alloys. 

Form and 

condition 

Temperature 

°C 

Tensile 

strength 

MPa 

Yield strength 

Mpa 

Elongation 

% 

Hardness 

HRB (RT) 

Sheet      

B-3 RT-649 862-717 421-317 53-56 - 

C-4 RT-427 768-656 416-250 52-68 90-92 

C-22 RT-760 800-524 407-241 57-63 93 

C-276 RT-538 792-613 356-233 61-60 90 

C-2000 RT-1200 752-531 359-207 64-62 - 

G-30 RT 689 324-352 56 - 

G-35 RT-1200 738-517 345-179 60-68 - 

Hybrid-BC1 RT-427 841-778 405-280 61.6-75.3 - 

N (1177 ℃ 

SSHT) 
RT-927 794-234 314-179 50.7-30.0 - 

N (Aged) RT-760 827-449 
301-340 

(RT)  
50-20 - 

Plate      

B-3 RT-649 883-738 400-290 58-65 - 

C-4 RT-538 767-635 336-205 58-71 - 

C22 RT-760 786-524 372-214 62-68 95 (RT) 

C-276 204-427 682-654 263-210 61-61 87 

C-2000 RT-1200 758-524 345-193 68-78 - 

G-30 RT-538 676-524 310-200 55-62 - 

G-35 RT-1200 689-469 317-165 72-74 - 

Hybrid-BC1 RT-427 809-683 362-225 70.5-76.3 - 

N - - - - - 

Bar      

B-3 - - - - - 

C-4 - - - - - 

C22 RT-760 765-496 359-200 70-77 - 

C-276 - - - - - 

C-2000 RT-1200 758-531 359-179 67-77 - 

G-30 RT-538 689-524 317-200 60-62 - 

G-35 RT-1200 710-476 317-159 66-71 - 

Hybrid-BC1 RT-427 832-705 385-256 63-71.4 - 

N - - - - - 
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The welded Hastelloy applied different processes that have been investigated in past 

academic research. Luo et al. [112] reported the brazed Hastelloy C276 with BNi2 filler 

alloy, and the obtained tensile strength under room temperature was 398 MPa. In 

comparison with the sheet or plate alloy, irrespective of the type of welding process 

applied, the tensile strength of the welded alloys is lower than the sheet or plate alloys 

as a whole [80]. Luo et al. [112] presented that the diffusion zone is hardened and the 

filler zone is softened due to the element diffusion in brazing. Therefore, the weld joint 

is generally treated as the weakest part of the manufactured component due to 

microstructure diversity, which is an unavoidable aspect leading to the occurrence of 

defects or variations in mechanical properties [113]. 

2.2.4.2 High temperature creep performance  

Creep is the permanent deformation caused through long-term exposure to high stress 

below the yield strength, under a more severe environment subjected to heat for a long 

period. As some series of the Hastelloy alloys can be applied under high temperature 

and high pressure, such as Hastelloy N alloy, creep properties and operation under high 

temperatures have to be ensured. Creep resistance is previously decided by the chemical 

compositions and the microstructure of the applied alloys. Mao et al. [114] found 

Hastelloy C276 owns excellent high temperature creep resistance. They compared the 

Hastelloy C276 with Inconel 800 and Inconel 690 and showed that the Hastelloy C276 

alloy can endure higher stress than Inconel alloys under the same rupture time, as is 

shown in Fig. 2.5 [115]. Kawashima et al. [116] predicted creep strength by stress-strain 

magnification factors and stress analysis based on the equivalent-homogeneous-solid 

model. Creep damage is significantly influenced by the applied stress, stress ratio, and 

average stress [117].  
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Chen et al. [118] explored the creep crack growth (CCG) behaviour of the welded joint 

and found that the harder surrounding materials can increase the CCG rate and decrease 

the rupture life because of the higher constraint. As aforementioned the weld joint is 

found to be hardened, it can be induced that the weld joint might have lower creep 

resistance. This is proved by Luo et al. [119] who studied the notch effect on the BNi2 

brazed joint of Hastelloy C276. The results showed that the creep damage initiates from 

the filler metal because the notch can induce high-stress concentration and alter the 

uniaxial stress state to a multiaxial one. Besides, they compared the notch of the creep 

samples with different shapes, as V-type notch, C-type notch, and U-type notch, and 

found V-type notch as a sharp notch was prone to lead to creep failure. 

2.2.6 Corrosion and oxidation resistance of Hastelloy alloys 

Corrosion can gradually distract the alloys by the chemical or electrochemical reaction 

in their application environment, such as acid, alkali, oxidation, and seawater.  

Corrosion can happen uniformly on the surface of the alloys or occurs in a localised 

area. General corrosion is the most widespread type, while localised corrosion has 

several forms: pitting, crevice, and intergranular corrosion.  

2.2.6.1 Corrosion resistance of Hastelloy in various media  

Table 2.4 presents the SCC comparison of Hastelloy alloys with some representative 

Fig. 2.5  Comparison of creep property between C276, Incoloy 800 and Inconel 690 
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alloys. The cracking time is assessed under boiling 45 wt.% magnesium chloride and 

the testing is performed for 1008 hours (6 weeks). From the results, it can be found 

Hastelloy alloys exhibit excellent SCC resistance. In accordance with the standard of 

ASTM 48, the assessment of alloy resistance to pitting and crevice cracking is 

performed under 6 wt.% ferric chloride. From the comparison provided in Table 2.5 

[57], it can be found the Hastelloy alloy presents a high resistance to chloride-induced 

pitting and crevice attack. 

Table. 2.4  SCC comparison of Hastelloy alloys with other alloys 

Alloy Time to Cracking 

C-4 No cracking in 1,008 h 

C-22 No cracking in 1,008 h 

C-276 No cracking in 1,008 h 

C-2000 No cracking in 1,008 h 

G-30 168h 

G-35 No cracking in 1,008 h 

HYBRID-BC1 No cracking in 1,008 h 

316L 2 h 

254SMO 24 h 

625 No cracking in 1,008 h 

Table. 2.5 Pitting and Crevice comparison of Hastelloy alloys with other alloys 

Alloy 

Critical Pitting Temperature 

in Acidified 6% FeCl3 

Critical Crevice 

Temperature in Acidified 

6% FeCl3 

°F °C °F °C 

C-4 212 100 122 50 

C-22 >302 >150 176 60 

C-276 >302 >150 131 55 

G-30 131 55 77 25 

G-35 203 95 113 45 

316L 59 15 32 0 

254SMO 140 60 86 30 

625 212 100 104 40 

Corrosion resistance is controlled by the alloy’s chemical stability, arrangement, 

compactness, thermal expansion coefficient in the corrosion media, etc. [120]. In 

subject to the different element compositions, the different grades of Hastelloy alloys 
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are applied under various corrosion media, which exhibit excellent corrosion resistance.  

The first application of Hastelloy alloys is in the acids, such as HCl, H3PO4, and H2SO4, 

Hastelloy B-3 presents exceptional resistance under HCl, and H2SO4, undergoing 

corrosion rate within the range 0.01 – 0.29 mm/y and 0.01 – 0.11 mm/y respectively, 

depending on the test temperature and solution concentration [57]. Other Hastelloy 

alloys can also be resistant to HCl and H2SO4, such as C-4, but with a bit lower than B-

3, while they might be enhanced in weldability or versatility. For instance, C-22 has a 

high content of Cr, which provides higher resistance to oxidizing media. The high 

content of Cr also contributes to its application under high temperatures for its 

resistance to carburization, sulfidation, and halides attack [121]. The formation of a 

stable and dense oxide layer, such as Cr2O3 or Al2O3, is believed to protect the alloys 

from continuous corrosion by avoiding further corrosive media contact [122]. In 

contrast, the formation of the intermetallic phase, such as the TCP phase at 593 °C or 

above for a long exposure, might lower the corrosion resistance and the mechanical 

properties [108].  

In the fluoride salt system, metallic fluorides are unstable in the salt, and the passive 

layer is excluded. The corrosion depends on the element thermodynamical driven 

dissolution whose Gibs Free energy of fluoride formation is low [123]. The tendency 

of reaction to form fluorides increases in the order: W, Mo, Ni, Fe, Cr, Al, Na [124]. 

Hence, the Hastelloy N alloy with low Cr and no Al is specially designed and 

considered to be the most successful structural material which is used for the molten 

salt reactor (MSR) [4, 113, 125]. Ye et al. [126] explored the corrosion behaviour of 

Hastelloy N in molten fluoride salt at 850 ℃. The results show that the corrosion 

process is mainly controlled by the redox reaction between Fe ion and Cr, and Mo and 
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Cr depleted at the surface of the alloy. Zhu et al. [123] reported that both the corroded-

only and irradiated and corroded samples of corrosion in the eutectic LiF–NaF–KF 

molten salt are mainly intergranular corrosion at 750 ℃. 

The oxide film formed at the surface possibly reduces the diffusion of the alloys. 

However, the passive film might consume the element of alloys, which will 

significantly affect or deteriorate the corrosion resistance of the alloys. Hence, 

understanding the oxidation of Hastelloy alloys is quite necessary. The oxidation 

kinetics of Hastelloy C276 at 300-800°C in atmospheres followed a parabolic rate law 

[127]. The oxidation kinetics of the oxidation of Hastelloy C2000 studied at 800 °C and 

1000 °C for 100h in the atmosphere also followed a parabolic rate law [81]. The 

annealing twins lowered the oxidation resistance of the alloys, as the defect structure 

increased the diffusion rate of alloying elements and oxygen atoms, while the 

Cr1.3Fe0.7O6 and Fe2O3 oxides increased the corrosion resistance of the alloy.  

2.2.6.2 Effects of welding on corrosion resistance 

Aiming to work in a severe environment, the welding method is essential to ensure the 

overall service life of the component. Generally, if the welded component is to be 

exposed to a high acid environment, the corrosion resistance of the welding should be 

similar to or over the wrought base metal, and the filler should have an over matching 

composition with higher corrosion resistance if applied [128]. Ma et al. [129] 

investigated the electrochemistry corrosion properties of Hastelloy C-276 by the pulsed 

laser welding in the acid, alkali, and neutral solutions. The weldment was found to have 

a weaker tendency of being corroded in the acid and neutral solution but higher in alkali, 

and the corrosion rate is slower than the base metal in all solutions. Chai et al. [20] 

explored the laser-welded cavitation erosion of Hastelloy C276 and found that the weld 



 

 
Chapter 2. Literature review 

42 

 

metal had higher resistance because of low angle boundaries. The highest damage 

intensity is in the centre-line of welding due to the largest grain misorientation.  

Although Hastelloy alloys possess exceptional corrosion resistance, the weldment still 

can witness some limitations that can defect the corrosion properties of the alloys. 

Dupont et al. reported that the weld zone (WZ) usually had lower corrosion resistance 

than the base metal due to the element concentration gradients between two structures 

in the WZ [85]. The sensitization of grain boundary in the HAZ and interdendritic attack 

in the WZ led the weld joint to the most critical zone because of heat input, and a higher 

corrosion rate and pitting potential were found here [130]. The matching filler wire has 

been a critical issue, concerned about its quality, cost, and availability. The corrosion 

resistance and mechanical properties might both be defected by the filler. It has been 

revealed that the filler wire pits intensely under an aggressive oxidizing chloride 

situation after welding in Hastelloy C276 base metal [128].  

2.3   AM processes 

Compared with traditional manufacturing approaches, additive manufacturing (AM) is 

a promising alternative process, where single-component structures can be built-up 

layer by layer in various designed shapes, including complex geometries, at much lower 

costs [8]. In this part, AM process will be discussed in detail.  

2.3.1 Classification of additive manufacturing  

Based on the forms of feedstocks, commonly used AM approaches for metallic 

materials can be classified into powder- and wire-based processes. The application of 

wire-feed AM can achieve a higher deposition rate, while the powder-based AM 

process can achieve more accurate component geometries, but is often practically 
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limited for the production of small to medium-sized structures due to relatively low 

deposition rates [8]. For Ni-based alloys, laser- and electron-beam-based AM processes 

are generally associated with powder feed/bed techniques, while plasma arc-based AM 

processes mainly utilize wire-feed. There are many different names to describe the AM 

processes, as shown in Table 2.6. Based on power sources used for Ni-based alloys, the 

names of AM processes in this thesis are separated into laser-based Selective Laser 

Melting (SLM) and Laser Metal Deposition (LMD), electron beam-based EBM, and 

arc for the case of WAAM. General characteristics of different AM processes 

applicable for manufacturing Ni-based alloys are summarised in Table 2.6, among 

which laser-based processes were the most selected operations in Ni-based alloys by 

AM.  

Table. 2.6 A summary of the laser-, electron beam- and arc-based AM processes 

Power source Category & Synonyms Feedstock Common Feature Ref. 

Laser-

based 

SLM 

Laser Beam 

Melting (LBM) 

Direct Metal Laser 

Sintering (DMLS) 

Laser Cusing 

Laser Powder Bed 

Fusion (LPBF) 

Laser Metal Fusion 

(LMF) 

Powder 

powder bed-based; 

layer thickness: 20 -

100 μm; work area: 

50 mm x 50 mm - 

800 mm x 400 mm; 

scan speed:15 mm/s; 

spot size: 50 - 180 

μm; laser power: 20 

W - 1 kW; surface 

roughness: 8.5 - 10 

μm; operates in an 

inert gas (nitrogen or 

argon) environment 

[40, 

131-

134] 

 

LMD 

Direct Metal 

Deposition (DMD) 

Powder 

blown powder; layer 

thickness : 40 μm - 1 

mm; Feed rates: 4 - 

30 g/min; Scan speed: 

150 mm/min - 1.5 

m/min; Spot size: 0.3 

- 3 mm; surface 

roughness: 20 μm; 

operates in an inert 

gas (nitrogen or 
argon) environment 

[134-

138] 

Laser Engineered 

Net Shaping 

(LENS) 

Direct Energy 

Deposition (DED) 

Laser Cladding 

(LC) 

Laser Solid 

Forming (LSF) 

Directed Light 

Fabrication (DLF) 
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Laser Deposition 

Welding (LDW) 
 

Electron 

beam-

based 

EBM Powder 

powder bed-based; 

layer thickness: 50 - 

200 μm; work area: 

200 mm x 200 mm in 

x-y-direction or 350 

mm in diameter; 

beam current: 30 mA; 

scan speed: 104 

mm/s; Spot size: 200 

- 1000 μm; operates 

in vacuum <10-2 Pa, 

feeding helium 

during deposition to 

increase pressure to 1 

Pa  

[134, 

139-

143] 

 

Arc 

based 
WAAM 

GMAW-based 

Wire 

wire-based; layer 

thickness: ~ 2 mm; 

wire feed speed: 1.2 

m/min, welding 

speed: 150 - 300 

mm/min; deposition 

rate: 12 g/min; 

surface roughness: 

200 μm; current: 130 

A; operates in an 

inert gas (nitrogen or 

argon) environment  

[9, 13, 

134, 

144] 

Plasma Arc 

Welding (PAW)-

based 

GTAW-based 

 

Both SLM and LMD (see Table 2.6) fall into the category of powder-based laser 

processes, nevertheless, the modes of powder feeding in these processes are different. 

Generally, both of these laser-based processes involve rapid solidification, and enable 

the provision of good surface accuracy of produced components, attributed to the small 

laser spot size and fine powders used. Yet, LMD is less precise in the control of 

produced component geometries, especially for thin-wall parts, than SLM, which is due 

to belated in-flight particle sintering on the surface, and the relatively high heat input 

during LMD. Similar to SLM and LMD processes, EBM also enables low surface 

roughness (see Table 2.6), contributing to the high geometrical accuracy of produced 

components [139-142]. EBM is performed in a vacuum environment which allows the 

fabrication of high purity components due to an absence of oxidation. Moreover, it 
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lowers entrapment of porosity resulting from gas flow during deposition processes [76]. 

However, the requirement of operation in a vacuum limits its cost-competitiveness and 

widespread adoption. Furthermore, the substrate in the AM process is often required to 

be preheated to a high temperature to facilitate process stability and alleviate residual 

stress. This preheating operation also influences the produced microstructure, 

especially grain size and precipitates, of subsequent depositions [145]. Being distinctive 

from the powder feed/bed-based processes of SLM, LMD and EBM, arc-based additive 

manufacturing for Ni-based alloys usually uses wires as feedstock. The deposition rate 

of WAAM (see Table 2.6) is significantly higher than laser- or electron beam-based 

processes. The wire feedstock is adaptable in a more friendly operation environment, 

due to its lower surface-to-volume ratio compared to more reactive powder particles [8]. 

Furthermore, higher volume deposition rates are achievable during wire deposition, and 

the deposition process using wire-based AM is generally more stable than that of 

powder-based processes. Hence, WAAM enables the fabrication of large-sized 

components economically and in a much shorter time. However, a drawback of 

WAAM is associated with larger volumes of material deposited in each layer, higher 

heat input, and higher resulting component surface roughness, compared with laser- and 

electron beam-based processes [13]. 

Due to the similar main elemental content and strengthening mechanism of Hastelloy 

alloy, the following section focuses on the AM of three common trademarked Ni-Cr-

based superalloys, including Inconel 718, Inconel 625, and Hastelloy X. These alloys 

possess different elemental contents and constitution phases, represented as typical 

examples of Ni-Cr-based alloys for a broad range of applications. Inconel 718 is the 

most popularly studied alloy among these three alloys in academic research, which is 

considered by the authors due to its excellent properties and potential wide applications 
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in the future industry field. 

2.3.2 Microstructure of additively manufactured Ni-based alloys  

2.3.2.1 Solidification and texture under the as-deposited condition 

During the AM processes, the deposited alloys are subjected to complex thermal cycles. 

Numerous re-heating and re-cooling processes continue until the completion of 

deposition for designed components, hence the microstructure of deposited parts vary, 

particularly with respect to each individually deposited layer. Fig. 2.6 shows the typical 

OM and EBSD orientation maps of AM-fabricated Ni-based alloys [146-148]. 

Irrespective of the Ni-based alloy deposited, the microstructure is dominantly 

composed of γ-matrix (FCC) grains in the form of an array of columnar dendrites, which 

tend to grow preferentially inline to the building direction (z) (see Fig. 2.6a - 2.6e). A 

strong crystallographic texture is usually induced, as a result of the preferential growth 

of columnar γ-matrix grains generally along the <001> direction, as shown in Figs. 2.6f 

and Fig. 2.6g [148], corresponding to the maximum temperature gradient direction 

[145, 149-151]. The crystallographic texture of Ni-based alloys is reported to have a 

close relationship with their corrosion resistance and mechanical properties. For 

instance, the corrosion resistance of different crystallographic planes decreases in the 

order of (001) > (111) > (011), due to the higher equivalent atomic packing density and 

more compact corrosion products (oxides) on the (001) FCC plane [152]. With regard 

to mechanical properties, Sanchez-Mata et al. [153] reported the highest tensile 

strengths along the <111> crystallographic orientation and the lowest of the <110> 

orientation in the SLM- fabricated Hastelloy X. Consistent with this, a strong texture 

developed in additively manufactured Ni-based alloys can lead to the anisotropies in 

corrosion resistance and mechanical properties at both ambient and elevated 
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temperatures [154, 155]. Several in-situ and ex-situ operations have been applied to 

limit texture, including post heat treatment [149] and hot isostatic pressing (HIP)[156], 

nevertheless resulting in potential grain coarsening [157]. 

 

Fig. 2.6  Typical microstructures of as-deposited Ni-based alloys by AM: (a) 3D 

optical micrographs of the Inconel 718 manufactured by LMD. Reproduced with 

permission from Elsevier [147]; (b-e) Microstructure of the LMD fabricated Hastelloy 

X showing the dendritic microstructure on (b, c) the vertical section (d, e) the 

horizontal section. Reproduced with permission from Elsevier [146]; EBSD 

orientation maps of Inconel 718 by EBM along (f) the vertical direction (indicated by 

the arrow) and (g) the horizontal section. The maps in (f) and (g) are shown in inverse 

pole figure colouring scheme with respect to the building direction and the 

corresponding colour code is provided as an inset in (f). Reproduced with permission 

from Elsevier [148]. 

The microstructural characteristics of AM-fabricated Ni-based alloys, such as grain size 

(width), primary dendrite arm spacing (PDAS), and secondary dendrite arm spacing 

(SDAS) are closely correlated with AM processes. For laser and electron beam-based 

processes, the resultant columnar grains can be less than 15 μm in width [158, 159], 

and each grain contains very fine dendrites. Alternatively, the resulting microstructure 

can be cellular, i.e. comprising well-developed primary dendrites with no secondary 

dendrite arms. For example, a PDAS at ~ 0.5 µm was observed in SLM-produced 

Hastelloy X in Ref. [153]. Shaji Karapuzha et al. [145] reported about two times coarser 

grains of the Hastelloy X alloy produced by EBM, compared with that of the SLM-

https://www.sciencedirect.com/topics/engineering/micrographs
https://www.sciencedirect.com/topics/engineering/micrographs
https://www.sciencedirect.com/topics/engineering/inconel
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produced counterpart, and this was attributed to the slower cooling rate in EBM. The 

dendrite morphology is influenced by the volumetric energy density (VED) of AM 

[132], i.e. the increased VED can lead to a low cooling rate and a large molten pool, 

hence contributing to the development of coarser dendrites as well as the strong texture. 

In contrast to laser and electron beam-based processes, the grains are much coarser in 

Ni-based alloys produced by WAAM, and the PDAS can be over 40 μm [160]. 

Although large columnar grains enable higher competition capability for creep 

resistance, lower strength under ambient conditions is usually yielded. Therefore, the 

VED and processes should be controlled and modified depending on the required in-

service conditions of alloys. Regardless of what type of AM process is applied, 

dendrites are usually coarser at the top layers due to lower temperature gradients, 

compared with those produced in the earlier stages of AM layer formation [154, 158, 

161].  

2.3.3 Precipitation under the as-deposited condition   

The rapid cooling rate associated with AM processes relative to traditional casting 

process contributes to the non-equilibrium compositions of the resultant microstructure. 

During the solidification, positive segregation elements, such as Mo and Nb, are prone 

to be rejected into the interdendritic residual liquid, resulting from the small partition 

coefficient (k) associated with these positive segregation elements (k < 1) [162]. As a 

result, inhomogeneous elemental distributions become a concern, primarily because 

they can induce the formation of intermetallic phases and precipitates, which are 

observed to be concentrated in the interdendritic areas.  

Kindermann et al. [163] investigated the solidification sequence of the non-equilibrium 

phases of Inconel 718, showing that the exact temperatures of the precipitation in this 
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alloy are kinetically dependent on the solidification conditions and alloy compositions. 

Accordingly, TiN nitride precipitates from the liquid firstly, as its precipitation 

temperature is above the liquidus, then NbC carbide precipitates at 1265 - 1280 °C, and 

subsequently Laves phase forms at a lower temperature range from 1075 - 1160 °C. 

Furthermore, γ″ precipitates form in the range of 700 - 900 °C and γ' in the range of 600 

- 700 °C, with δ phase in the range of 870 - 1010 °C.  

 

Fig. 2.7  Microstructure of as-deposited WAAM Inconel 718 observed by backscatter 

electron SEM; and the corresponding Energy Dispersive X-ray Spectroscopy (EDS) 

analysis of different phase constitutions [149] 

The MC carbide precipitation is commonly observed in all AM fabricated Inconel 718, 

due to rapid solidification process. Fig. 2.7 shows the common precipitates present in 

the WAAM-produced Inconel 718 under backscattered electron scanning electron 

microscopy (SEM) observation [149]. The MC precipitates usually include the Nb rich 

MC carbide, in a cubic shape, showing the bright contrast for heavy elements in Fig. 

2.7. As TiN precipitates first when the N content is over 40 ppm, these particles can act 

as the nucleation site for NbC carbide precipitation, with a dark colour in Fig. 2.7. The 

NbC carbides can be distributed intragranularly or at the grain boundaries. Their sizes 

are reported to be below 100 nm in SLM-produced alloy, but can reach up to ~ 1 μm in 

WAAM-produced alloy due to high heat input and in EBM-produced counterpart 

applying the substrate preheating and a high power density [149, 164, 165]. The NbC 
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particles distributed in the interdendritic regions probably result in weakly anisotropic 

tensile properties [149]. 

Additionally, Laves phase has a similar light colour with the NbC carbide, as seen in 

the backscattered image in Fig. 2.7, but it possesses a eutectic script-like morphology, 

and is distributed at the interdendritic regions and cellular boundaries [14]. Due to the 

brittle nature of the Laves phase, it often causes the deterioration in strength and 

ductility of the material, with a composition of (Ni,Fe,Cr)₂(Nb,Ti,Mo). Seow et al. [149] 

reported that the formation of the Laves phase is driven by Nb elemental segregation, 

and the relatively high heat input and low cooling rate during WAAM leads to the 

precipitation of coarse Laves phase particles, whereas the fine Laves phase generally 

forms in laser and electron-based AM processes. Moreover, Wang et al. [160] found 

that the sizes of Laves phase regions show a significant variation at different areas of 

the WAAM deposited Inconel 718 thin-wall component, with the largest precipitates of 

an average size of ~ 9.43 μm observed in the middle areas, where the alloy experiences 

a more complex thermal cycling. Kindermann et al. [163] reported that the most refined 

Laves phase regions occur under the low heat input condition using a relatively high 

travelling speed during the Cold Metal Transfer (CMT) based WAAM, which is a type 

of GMAW-based WAAM. This finding was obtained through the microstructural 

inspection of alloys prepared at four travelling speeds from 0.2 to 0.8 m/min, as shown 

in Fig. 2.8. Hence, the AM processing applying low heat input and increased cooling 

rate is considered to be a promising strategy to refine the Laves phase. This is consistent 

with results obtained using laser-based processes, where the size of the Laves phase 

regions varies in the range of approximately 100 - 300 nm [164, 166], much smaller 

than that formed in WAAM. Goel et al. [148] reported that there was no Laves phase 

present in Inconel 718 alloy produced by EBM under as-deposited conditions involving 
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pre-heating of the substrate to 1025 °C. However, this operation led to the formation of 

the δ phase.  

 

Fig. 2.8 Microstructural response of Laves phase in Inconel 718 by CMT-based 

WAAM, with increasing travelling speed from 0.2m/min, 0.4 m/min, 0.6 m/min to 0.8 

m/min [163]. 

Note that the δ phase is usually undesirable due to its adverse influence on the 

mechanical properties [167, 168]. However, the effects of intermetallic δ phase on 

mechanical properties are strongly dependent on its size and amount in the alloys. For 

example, Deng et al. [165] reported that there appears to be no direct connection 

between the reduction of ductility and δ phase formation in the as-deposited Inconel 

718 alloy by EBM. Nevertheless, the effect of δ phase on the mechanical properties was 

possibly overemphasized, as the amount was reported to be very little in that work. The 

needle-like δ-Ni3(Nb, Ti) phase is usually observed under a heat treatment condition 

involving the dissolution of the Laves phase, or transformation of metastable γ′′ to 

thermodynamically stable δ phase. Alternatively, δ phase forms through heterogeneous 

nucleation at the grain boundaries [148]. It was also reported the δ phase formed at the 

grain boundaries in the as-deposited alloys produced by either laser or electron beam-

based AM processes [165, 167]. However, it is noticeable that in both studies reported 

in Ref. [165, 167], the substrate was preheated to over 1000 °C, and the formation of δ 
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phase is attributed to the elongated heat exposure involving multiple thermal cycles 

during manufacturing. δ phase can be enlarged from less than 100 nm under the as-

deposited condition to 500 nm with low-temperature solution heat treatment, or be 

completely removed by high-temperature solution heat treatment [165].    

Sui et al. [169] reported that the nanosized γ'' phase is the main strengthening phase of 

Inconel 718, which is generally accepted as comprising Ni3Nb. Therefore, Nb content 

in the alloy highly influences the size and distribution of the γ'' phase in the as-deposited 

condition. Similarly, Al and Ti contents affect the content and the size of γ', usually 

confirmed as Ni3(Al, Ti), which is regarded as an assistant strengthening phase, often 

in the nanoscale between 10 to 40 nm in the as-deposited state. The relatively rapid 

solidification and thermal cycling during the single bead AM processes are generally 

insufficient for the precipitation of γ'' and γ' [163]. Similar conditions for the formation 

of δ phase, γ'' and γ' occur under PHT of interdendritic areas with high elemental 

segregation, nevertheless these precipitates were also found in the pre-heated substrate 

condition in the work of Deng et al. [165].  

The solidification of Inconel 625 starts from the primary liquid → γ- matrix 

transformation, which is often associated with the segregation of Nb, Mo, C and Ti 

elements in the interdendritic regions and at the grain boundaries. Then the subsequent 

liquid → γ + NbC eutectic reaction occurs in the remaining liquid to consume the carbon 

until the initiation of other transformations of L → γ + Laves → γ + Laves+ δ [170]. 

MC carbides (including NbC and TiC), δ-Ni3Nb and Laves phase are widely found in 

AM-fabricated Inconel 625, which is linked to microsegregation, across the 

interdendritic and grain boundary areas [13, 44, 171]. Fig. 2.9 shows the typical 

microstructural response to Laves phase, MC carbide, and δ-Ni3Nb of WAAM 
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fabricated Inconel 625 by different observing techniques [170]. It is worth mentioning 

that, being different from Inconel 718, δ-Ni3Nb phase was found in the as-deposited 

Inconel 625 alloy without preheating the substrate in WAAM [170]. The needle-like δ 

phase was reported to grow along the edge of Laves phase in layers interface regions of 

the as-deposited component, and a significant quantity of δ phase interconnected with 

Laves phase at the top part, whereas no δ phase at the bottom part (See Fig. 2.9). In 

contrast, δ were rarely observed in the as-deposited Inconel 625 manufactured by laser- 

or electron beam-based AM processes. In particular, the formation of δ phase requires 

a relatively slow cooling rate, high heat input and heat accumulation as in WAAM [168, 

172]. The high cooling rates associated with the laser-based processes limit the 

segregation of solute elements, hence hindering the formation of the δ phase. 

 

Fig. 2.9. Microstructural response of precipitates of Inconel 625 by WAAM: (a-c) 

Optical micrograph showing precipitates in (a) bottom; (b) layers interface; (c) top 

region; and (d-i) Bright field (BF) images of precipitates Laves, NbC, and δ-Ni3Nb 

and their corresponding selected area diffraction (SAD) pattern (a), and the EDS 

spectrum: (d) and (g) Laves phase; (e) and (h) NbC; (f) and (i) δ-Ni3Nb. Reproduced 

with permission from Elsevier [170].    
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Fig. 2.10 SEM micrographs of carbides in the as-deposited Hastelloy X manufactured 

by: (a) EBM; (b) SLM. Reproduced with permission from Elsevier [145]; and 

(c)WAAM. Reproduced with permission from Elsevier [173]. (d) EDS line scan 

results showing variation in the concentrations of Mo, Cr, Ni and Fe elements across a 

precipitate (indicated by a red box) in the grain boundary of the as-deposited 

Hastelloy X sample using EBM. Reproduced with permission from Elsevier [145]. 

Hastelloy X is a solid solution strengthened alloy with modest strength, which has no 

γ' or γ'' precipitation [174]. Although the possible secondary phases, including the 

carbides (M6C, M23C6), σ, and μ phases, may form in Hastelloy X, carbides are the only 

precipitates in the γ matrix of this alloy by AM without a long time of ageing, as shown 

in Fig. 2.10. Despite their strengthening effect, these carbide precipitates adversely 

lower the ductility of this alloy [51, 175]. Kong et al. [176] found the precipitation of a 

large amount of nano-sized Mo-rich M6C carbides in the subgrain boundaries in the 

SLM-produced Hastelloy X, which is facilitated by the segregation during the repetitive 

thermal cycling in the AM. These nano-sized carbides enable strengthening via the 

pinning effect to keep grain boundaries from sliding. These M6C carbides in the alloy 

by SLM are much smaller than those in the LMD-produced counterpart [146]. 

Karapuzha et al. found the Mo-rich M6C and Cr-rich M23C6 carbides in the EBM 
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fabricated alloy with preheating of the substrate to 750 °C [145]. Dinovitzer et al. [173] 

observed Mo-rich carbides (Fig. 2.10c) in the form of intragranular precipitates in 

WAAM fabricated Hastelloy X. The carbides could be enlarged compared to the 

initially formed ones, in response to the thermal cycling during AM, resulting in a slow 

cooling rate for the carbide growth.  

2.3.4 Microstructural evolution under post-heat treatment (PHT) conditions   

PHTs are common approaches to improve the performance of AM-fabricated Ni-based 

alloys,  which can be classified into stress relieving, solution annealing, homogenisation 

annealing, and/or ageing for particular purposes [166]. A solution annealing treatment 

at 980 °C usually accelerates initial recrystallisation of Ni-based alloys, while complete 

recrystallisation normally occurs under high-temperature (over 1000 °C) 

homogenisation annealing treatments [177]. Moreover, these over 1000 °C high-

temperature annealing enables the elimination of dendrites in laser-fabricated alloys, 

but the texture, grain size, and grain morphology in these alloys witnessed no significant 

variation by this treatment [174, 175]. The formation of dendrites under the as-

deposited condition is associated with elemental segregation [178]. However, more 

research efforts are recommended for a complete understanding of the chemical 

segregation behaviour in the previous research in response to homogenisation 

annealing. 

PHT for Inconel 718 is usually performed to homogenise microsegregation and dissolve 

undesirable Laves and δ phases, further forming strengthening γ' and γ'' phases during 

subsequent aging. Solution annealing at 980 °C followed by double ageing at 720 °C 

for 8 h + 620 °C for 8 h was used to dissolve the Laves phase in wrought Inconel 718 

[179]. However, Tucho et al. [164] reported that annealing under 1100 °C for 1 h was 



 

 
Chapter 2. Literature review 

56 

 

not enough to dissolve the Laves phase and other precipitates formed in SLM-produced 

Inconel 718. Solution annealing at 980 °C of this alloy often leads to the local 

enrichment of Nb elements and promotes the formation of δ phase if not performing 

additional homogenisation heat treatment. Gallmeyer et al. [166] found the PHT at 

above 1100 °C would lead to recrystallisation and coarsening of -matrix grains and 

carbides. Hence, they applied solution annealing at 1020 °C for 15 min to dissolve the 

undesired Laves phase in Inconel 718 by SLM and then ageing at 720 °C for 24 h to 

eliminate Laves and δ phases. When the homogenisation and solution annealing are 

performed first, elemental segregation can be minimized and subsequent ageing are 

normally conducted to form strengthening γ' and γ'' phases. Note that following 

annealing treatments, the samples should be quickly cooled down to below 720 °C to 

minimize the δ phase formation. However, Seow et al. [149] found the aforementioned 

PHT approaches still could cause the formation of δ phase at the grain boundaries in 

WAAM fabricated alloy, and they suggested the homogenisation temperature and time 

up to 1186 °C for 40 mins, above the Laves phase eutectic temperature of 1185 °C in 

the WAAM produced Inconel 718. This was followed by air cooling then double ageing 

to successfully remove Laves and δ phases. Based on the findings in AM fabricated 

Inconel 718, PHT methods appliable for Ni-based alloys produced by traditional 

manufacturing processes might not be effective for AM-fabricated alloys. It is 

recommened that complete homogenisation followed by fast cooling and aging to 

optimise performance of the component through formation of finely dispersed γ' and γ'' 

phases and elimination of undesirable intermetallics. 

In addition to the solid solution strengthening, the γ″ precipitates formed after proper 

PHT provide further strengthening of Inconel 625. Fig. 2.11 shows the microstructure 

of SLM-produced Inconel 625 after solution annealing and ageing treatments. 
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Marchese et al. [180] reported the increased tensile strength due to the newly formed γ'' 

phase mostly at grain boundaries of SLM-produced Inconel 625 after ageing at 700 °C 

for 24 h followed by water quenching. The size of these γ'' particles was ranging from 

~ 10 to 30 nm. In terms of carbides, it is difficult to dissolve them into matrix by 

annealing below 1200 °C. Marchese et al. [177] reported that the annealing of Inconel 

625 by SLM at 1150 °C for 2 h, followed by water quenching produced fine sub-

micrometric carbides. Li et al. [181] observed the formation of γ″ phase and coarse 

carbides in SLM-produced Inconel 625 after solution annealing at 1150 °C for 1 h 

followed by furnace cooling. This difference in the precipitation can be attributed to the 

applied PHT conditions, and especially the cooling rate has significant effects on the 

carbides and γ″phase formation. High temperature annealed (1150 °C) Inconel 625 

alloys exhibited a lower strength, attributed to the occurrence of recrystallisation and 

grain growth. Solution annealing at 980 °C for 1 h with water quenching can also cause 

the coarsening of carbides in this alloy by SLM, while δ phase can be formed at the 

grain boundaries and in the interdendritic areas of SLM prepared alloy after the stress-

relief annealing at 870 °C for 1 h [177]. In contrast to SLM-processed Inconel 625, δ 

phase was formed after annealing at 980 °C for 30 min in the WAAM-fabricated alloy, 

and the size of both carbide and δ phase increased with the increases of PHT time [13]. 

The above results demonstrate that proper PHT routines need to be defined for the Ni-

based alloys produced by various AM processes to induce the desired precipitates and 

eliminate detrimental ones. 
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Fig. 2.11 Microstructure of Inconel 625 samples after solution-annealing and ageing 

treatments: (a) optical micrograph showing equiaxed grains as well as twins and 

intergranular carbides; (b) SEM image exhibiting fine elongated Cr-rich M23C6 and 

Nb-rich MC carbides at the grain boundaries and intragranular Nb-rich MC carbides; 

(c, d) TEM bright-field images showing the precipitation of intergranular Cr-rich 

M23C6 carbide and γ″ phase, respectively. Reproduced with permission from Elsevier 

[180]. 

As the predominant strengthening mechanism of Hastelloy X is associated with the 

contribution of alloying elements in solid solution, a solution annealing heat treatment 

is recommended for this alloy to dissolve large precipitates. Zhang et al. [146] reported 

that carbides still existed in LMD-produced Hastelloy X after the solution annealing at 

1177 °C for 1 h followed by water quenching. In contrast, in the report by Montero-

Sistiaga et al. [175], the carbides were effectively removed in the SLM-manufactured 

Hastelloy X after solution annealing at the same temperature for 2 h, then cooled down 

in an argon atmosphere at a rapid rate of 40 °C/min. Hence, sufficient solution annealing 

is required to allow the complete dissolution of carbides into the matrix of Hastelloy X. 

Montero-Sistiaga et al. [175] also studied microstructural response in the SLM-

fabricated Hastelloy X after PHT at 800 °C for 2 h with argon cooling at a rate of 40 

°C/min. They found M23C6 and M6C carbides at intergranular and transgranular regions, 

but no changes were observed in the matrix grain size and morphology. Additionally, 
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another Mo-rich phase (presumably the intermetallic μ phase) was formed after this 

PHT. Given that this brittle intermetallic μ precipitate may deteriorate the ductility of 

the alloy, the PHT at 800 °C for 2 h is not recommended in this review work. However, 

to the best of the author’s knowledge, no research work on the influence of PHTs on 

the precipitation behaviour in the WAAM-produced Hastelloy X alloy has been 

reported by the time of this review.    

2.3.5 Tensile properties at room temperature and creep resistance   

To promote the applications of Ni-based alloys produced by advanced AM, it is 

important to achieve AM-fabricated components with comparable or superior 

properties relative to the commercial counterparts produced by traditional 

manufacturing processes. This section will summarise the mechanical properties, 

including tensile strengths at room temperature, and high temperature creep resistance 

of the reviewed alloys.    

2.3.5.1 Tensile properties 

Tables 2.7 to 2.9 summarise yield strength (YS), ultimate tensile strength (UTS) and 

total elongation (TE) of the three Ni-based alloys prepared by different AM and 

conventional manufacturing processes. Results for as-deposited and heat-treated 

conditions by AM are described from vertical (V) direction and horizontal (H) direction 

at room temperature. They are compared with the results for these alloys prepared by 

traditional processes. Fig.2.12 further presents the comparison of the YS of these alloys 

under different processes. Generally, the tensile properties of AM fabricated Ni-based 

alloys are comparable with those of alloys prepared by traditional casting processes (see 

Table 2.7 - 2.9), and the refined microstructures and increased dissolution of solute 

elements are considered to enable significant increases in mechanical properties 
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through PHTs. Compared with as-deposited alloys by WAAM, the alloys prepared by 

laser-based processes generally show higher tensile strengths. This is largely attributed 

to a refined microstructure of the alloys manufactured using laser-based processing. 

Furthermore, the EBM offers advantages of in-situ precipitation strengthening and 

residual stress minimising through effects associated with preheating of the substrate 

[179].  

Anisotropies in the mechanical performance are expected in as-deposited alloys (see 

Tables 2.7 - 2.9), and these result in higher ductilities and lower strengths of the samples 

along the vertical deposition direction compared with those along the horizontal 

direction. The UTS and YS in the vertical direction can be about 60 MPa lower than 

those in the horizontal direction, while the ductility shows an opposite trend, with the 

value along the vertical direction being 5% higher than that in the horizontal direction. 

Overall, such anisotropy can be attributed to the strong <001> texture and columnar 

grain morphologies produced in the FCC structures matrix of Ni-based alloys [149, 177, 

182]. However, the opposite tendency of directional mechanical property is found in 

some of the laser and electron beam-based processes, such as in Ref. [183], where the 

horizontal direction is shown to have lower strength. This was attributed to the 

entrapped stringer porosity that is aligned to the columnar grain boundaries, resulting 

in the lowering of strength [183]. Salarian et al. [184] reported that the frequency, size, 

morphology, and orientation of pores are closely related to the UTS in SLM produced 

Inconel 625, whereas the general bulk porosity level has no direct relationship to the 

tensile strength. The tensile properties were also studied at different heights along the 

deposition direction. The strength in the bottom part is usually higher in the SLM, LMD, 

and WAAM fabricated Ni-based alloys, because of the finer columnar dendrite size, 

induced by the higher cooling rate from the substrate for the first several layers, and the 
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increased amount of thermal cycling induced precipitates at the bottom part. However, 

the EBM process showed a different tendency, with the strength increasing with the 

increased distance from the bottom. This was attributed to coarsening of strengthening 

phases, such as the γ″ phase, and the increased amounts of δ phase induced by 

preheating of the substrate, as discussed above.  

The tensile properties of AM fabricated Ni-based alloys are quite sensitive to the 

cooling rate of the deposition. For instance, Xu et al. [156] reported that the WAAM 

fabricated Inconel 718 exhibited a higher ductility but lower tensile strength compared 

with the counterpart produced by laser-based AM processes. This was attributed to the 

formation of large columnar grains under a slow cooling rate during the WAAM. 

Compared with the columnar grain size, the typical epitaxial dendrites with/without 

secondary and tertiary dendrites play a more critical role in affecting the mechanical 

properties of Ni-based alloys. Marchese et al. [180] reported that the fine dendritic 

microstructure resulting from fast solidification in SLM process contributed to the high 

mechanical properties of Inconel 625 alloy. Furthermore, precipitation can significantly 

define the strength of the manufactured alloys. Karapuzha et al. [145] studied the SLM 

and EBM fabricated Hastelloy X alloy, respectively. The carbides were reported to be 

formed along the alloy’s grain boundaries by EBM due to the higher bed temperature 

and slower cooling rate in this process, compared to SLM, which leads to a lower 

ductility [175]. The cooling rate during deposition processes affects many aspects of 

microstructural development including the matrix grain size, dendrite formation, solute 

segregation, texture evolution, amount of precipitates, and size distribution of 

precipitates, and all of these can influence the mechanical properties of the fabricated 

alloys by AM. 
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As shown in Tables 2.7 - 2.9 and Fig. 2.12, the as-deposited alloys have relatively lower 

tensile strengths, but higher ductilities. Hence, proper PHTs are performed to alter the 

tensile properties of as-deposited Ni-based alloys. Among all of the PHT conditions, 

those alloys which are directly aged, usually display dramatically increased UTS and 

YS, yet suffer from a sacrifice in ductility. An example is the Inconel 625 in Ref. [180], 

where increases in strength and concurrent decreases in ductility are attributed to the 

formation of elongated M23C6 precipitates along the grains boundaries and fine γ″ 

phases. Ageing can result in precipitation strengthening, but not coarsening of the 

columnar grains. Annealing can lead to solution strengthening, however it can result in 

recrystallisation of the grains, at the expense of tensile strength. Gallmayer et al. [166] 

reported the formation of monolithic γ″ (31 ± 8 nm) and γ′ (21 ± 7 nm) but a few, 

relatively large monolithic γ″ precipitates (210 ± 50 nm) with remaining Laves phase 

in the directly aged alloy, while dense, homogeneously distributed nanoprecipitation γ″ 

(29 ± 7 nm) and γ′ (23 ± 4 nm) formed under solution annealing and ageing conditions 

in SLM fabricated Inconel 718. The latter contributed to an increase of the UTS to over 

300 MPa higher than that of the as-deposited condition, with much less loss of ductility 

than the directly aged alloy. As seen in Tables 2.7 - 2.9, in comparison with the as-

deposited condition, the anisotropy in tensile properties is significantly decreased with 

high-temperature annealing or with interlayer rolling due to the formation of equiaxed 

grains. However, the effect on anisotopy in tensile properties by the direct ageing and 

stress relieving conditions appear to be insignificant.  

Table. 2.7 Mechanical properties of Inconel 718 under different conditions. 

Process Condition UTS （MPa） YS (MPa) TE (%) Ref 

Forge -  1275 1030 19.1- 20.6 [185] 

Casting -  909 651 10.3 [185] 

Wrought -  1276 1034 12 [156] 

SLM AD H 938 ± 10 - 1055 ± 5 692 ± 29 - 775 ± 10 16.4 ± 2.3 - 29.5 ± 1.1 [185] 
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AD - 1335 760 21.3 [166] 

AD 

(pulsed 

laser) H 1070.5 ± 11.6 754.3 ± 4.4 20.5 ± 0.8 [38] 

AD 

(pulsed 

laser) V 1018.9 ± 0.8 659.4 ± 19.2 23.9 ± 0.5 [38] 

AD V 904 ± 22 572 ± 44 19 ± 4 [186] 

AD H 991 ± 62 643 ± 63 13 ± 6 [186] 

SA  - 1325 620 21.3 [166] 

SA + A  - 1640 1245 16.6 [166] 

A  - 1580 1300 9.6 [166] 

 SA V 1320 ± 6 1074 ± 42 19 ± 2 [186] 

 SA H 1377 ± 66 1159 ± 32 8 ± 6 [186] 

DMD AD - 847 525 29 [157] 

AD - 904 552 16.2 [187] 

HIP + 

SA - 1301 1120 18 [157] 

SA - 1221 1007 16 [187] 

A - 1333 1084 8.4 [187] 

HIP + 

SA + A - 1194 949 19.9 [187] 

EBM 

AD - 

455.4 ± 6.1~ 

1300.6 ± 22.5 

443.5 ± 16.4 ~1122.3 ± 

17.4 4.3 ± 0.2 ~ 31.5 ± 4.3 [140] 

AD V 1138 ± 24 925 ± 20 15.7 ± 4.3 [183] 

AD H 1061 ± 83 894 ± 24 11.5 ± 6.9 [183] 

AD V 1060 ± 26 822 ± 25 22 [188] 

AD H 929 ± 25 744 ± 44 5.5 [188] 

HIP + 

SA + A V 1266 ± 44 1061 ± 16 21.1 ± 1.1 [183] 

HIP + 

SA + A H 1240 ± 19 1035 ± 17 21.8 ± 2.4 [183] 

WAAM AD H 818 ± 13 525 ± 7 33.3 ± 2.5 [15] 

AD V 756 ± 7 506 ± 2 27.9 ± 1.3 [15] 

AD 

(Interpass 

rolling) H 1082 ± 13 763 ± 8 26.2 ± 2.2 [15] 

AD 

(Interpass 

rolling) V 1072 ± 6 687 ± 1 26.6 ± 1.3 [15] 

AD H 824 ± 15 514 ± 17 34.0 ± 0 [156] 

AD V 832 416 30.9 [156] 

AD H 872 ± 31 563 ± 14 34 ± 3 [160] 

SA + DA H 1152 ± 28 864 ± 21 23 ± 2 [160] 

SA  H 763 ± 32 384 ± 8 24.4 ± 3.7 [15] 

SA  V 693 ± 0 384 ± 11 32.5 ± 3.0 [15] 

SA + A 

(Interpass 

rolling) H 1348 ± 10 1057 ± 19 15.1 ± 3.3 [15] 

SA + A 

(Interpass 

rolling) V 1356 ± 10 1035 ± 20 17.4 ± 1.1 [15] 

SA + A H 1110 ± 3 807 ± 1 15.5 ± 0.3 [156] 

SA + A  V 1233 ± 16 889 ± 5 19.4 ± 2.8 [156] 

* AD - As-deposit; SA - solution annealing; A - aging; DA - double aging; H - Horizontal; V - vertical 
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Table. 2.8 Mechanical properties of Inconel 625 under different conditions. 

Process Condition  UTS （MPa） YS (MPa) TE (%) Ref 

Casting -  710 350 48 [170] 

Wrought grade 1  >827 >414 >30 [177] 

Wrought grade 2  >690 >276 >30 [177] 

As-

rolled -  827 - 1103 758 - 414 60 - 30 [177] 

SLM AD V 891 ± 5 618 ± 33 40.7 ± 0.5 [177] 

 AD H 1041 ± 36 783 ± 23 33 ± 1 [180] 

 AD H 925 ± 13 652 ± 10 32 ± 3   [151] 

 SA H 869 ± 7 567 ± 15  38 ± 1 [151] 

 SA H 886 ± 11 409 ± 14 56 ± 5 [151] 

 A H 1222 ± 56 1012 ± 54 23 ± 1 [180] 

 SA H 883 ± 15 396 ± 9 55 ± 1 [180] 

 SA + A H 1116 ± 6 722 ± 7 35 ± 5 [180] 

 SR (870 °C, 1 h) V 900 ± 2 621 ± 7    40.9 ± 1.7      [177] 

 SR (870 °C, 1 h) H 996 ± 3     667 ± 3 35.8 ± 1.8 [177] 

 SA (980 °C, 1 h) V 854 ± 4 579 ± 5 47.6 ± 0.6 [177] 

 SA (980 °C, 1 h) H 948 ± 8 612 ± 5 39.8 ± 0.5 [177] 

 SA (1080 °C, 1 h) V 867 ± 2 430 ± 6 52.8 ± 0.3 [177] 

 SA (1080 °C, 1 h) H 896 ± 1 451 ± 1 50.9 ± 1.5 [177] 

 SA (1150 °C, 2 h) V 851 ± 3 379 ± 9 54.5 ± 1.1 [177] 

 SA (1150 °C, 2 h) H 883 ± 15 396 ± 9 54.9 ± 1.2 [177] 

LMD AD H 733.7 500.41 29.4 [158] 

 AD H 1000 ± 10 656 ± 14 24 ± 5 [189] 

 AD V 882 ± 7 480 ± 20 36 ± 5 [189] 

 AD H 1073 ± 5 723 ± 23 26 ± 2 [151] 

 SA H 1084 ± 2 654 ± 15 27 ± 2 [151] 

 SA H 991 ± 13 532 ± 22 43 ± 1 [151] 

EBM AD - 750 410 44 [190] 

 HIP - 770 330 69 [190] 

WAAM AD H 695 ± 11 384 ± 7 46.4 ± 1 [191] 

 AD (+ magnetic 

field) H 740 ± 14 436 ± 13 48.7 ± 1.9 [191] 

 AD V 658 ± 4 373 ± 5 56 ± 4 [192] 

 SA (980 °C, 0.5 

h) V 669 ± 7 363 ± 10 48 ± 2 [192] 

 SA (980 °C, 1 h) V 672 ± 8 360 ± 11 43 ± 1 [192] 

 SA (980 °C, 2 h) V 688 ± 4 397 ± 15 46 ± 3 [192] 

 AD - 687 MPa 400 MPa 46.5 [161] 
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Table. 2.9 Mechanical properties of Hastelloy X under different conditions. 

Process Condition  UTS （MPa） YS (MPa) TE (%) Ref 

Wrought   760 340 49 [193] 

SLM AD H 970 ± 14 785 ± 18 14 ± 2 [194] 

 AD V 620 ± 15 480 ± 10 40 ± 1 [195] 

 AD V 826 ± 32  615 ± 4  38% [145] 

 AD H 876 ± 2 693 ± 8 33 ± 1 [153] 

 AD V 648 ± 13 730 ± 6 49 ± 8 [153] 

 AD - 821 617 54 [193] 

 HIP V 560 ± 9 350 ± 6 41 ± 4 [195] 

 SA (1177 °C) - 793 455 52 [193] 

 SA (1066 °C + 1177 °C ) - 765 455 46 [193] 

LMD AD V 367 ± 6 628 ± 4 66 ± 3 [196] 

EBM AD V ~ 600 300 ± 16 60% [145] 

 

Fig. 2.12 Comparison of yield strength of Inconel 718, Inconel 625 and Hastelloy X 

under different manufacturing processes based on Table 2.7 - 2.9. The tensile 

properties were increased after post-heat treatments. 

2.3.5.2 Creep properties 

The creep resistance of Inconel 625 and Inconel 718 by laser and electron beam-based 

AM processes were both well explored in the previous studies [197-201]. However, 

there appears to have been no published research on creep resistance of AM fabricated 

Hastelloy X. Ni-based alloys usually exhibit good high-temperature creep resistance, 

and the AM fabricated alloys are widely reported to show comparative or superior creep 

properties than the cast and wrought alloys; particularly alloys fabricated by AM under 

a PHT state (see Fig. 2.13 [179, 198]). The specific microstructures induced from the 

AM processes and the PHT operations contribute to a considerable increase in the creep 

resistance of these alloys.  
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Fig. 2.13 (a) Compressive creep rate for Inconel 718 by SLM at 630 °C under 

different heat treatment conditions. Reproduced with permission from Elsevier [179]; 

(b) Creep curves of Inconel 718 by EBM at 650 °C under different heat treatment 

conditions [198]; (DA: Direct aging, SA: solution annealing + aging) 

Pröbstle et al. [199] reported an improved compressive creep strength of as-deposited 

Inconel 718 prepared by SLM compared with cast and wrought alloy. This was 

attributed to the formation of a large number of subgrains. Im et al. [200] reported that 

EBM fabricated Inconel 718 with different focus offsets, exhibited a strong <001> 

texture under an as-deposited state, and showed a longer creep rupture time than that of 

conventional forged Inconel 718 subjected to full heat treatment. The strong <001> 

texture from AM contributes to the enhancement of creep under loading parallel to the 

building direction, explaining why creep anisotropy can be found in AM fabricated Ni-

based alloys [202]. Being different from room temperature tensile properties, the coarse 

columnar grains with fewer grain boundaries enable the benefit of creep life, as the 

grain boundary areas can accelerate diffusion and sliding, and generally accumulate 

damage at high temperatures [179]. Kuo et al. [198] compared the as-deposited Inconel 

718 by EBM and SLM, and found the EBM fabricated alloy exhibited higher creep 

properties due to the relatively larger grain size and lower dislocation density. 

Moreover, comparing these two processes (EBM and SLM), the involvement of 

preheating of the substrate in EBM, results in lower residual stresses and conditions 

which stimulate the formation of strengthening γ'' phase. The creep resistance of these 
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three Ni-based alloys fabricated by WAAM is yet to be explored, as they usually 

possess large columnar grains, a high possibility of residual stress build-up and the 

presence of large-sized precipitates. 

The creep performance of Ni-based alloys can be enhanced by the PHTs, as the Nb rich 

δ phase or Laves phase in Inconel 625 and Inconel 718 by AM can be eliminated under 

PHTs, and the released Nb can act as solution strengthening element or promote the 

formation of the strengthening γ'' and γ' phases to optimise the creep properties [158, 

160, 200, 203, 204]. It’s worth mentioning the effect of δ phase, as very fine-sized δ 

phases can enhance creep properties through pinning grain boundaries [205]. However, 

Probestle et al. [199] reported that a higher creep strength can be obtained with an 

absence of δ phase in SLM fabricated Inconel 718 after annealing, as δ phase can 

consume Nb during the formation of strengthening γ'', hence reducing the amount of γ'' 

phase. In their experimental results, the higher γ'' phase volume fraction in Inconel 718 

by SLM was reported to contribute to the superior creep strength after the 1000 °C 

solution annealing due to the absence of Nb consuming δ and Laves phase particles 

[199]. This is because that the γ'' particles can effectively prevent the motion of 

dislocations to lead to higher creep resistance. The PHTs, as aforementioned, especially 

the high-temperature annealing will allow recrystallisation and grain growth, which will 

also decrease grain boundaries and accommodate more dislocations before creep 

rupture. In addition to PHTs involving thermal cycling, hot isostatic pressing (HIPing) 

has also been reported [206]. HIPing of Inconel alloys has been shown to contribute to 

increased creep properties, via the product with lower porosity, increased strengthening 

phases, and larger and more uniform grains. Son et al. [206] found increased creep 

ductility in Inconel 625 produced by LMD and HIPing, and this was attributed to the 

formation of strengthening γ'' phase and less porosity.  
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However, AM processes have drawbacks which affect creep properties, including 

porosity and impurity phases. Creep is quite sensitive to the porosity in the tested 

samples, as the pores will cause premature failure under high temperatures [188]. 

Moreover, Son et al. [207] reported that the creep ductility of Inconel 625 by SLM 

under as-deposited conditions is much lower than that by wrought. This was attributed 

to the high content of impurities in the as-supplied powder with high levels of oxygen 

and sulphur. Hosseini et al. [179] also mentioned that the powder quality can highly 

determine the porosity of the fabricated alloys, hence, the creep life can be significantly 

influenced by the powder quality.            

2.3.6 Challenges and defects associated with AM of Ni-based components   

Despite the high effectiveness witnessed in AM processes, and the comparative 

properties of AM fabricated components relative to those prepared via conventional 

casting processes, there are inherent problems associated with AM of Ni-based alloys 

which have to be evaluated and addressed. For example, surface finish is an extensive 

problem that can be controlled by optimising process parameters to a large extent, such 

as control of overflow and decrease of heat input [208]. However, Liu et al. [209] 

reported that nearly all components by AM require post-machining to improve their 

surface accuracy. The following section describes the most common currently-

recognised structural defects resulting from the AM of Ni-based alloy components and 

the associated challenges to achieving AM-produced materials and components of high 

quality and performance.  

Above all, the associated residual stress in the AM-produced components is a critical 

challenge related to the high temperature gradients and complex thermal histories 

during the AM processes. These can cause component distortion and often adversely 
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influences the mechanical properties of AM fabricated Ni-based alloys [179]. The 

previous deposition layers constrain the free expansion of the next layer, and large 

compressive plastic deformation results at high temperatures in the newly deposited 

layer during the solidification. With cooling of the new deposition layer, shrinkage and 

residual tensile stress in the new deposition will be retained in the layer. Residual stress 

is significantly influenced by a number of processing parameters, such as heat source 

power, travelling speed, scan strategy, etc. [144]. Note that although the EBM utilises 

relatively high power density and induces a high temperature gradient, the pre-heating 

of the substrate significantly decreases the temperature gradient in the following 

deposition, hence reducing the residual stress. Goel et al. [210] reported that EBM-

produced Inconel 718 had lower residual stress than that by the SLM, as measured by 

neutron diffraction. A PHT is usually performed to relieve the residual stress, 

nevertheless, Wang et al. [211] reported that the PHT could modify the microstructure 

of the alloys and also influence residual strain. One of the most important challenges is 

that the formation of intermetallics occurs in a shorter time with respect to the wrought 

alloys with stress-relieving heat treatment for AM fabricated Ni-based alloys due to 

segregation [177]. However, there is no systematic report on residual stress and its 

evolution in WAAM fabricated Ni-based alloy, although stress-relieving heat 

treatments for these alloys have been routinely conducted.  

Porosity commonly exists in the microstructure of powder-based AM fabricated Ni-

based alloys, and can be promoted by the trapped gas and insufficient melting, resulting 

in the pore sizes varying from 1 to 100 μm in SLM [209] and LMD [212] produced 

materials. The alloys fabricated by these powder-based AM commonly show higher 

porosity than that by wire-based WAAM. Fig. 2.14 a - b shows a typical example of 

pore defects in Inconel 718 produced by SLM [213]. In Fig. 2.14, spherical pores can 
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be seen (Fig. 9a), which can be attributed to the trapping of gas from original powder 

particles in solidified molten pools under high cooling rates. In Fig 2.14b, smaller 

aspherical pores can be seen, which are presumably caused by insufficient melting. 

These aspherical pores appear to have formed at the deposited layers and scan tracks, 

likely because of a lack of fusion under low laser energy power and/or high scanning 

speeds. The spherical pores are often distributed randomly, while the aspherical pores 

are typically aligned with the deposition direction. High local stress gradients induced 

by the peripheries of pores facilitate the nucleation of cracking, hence reducing fatigue 

life and wear resistance of the components [214]. Increased laser power can decrease 

the porosity, while the increased laser scan speed may cause a linear increase of porosity 

[215]. Increasing laser energy density (LED), which is correlated to scan speed and 

laser power, can be a solution in reducing porosity but should be limited to a critical 

value to avoid other processing problems. Moreover, Yi et al. [185] attempted to apply 

various LEDs in the SLM fabrication of Inconel 718, and suggested shifting scanning 

with a half hatch distance for the consecutive layers if the laser density is low, in order 

to decrease porosity. Lesyk et al. [213] proposed the processings of barrel finishing 

(BF), shot peening (SP), ultrasonic shot peening (USP), and ultrasonic impact treatment 

(UIT) to refine porosity, and found an increased hardness with these post-processings, 

as shown in Fig. 2.14c and d. In comparison, for wire-feed WAAM with a single bead, 

almost fully-dense as-deposited Ni-based alloys are readily achievable, due to the 

relatively high heat inputs involved and the stability of the feed wire. However, overlap 

distance, depositing path, and heat input applied in the WAAM processes still need to 

be optimised in order to avoid insufficient melting, and/or to collapse defects, 

particularly in large bulk depositions by WAAM [216].  
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Fig. 2.14 SEM micrographs of residual porosity of the SLM produced Inconel 718 in 

the deposition direction: (a) Spherical pore; (b) Aspherical pore; (c) Refinement of 

porosity by BF, SP, USP, and UIT; and (d) Hardness distribution with the refinement 

of porosity by BE, SP, USP, and UIT post processings. Reproduced with permission 

from Elsevier [213]. 

The cracking is another defect found under unfavourable AM conditions, which is 

attributed to the solidification and liquation cracking related to the presence of 

intergranular liquid films [217]. Cracking during the solidification is usually found in 

thick WAAM depositions, resulting from local stresses associated with the layer by 

layer deposition process, while the liquation cracking is mainly from the lower melting 

point constituents solidified in the microstructure. Seow et al. [217] found the 

occurrence of hot cracking in WAAM fabricated Inconel 718 in the centre of the 

deposition bead, along the high angle grain boundary, and related this to the presence 

of Laves phase, see Fig. 2.15 a-c. Yuan et al. [212] reported micro-cracking in the 

LMD-produced Inconel 718 formed in regions containing Laves phase, which is 

epitaxial with the deposition direction. Hence, intermetallics induced by excessive 

solute segregation can motivate the formation of hot cracking, although the 
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intermetallics can be removed by proper annealing. However, annealing cannot 

eliminate the cracking in the Hastelloy X fabricated by SLM reported by Wang et al. 

[194]. They also evaluated the solidification process and chemical segregation during 

solidification using thermodynamic calculation, as shown in Fig. 2.15d - i. It was further 

reported that the cracking density is higher in the bottom and top regions of as-built thin 

wall structures (see Fig. 2.15f) than middle region, due to the higher cooling rate and 

larger thermal contractions in these regions, which induce larger thermal stresses to 

promote solidification cracking.  

 

Fig. 2.15  (a-c) Cracking in the as-built sample of Inconel 718 by WAAM. [217]: (a) 
OM of crack-like defects, indicating their location in the interdendritic area; (b) Laves 

phase particles lining the edges of the cracking defect; (c) EBSD orientation maps of 

crack-like defects with inverse pole figure (IPF) reference of the building direction, 

showing the presence of strong texture and intergranular nature of the defect; (d-i) 

Solidification cracks in as-built sample of Hastelloy X by SLM. Reproduced with 

permission from Elsevier [194]: (d) SEM showing solidification cracks in the sample; 

(e) Micrographs in higher magnification showing retained dendrite structure, 

indicating cracks occurred in the solidification; (f) Spatial distribution of micro-cracks 

at different heights of sections (from Z1 to Z4); (g) Scheil-Gulliver solidification 

curve of the Hastelloy alloy calculated by ThermoCalc software; (h) Relative 

elemental segregation captured from Scheil-Gulliver solidification simulations.      
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During the AM processes, the temperature field of the processed component 

experiences a complex evolution with the heat source movement within one individual 

molten pool and along depositing path. Fig. 2.16 illustrates the temperature field 

evolution of a single-pass multi-layer AM deposition. Figs. 2.16a - c are temperature 

distributions in a component when heat source is at the middle points of the 1st, 5th, 

and 10th layers, respectively [218], and Figs. 2.16d - e are typical microstructures 

within one individual molten pool and temperature distribution of Inconel 625 by LMD 

[219]. Control of thermal history and local thermal profile is recognised as 

manufacturing challenges, as these are responsible for inhomogeneity of phase 

formation and elemental distribution. Thermal profiles may vary in response to 

deposition geometry and thermal cycling, hence influencing the thermal gradient. At 

the beginning of deposition, heat transfer is mainly via the conduction into the substrate, 

which can result in higher cooling rates than for later deposition, with residual heat 

generated in previous layers. Hence, there is decreased heat extraction and increased 

heat accumulation with built-up, leading to variations of microstructure in the 

deposition direction. For example, Wang et al. [220] reported Inconel 625 produced by 

WAAM comprised cellular grains without secondary dendrites at the near-substrate 

regions, a columnar dendrite structure with secondary dendrites further up, and 

equiaxed grains at the top region. These results are attributed to variations in a 

temperature gradient during deposition. The resultant inhomogeneous grain size and 

morphology can lead to variations of mechanical properties that widely appear from the 

top to bottom. Additionally, as the aforementioned high elemental segregation can lead 

to the formation of intermetallic phases and carbides, precipitated in interdendritic 

areas. Moreover, heat accumulation can result in the deformation of produced 

components. Consistent state of the deposition is also limited due to inclusion of heat 
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dissipation from adjacent beads, and heat indulges by repetitive thermal cycles.   

 

Fig. 2.16  Temperature field evolution in the (a) 1st layer; (b) 5th layer and (c) 10th 

layer of a thin-wall structure by AM. Reproduced with permission from Elsevier 

[218]; (d) a typical OM image showing the microstructures of an individual molten 

pool of Inconel 625 by LMD and (e) related temperature distribution: location A on 

the surface; location B-E in the upper part; location F in the bottom and location G-H 

along the boundary. Reproduced with permission from Elsevier [219] 

2.4   Feedstock and AM process in the current research 

The feedstock in the current research is Hastelloy C276 provided by Haynes 

International Corporation, which is a solid solution strengthened Ni-based superalloy 

and possesses exceptional oxidation resistance and corrosion resistance in severe acid 

environments [221]. In combination with the demonstration of promising mechanical 

properties at both ambient and elevated temperatures [222], Hastelloy C276 has been 

investigated as a candidate structural material for Generation IV nuclear reactors, such 

as supercritical water-cooled reactor (SWCR) [18]. In addition, Hastelloy C276 is 

utilised extensively in aerospace, particularly as aero-engine components, and for 

chemical processing applications (e.g. in flue gas desulfurization systems) [90]. 

Hastelloy C276 alloy components are traditionally manufactured by hot forming or cold 

working. After such forming procedures, solution annealing is often required to restore 
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optimum corrosion resistance and mechanical properties [57]. Machining and welding 

are normally employed to produce the Hastelloy C276 alloy components with complex 

geometries, adding significantly to processing complexity and the cost. In particular, 

the welding of Hastelloy C276 components must be carefully controlled to prevent the 

degradation of mechanical performance. Dupont et al. [1] reported that elemental 

segregation that occurred during the welding process promoted the precipitation of the 

detrimental P and μ second-phases in Hastelloy C276. The P and μ phase precipitates 

are hard, brittle intermetallics with TCP structures, which are potentially deleterious to 

mechanical performance and corrosion resistance of the alloy depending on their size, 

morphology and distribution in the microstructure [223]. The µ phase is transformed 

from the P phase after a long-term exposure, which might be 8 hours or more [88]. As 

such, research has been carried out using several welding techniques, including 

continuous and pulsed LBW [21, 129], GTAW [70], and EBW [82]. Cieslak et al. [89] 

have proved the occurrence of P and µ phase by studying the tungsten inert gas (TIG) 

welding of Hastelloy C276. Ahmad et al. [72] explored the Mo and W rich micro-

eutectoids (no separation of P and μ phases ) in the MZ of welded Hastelloy C276 by 

the electron beam (EB) method, and found the hardness in the MZ to be higher than 

that for the as-received alloy due to the fine lamellar microstructure and micro-eutectic 

phase hardening in this region. The authors further reported the growth of the µ phase 

after heat treatment.  

A major effort has been devoted to having a deep understanding of the intrinsic 

characterisation in phase transformation, microstructure evolution, and related 

mechanical property optimisation of Hastelloy C276 alloy by conventional 

manufacturing processes. However, based on the review above, in terms of the cost 

consideration for raw materials and capital investment, the conventional processes 
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might not satisfy the requirement of the model or prototype production of the expensive 

Hastelloy alloy; hence, the AM is a considerable alternative.  

The applied AM process in the current research is WAAM, which uses an electrical arc 

as a fusion source to melt the wire feedstock and directly build up a component using a 

layer-by-layer deposition strategy. Despite the outstanding cost-saving and efficient 

performance, AM as a welding-based process can also witness some drawbacks. Due 

to the intrinsic characterisations during the WAAM process, the good profound 

knowledge of the process government can avoid some challenges during fabrication. 

To promote the development and fabrication of a satisfying Hastelloy C276 component 

by the WAAM process effectively, it is quite necessary to address the issues related to 

the microstructure resulting from the processes, and the corresponding properties.  

There is limited reported in-depth investigation on the WAAM fabricated Hastelloy 

C276 components and research on the optimised processes to produce components with 

competitive properties in comparison with the traditional processes. In the current 

research, the first-ever study of the manufacturing parameters and related influence on 

the components by WAAM will be presented. Several effective optimised processes 

with the in-situ process and ex-situ process will be illustrated based on the problems 

discussed above. Moreover, recent publications reported the successful application of 

WAAM in the fabrication of functionally graded material of steel and Hastelloy C276 

alloy [224]. However, a detailed exploration of the effects of WAAM parameters on 

the texture and segregation was not carried out. The current work will study the cladding 

of Hastelloy C276 and P91 steel using WAAM and tempering treatment, presenting the 

microstructure in segregation, phase transformation, texture evolution, and the related 

mechanical properties.  
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3 Experimental Instruments and Methodologies 

In this chapter, the experimental instruments and methodologies will be introduced to 

prepare the samples and characterise the as-received fabrications. The detailed 

microstructure was investigated by elemental distribution, phase determination, 

dendrites and columnar grain morphology and orientation, and texture evolution. These 

were conducted by optical and electron microscopes, X-ray diffraction (XRD), 

synchrotron XRD, and a high-intensity powder neutron diffractometer, WOMBAT.  

The properties are studied using nanoindentation, microhardness, tensile, and creep 

resistance tests. Above all, elemental contents of the Hastelloy C276 alloy used in this 

research will be presented, followed by the WAAM system introduction, including the 

GT-WAAM and CMT-WAAM. Then the corresponding equipment was introduced, 

and setup parameters to explore the microstructure and mechanical properties are 

presented in the following chapters to understand how the experiments in this work 

were conducted.  

3.1  Material  

Commercially supplied Hastelloy C276 wire with a diameter of 1.2 mm was applied as 

feedstock in this research, and its chemical composition is listed in Table 3.1. Plain 

carbon steel was used as a substrate for deposition and preparation of each component. 

Table. 3.1 Chemical composition of Hastelloy C276 wire used in this study 

Element  Ni Mo Cr Fe W C Mn P S Co V Si 

wt% Bal. 16.5 16.0 5.8 4.0 0.01 0.19  0.015  0.01 0.20  0.06  0.08 

 

 

 

 

            



 

 
Chapter 3. Experimental Instruments and Methodologies 

78 

 

3.2 Wire Arc Additive Manufacturing System 

3.2.1 Gas Tungsten Arc Welding-based Wire Arc Additive Manufacturing (GT-

WAAM)  

The GT-WAAM system, as shown in Fig. 3.1, used in this study consists of a GTAW 

welding system with an unconsumable tungsten torch (see Fig. 3.2), a shielding gas 

unit, a “cold” wire feeder, and a travelling device [11]. High purity argon (99.99%) was 

utilised for both the TIG welding torch and the trailing shielding gas to limit oxidation 

of the deposited part during the manufacturing process. Following extinguishment of 

arc for each layer, additional argon shielding gas continued to flow for about 30 s. To 

keep stable of the wire, the wire feeder was set at 30° from the substrate. The main 

processes are listed in Table 3.2. A stainless steel brush was used to remove any 

spattering or fine particles from welding fume deposition of the welded layer before 

depositing the next layer. 

 

Fig. 3.1 Illustration of WAAM system 

 

Fig. 3.2 Illustration of GTAW welding system 
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Table. 3.2 Process parameters for WAAM deposition 

Process parameters Details 

Power Current 140 A 

 Arc voltage 13.0 V 

Speed Torch travel speed 100 mm/min 

 Wire feed speed 1000 mm/min 

Shielding gas Welding torch 10 L/min 

 Shielding gas cover 15 L/min 

Time Interpass dwell time 60 s 

Distance Electrode to workpiece  3 mm 

Angle Wire feeder and substrate 30° 

3.2.2 Cold Metal Transfer (CMT) -based WAAM 

The hardware of the WAAM system includes an industrial robot, a welding machine 

with the feedstock wire as a consumable torch, a laser scanner, a cooling gas gun, a 

computer and a worktable, as shown in Fig. 3.3. An ABB IRB 2600 robot with six 

Degrees of Freedom (DOF) was applied to hold and move the welding torch along the 

preprogrammed robot path. A Fronius CMT Advanced 4000 device with synergic 

welding programs was selected as the power source and software. Instantaneous 

welding current and voltage were measured using a National Instruments NI-6008 card 

and a self-built PCB board with a sampling rate of 2500 Hz. A structured laser scanner 

with a 300 Hz measurement speed was attached to the welding torch to obtain the bead 

profile. ABB’s Robot Studio was used to program the robot motion and coordinate the 

weld settings. The distance from the contact tip to the substrate, regarded as the stick-

out distance, was kept in a range from 15 - 20 mm. Before the deposition of a new layer, 

a stainless steel brush was used to remove possible spatter or impurities. The shielding 

gas was argon (99.99%) with a flow rate of 25 L/min. A FLIR A655sc thermal imaging 

camera with a measurement range of -40 °C to 2000 °C and a wavelength range of 7.5 
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μm to 14 μm was used to monitor and record the temperature evolution during the 

deposition processes. The emissivity was set as 0.45 consistently and used to compare 

the cooling rate and temperature evolution of the working alloy. 

 

Fig. 3.3 Illustration of CMT-based WAAM system 

3.3 Magnetic Arc Oscillation (MAO) system 

The MAO system comprising the electromagnetic coils and the oscillation control 

device is incorporated into the WAAM system. The magnetic force (𝐹 ) known as the 

“Lorentz force” is the vector product of the current (𝐼 ) of the welding arc and the 

external magnetic field (�⃑� ), i.e., 𝐹 = 𝐼  × �⃑� . The external coil defines the directions of 

𝐹  and �⃑� , and determines the oscillation pattern. Fig. 3.4 summarises the three types of 

arrangements for incorporating the electromagnetic coil in the welding system that has 

been reported [225]. These arrangements lead to three different possible orientations of 

applied magnetic fields: (1) �⃑�  parallel to the traveling direction (𝑥 ) applying a single 

electromagnetic coil to induce the transverse oscillation of arc (Fig. 3.4a), (2) �⃑�  parallel 

to the transverse direction ( 𝑦 ) with a single electromagnetic coil causing the 

longitudinal oscillation of arc (Fig. 3.4b) and (3) 𝐵1
⃑⃑⃑⃑ ∥  𝑥  and 𝐵2

⃑⃑⃑⃑ ∥  𝑦 , with two 

electromagnetic coils inducing a circular oscillation of the arc (Fig. 3.4c). Circular arc 

oscillation mode was chosen in this research. 
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Fig. 3.4 The positions of the electromagnetic coil for (a) longitudinal oscillation, (b) 

transverse oscillation, and (c) circular oscillation. 

3.4 Sample preparation for metallography 

After the deposition of the samples under different manufacturing parameters, the 

samples for microstructure and mechanical studies were sectioned into appropriate sizes 

in the regions of interest using a computer-controlled wire-cut EDM process. The 

sample sectioned position and size will be illustrated in each chapter. The 

metallography samples were prepared with hot mounting by a CitoPress-20 Hot 

mounting press equipment, as shown in Fig. 3.5, to mount the metallography samples 

in the conductive Polyfast resin. The mounted samples were then ground and polished 

by a Struers Tegrapol-21 automatic grinder-polisher shown in Fig. 3.6, with detailed 
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polish procedures for optical microscopy (OM) and electron backscatter diffraction 

(EBSD) samples, shown in Table. 3.3, respectively. Afterwards, the OM samples were 

electro-etched in a mixed solution containing 5 mg oxalic acid and 15 mL hydrochloric 

acid with 6 V direct current for 2 s at room temperature. 

 

Fig. 3.5 Struers CitoPress-20 Hot mounting press equipment 

 

Fig. 3.6 Struers Tegrapol-21 automatic grinder-polisher 

Table. 3.3   Procedures for metallographic sample preparation   

For OM samples 

Process  Surface (Disk/cloth)  Rotation (rpm) 

(Disk/Holder)  

Force per 

sample (N)  

Time (mins) Suspension 

Grinding  220 grit Diamond disk  300/150, comp  30 2-5 Water 

Polishing  MD Largo disk  150/150, comp 30 4-6 Water-based 9 

μm Diamond 

MD DAC cloth    150/150, comp 30 4-5   Water-based 3   

μm Diamond 

MD Chem cloth  150/150, contra  15 2 0.05 μm colloidal 

silica (50% OP-S) 
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For EBSD samples 

3.5 Microstructure characterisation 

3.5.1 Optical microscope 

The overall microstructures of the etched samples, including dendrites, precipitations, 

and columnar grains were captured using Leica Optiphot OM, as shown in Fig. 3.7. The 

low magnification (5×) microstructures were combined into a macrostructure of the 

cross-section of received samples. ImageJ software [226] was used to calculate the 

dendrite arm spacing (DAS) in all cases. 

 

Fig. 3.7  Leica Optiphot optical microscopy 

3.5.2 X-ray diffraction (XRD) and Synchrotron XRD 

X-ray diffraction (XRD) with a Cu Kα radiation source (λ=1.5418Å) was performed to 

identify the phase constituents by a GBC MMA X-ray diffractometer (see Fig. 3.8). The 

Process  Surface (Disk/cloth)  Rotation (rpm) 

(Disk/Holder)  

Force per 

sample (N)  

Time (mins) Suspension 

Grinding  220 grit Diamond disk  300/150, comp  30 2-5 Water 

Polishing  MD Largo disk  150/150, comp 30     5 Water-based 9 

μm Diamond 

MD DAC cloth    150/150, comp    30            5 Water-based 3 

μm Diamond 

MD DAC cloth   150/150, comp    30            12 Water-based 1 

μm Diamond 

MD Chem cloth  150/150, contra        15 15 0.05 μm colloidal 

silica (5% OP-S) 
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accelerating voltage and tube current were set at 35 kV and 28.6 mA, respectively. The 

synchrotron X-ray diffraction, as shown in Fig. 3.9, was conducted within the 

Australian Synchrotron, Melbourn, Australia. A monochromatic X-ray beam of 18 keV 

(wavelength ~0.68933 Å) and the MYTHEN detector was used in the measurements in 

flat-plate reflection geometry. The data was analysed using the Topas software (V4.2) 

[227] and Pseudo-Voigt functions. 

 

Fig. 3.8 GBC MMA X-ray diffractometer 

 

Electron gun
Linear Accelerator

Booster

Individual beamlines

 

Fig. 3.9 Australia Synchrotron and illustration of beamline 

3.5.3 Scanning Electron Microscopy (SEM) 

The detailed observation of the matrix microstructure, precipitation, fracture mode, and 

chemical composition was preliminarily performed using a JEOL JSM-6490LA 

Scanning Electron Microscope (SEM) equipped with Oxford Instruments X-Max 

Energy Dispersive X-ray Spectroscopy (EDS) detector, as shown in  Fig. 3.10, 

operating at 20 kV and working distance as 15 mm.  
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Fig. 3.10 JEOL JSM-6490LA SEM 

Due to the relatively lower resolution of JEOL JSM-6490LA, the microstructures, 

which consist of grain boundary observation and fined particles, were characterised by 

the JEOL JSM-7001F Field Emission SEM (FSEM), as shown in Fig. 3.11. The 

working distance was 10 mm at 15 kV. In addition, the current equipment also worked 

on the grain size, texture and grain angle misorientation distribution by EBSD equipped 

with Oxford Instruments Nordlys II(S) high resolution EBSD camera. Channel 5 

software integrated Aztec software was used to process the EBSD results. The EBSD 

maps were collected at 15 kV accelerating voltage, 24 mm working distance, and 3 μm 

step size. 

 

Fig. 3.11 JEOL JSM-7001F Scanning Electron Microscope  



 

 
Chapter 3. Experimental Instruments and Methodologies 

86 

 

3.5.4 Transmission electron microscope (TEM) 

In order to further understand the precipitation that could not be recognised by the EDS 

and XRD, transmission electron microscope (TEM) analyses were carried out on the 

JEOL JEM-ARM 200F instrument (see Fig. 3.12). The interested samples were finely 

polished, followed by which 15 µm wide, ≤ 50 nm thick lamellae were prepared for 

the TEM sample by an FEI Helios Nanolab G3 CX FIB-SEM (Fig. 3.13). The 

precipitates were identified by selected area electron diffraction (SAD) and processed 

by Gantan software. 

 

Fig. 3.12 JEOL JEM-ARM 200F instrument 

 

Fig. 3.13 FEI Helios Nanolab G3 CX FIB-SEM 
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3.5.5 Neutron diffraction  

WOMBAT, which is a high-intensity and high-speed powder diffractometer in the 

Australian Nuclear Science and Technology Organisation (ANSTO) was used to 

undertake the neutron diffraction experiments for the texture characterisation of the 

CMT-based WAAM samples. Before the neutron diffraction experiment, the sample 

with the same orientation was fixed by Al foil, as shown in Fig. 3.14. A neutron beam 

of wavelength 1.54 Å and a position sensitive area detector were used to collect the 

diffraction data from square bar samples mounted on an Eulerian cradle. For complete 

pole figure measurements, the samples were tilted (χ = 0 - 90°) and rotated (φ = 0 - 

360°) in equal-distance steps of Δχ = 15° and Δφ = 3°. The neutron diffraction data 

were analysed to obtain the pole figure data using 2DiffCalc [228] software package 

and recalculate the pole figures from the orientation distribution function (ODF) using 

the MTEX program [229]. 

 

Fig. 3.14 Sample tested by Wombat high-flux neutron diffractometer in ANSTO 

3.6 Mechanical testing 

3.6.1 Vickers hardness and nanoindentation 

Vickers microhardness was measured on the same metallographic specimens. The tests 

were carried out by a Matsuzawa Via-F automatic Vickers tester, as shown in Fig. 3.15, 
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at a load of 500 g, with a spacing of 0.5 mm between each step, and an indentation 

duration of 15 s for each test. The nanoindentation was performed at the same 

metallographic specimens, as well, at both interdendritic and dendrite core areas in the 

middle region of specimens to obtain the nanohardness (H) and Young’s modulus (Er) 

on a Hysitron TI 950 Triboindenter, as shown in Fig. 3.16. An indentation load of 7 mN 

and a step size of 7 μm were used in nanoindentation tests. 

 

Fig. 3.15 Matsuzawa Via-F automatic Vickers tester 

 

Fig. 3.16 Hysitron TI 950 Triboindenter 

3.6.2 Tensile test 

Flat dog-bone-type samples with the dimensions in Fig. 3.17 were prepared for all the 

tensile tests. The tensile tests were carried out at a constant crosshead displacement rate 

of 1 mm/min by an Instron 3367 tensile test machine with a maximum load capacity of 
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30 kN  (Fig. 3.17) at the ambient temperature. A video extensometer was used to 

measure the displacement during tension loading.  

  

Fig. 3.17 Tensile testing using MTS Landmark servohydraulic testing machine and 

dimension of the tensile test sample 

3.6.3 Creep test 

An iso-thermal creep test was operated at constant stresses in the Australian Nuclear 

Science and Technology Organisation (ANSTO), as shown in Fig. 3.18. The 

dimensions of miniature samples are shown in Fig. 3.18, and were manually measured 

to assure accurate sizes before the tests. To limit oxidation of samples, the creep test 

was operated in a vacuum atmosphere (10-5 torr).  

  

Fig. 3.18 Creep testing machine and dimension of the creep test sample  
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4 Microstructure and mechanical properties of wire arc 

additively manufactured Hastelloy C276 alloy 

4.1 Introduction 

There has been an increased focus from the academic community and manufacturing 

industry on the area of additive manufacturing (AM), owing to its ascendency in 

component fabrication over the past few decades. The WAAM approach is 

advantageous for the production of large metallic components of complex geometry, 

due to its high deposition rate in comparison to the other AM approaches using laser or 

electron beams as heating sources, plus it requires relatively low apparatus investment. 

These characteristics enable a significant reduction in capital cost and efficient usage 

of raw materials [8]. Currently, various metallic materials, such as titanium alloys, 

aluminium, Ni-based superalloys, and titanium aluminide intermetallics have been 

successfully utilized in the WAAM process [230-232]. 

Hastelloy is normally supplied in forged, rolled, and extruded states, and welding has 

been widely used for fabricating Hastelloy components. Hastelloy is readily weldable, 

and it can be welded with GTAW [70], electron beam welding (EBW) [233],  and laser 

welding (LW) [20]. However, a welded joint is generally treated as the weakest part of 

the manufactured component due to microstructure diversity, which is an unavoidable 

aspect leading to the occurrence of defects or variations in mechanical properties [79, 

113]. Moreover, the high temperature and stressed working conditions for Hastelloy 

alloys will result in creep deformation and restrict the attainable in-service life of the 

alloy. Especially for that produced by traditional cast processes, the resulted equiaxed 

grains will lead to poor performance under elevated temperatures due to nucleation and 

propagation of micro-crackings in the grain boundary areas. In recent years, additive 
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manufacturing (AM) techniques have been used to fabricate the components by one 

grade of Hastelloy alloy, named Hastelloy X, by laser powder-bed fusion (LPBF) [234, 

235] and selective laser melting (SLM) [236]. LPBF and SLM, as metal powder-based 

AM technologies, are often associated with the concerns that the metal powder raw 

material does not show the same competitive efficiency with regard to cost and 

availability as the metal wire, in addition to the challenges concerning the properties of 

manufactured components caused by the potential defect of porosity [8, 236]. In 

contrast, WAAM, as a wire-based AM technology, is a potentially cost-effective 

alternative to fabricate defect-free components, albeit that the post-machining of the 

WAAM processed components is often required due to their low geometric accuracies 

[237]. 

So far, the component fabrication techniques are still mainly concentrated on welding 

and traditional subtractive technologies, and only limited research [22] has been 

reported on additive manufacturing of Hastelloy C276 alloy; this makes an attempt to 

apply the AM process timely. It has been widely accepted that various additive 

manufactured components would possibly exhibit heterogeneity with respect to both 

microstructure and mechanical properties from the bottom to the top part of the 

fabricated components, resulting from the line-by-line and layer-by-layer 

manufacturing strategy [220, 238]. 

In this study, the GT-WAAM process was utilised to produce Hastelloy C267 samples. 

The microstructure (columnar dendrites and precipitates) and mechanical performance 

(tensile properties, hardness and preliminary creep resistance) were investigated 

through comprehensive comparison and evaluation in different regions and orientations 

of the component after deposition. These results show that Hastelloy C276 components 
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with high-quality performance can be efficiently fabricated using the GT-WAAM 

process. 

4.2 Experimental procedures  

4.2.1 Experiment setup 

The WAAM system and experiment setup were presented in Section 3.2.1. WAAM 

system was used to deposit a Hastelloy C276 thin-wall structure with dimensions of 10 

× 100 × 45 mm (width × length × height) on a plain carbon steel substrate, and the 

process parameters for the experiment are listed in Table 3.2. Fifty layers were 

deposited on a single thin-wall structure, and no adjacent layer was built. Following the 

extinguishment of the arc for each layer, additional argon shielding gas continued to 

flow for about 30 s, and complemented friction by a stainless steel brush was utilised. 

Hence, the dwell time of interpass is about 60 s without an interpass temperature control 

in this research.  

4.2.2  Material characterisation 

Mechanical testing and metallographic specimens were extracted from the middle of an 

as-deposited Hastelloy C276 wall sample, as shown in Fig. 4.1, which also shows the 

travelling direction and deposition direction, and defines the selection of reference 

planes, y-z, x-y, and x-z. To avoid element dilution from the substrate, the test samples 

were extracted from the regions in the as-deposited materials at least four layers away 

from the substrate. The metallographic samples were ground and polished following 

standard procedures, and subsequently electro-etched for 2 s at room temperature. 

Microstructures were observed using a Leica Optiphot OM. ImageJ software was 

applied to calculate the size of the dendrites [226]. The Thermo-Calc® software (2019 

version) was used for the thermodynamic calculation of the Hastelloy C276 system. 
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The characteristic fast solidification and cooling rate of the WAAM process relative to 

the conventional casting process were taken into account in the simulation. The classic 

Scheil simulation based on the well-known Scheil-Gulliver model [239] which assumes 

zero diffusion in the solidified material and the TCNi9 thermodynamic database for Ni-

based superalloys were used to predict the phases transformation during the 

solidification process of the investigated Hastelloy C276 with the chemical composition 

listed in Table 3.1. Detailed observation of the matrix grain structure, precipitation, 

fracture mode, and chemical composition was performed using a JEOL JSM-6490LA 

SEM equipped with EDS detector. TEM  analyses were carried out, operating at 200 

kV. The identification of phase constituents was performed using XRD. The data were 

collected over a scattering angle (2θ)  of 30° to 100° on the samples taken from the 

longitudinal region in the y-z plane. The sample with a dimension of 5 mm × 5 mm × 

10 mm for bulk texture of the fabricated component was taken in the middle area and 

measured using neutron diffraction on the high-intensity WOMBAT diffractometer (see 

Fig. 4.1), with parameters shown in section 3.5.5.   

 

Fig. 4.1  Schematics of sample extraction for metallurgical and mechanical tests 

Vickers microhardness samples taken from the y-z plane for vertical (z) and horizontal 

(y) direction tests were measured. The mechanical samples for tensile testing were 

extracted from both the deposition direction (y-z plane) and travelling direction (x-y 

plane). Tensile tests were performed equipped with a digital camera to assure precise 
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displacement measurement. 

Creep tests were conducted in the samples taken from both deposition direction and 

travelling direction at 973 K (700 °C), using stress of 165 MPa by dead-weight loaded 

creep machines, as shown in Fig. 3.18. The creep extension for the duration of tests was 

recorded by a linear variable differential transducer extensometer, mounted onto the 

pull rod which extends out from the test chamber/furnace assembly. Two K-type 

thermocouples were in contact with the top and bottom shoulders of the sample to 

record the tested temperatures which were continuously monitored and maintained at + 

0.5 °C between two areas. The samples were creep tested up to failure, then unloaded 

and furnace cooled to room temperature at the end of the test. 

4.3 Results and discussion   

4.3.1 Macrostructure 

Fig. 4.2 illustrates the overall macro morphology of the as-deposited sample of 

Hastelloy C276 using the WAAM process. Slight deformation of the substrate is 

observed, with a corrugated morphology surface on the sample as a result of layer-by-

layer deposition. Also, the component is characterized by being free of visual defects 

or any cracks, the following microscopic observation from numerous sections proved 

this. It appeared to be a uniform surface finish from the visual appearance after the 

whole manufacturing process. These results indicate that the applied WAAM process 

yields the defect-free Hastelloy C276 material in this work. 

 

Fig. 4.2 Macro morphology of the fabricated component 
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4.3.2 Microstructural evolution 

4.3.2.1 Typical morphology of as-deposited microstructure 

The microstructures and microstructural anisotropies of the as-deposited component 

were thoroughly investigated from the bottom to top regions. Samples were extracted 

in the traveling direction and deposition direction from the previously defined y-z, x-y 

and x-z planes, as shown in Figs. 4.3 - 4.5, respectively. Typical columnar dendrites are 

clearly observed in the samples in different regions from top to bottom, with additional 

evidence for the occurrence of precipitates (dark regions in Fig. 4.3f-h). 

The longitudinal cross-section (y-z plane), shown in Fig. 4.3, displays a typical 

dendritic microstructure. The directional arrangement of these dendrites is expected to 

lead to a strong texture, which is studied in the following part. A large number of 

elongated dendrites have grown across several deposited layers and are oriented 

upwards, almost perpendicular to the substrate in the z-direction. These appear 

homogenous and aligned in the middle region (Fig. 4.3d), but take the form of mixed 

dendrites, with a cellular-like pattern in local areas of the side regions (Fig. 4.3b) and 

the first several layers in the bottom region (Fig. 4.3e). Layer boundaries (fusion 

interfaces between deposited layers) can be readily observed, and are roughly parallel 

to the traveling direction (x), as is shown in Fig. 4.3d. Formation of the epitaxial 

columnar dendrites along the deposition direction is attributed to heat transfer from 

subsequent layers, and growth which follows the highest thermal gradient. During the 
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Fig. 4.3 Microstructure morphology in cross-section (y-z plane) of as-fabricated 

component: (a) whole profile of the part in cross-section (y-z plane), (b-h) are 

representative microstructures in different areas; (b) the side region and the last layer; 

(c) the top region; (d) the middle region; (e) the bottom region; (f) higher 

magnification of the last layer in Fig. 3a; (g) higher magnification of the middle part 

in Fig. 4.3d; (h) higher magnification of the bottom part in Fig. 4.3e. 

WAAM process, the dendrites of preceding deposited layers are partially remelted by 

the thermal cycling, becoming nucleation regions for the subsequent layer [240]; 

simultaneously, layer bands are formed (highlighted in Fig. 4.3d) [241]. In contrast, at 

the commencement of the deposition, due to rapid heat transfer into the cold substrate, 

the dendrite growth is facilitated during the solidification process. The more rapidly 

growing dendrites can encroach on space in front of the slower-growing ones, and 

finally suppress their growth [242]. Dendrites which experience heat accumulation 

from the deposition of previous layers experience relatively lower thermal dissipation. 

However, despite this complex thermal history, it is possible that all the dendrites 
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survive [242, 243]. In accordance with expected heat transfer, the bottom region and 

side regions display more cellular form without secondary dendrites, whereas the main 

section displays a well-aligned elongated dendritic structure. The top region in the last 

deposited layer, as is shown in Fig. 4.3b and Fig. 4.3f, exhibits a transitional 

microstructure, from directional elongated dendrites to fine equiaxed dendrites. It is 

attributed to last layer experiencing an accelerated cooling induced by the atmosphere 

surrounding the sample and the lack of remelting as it occurs during the WAAM process 

[244]. Similar fine top layer microstructures have been observed in other AM processed 

materials including, the Ni-based alloy Inconel 625 [220], and NiTi intermetallic [245] 

Similarly to the y-z plane, the x-z plane also exhibits a columnar microstructure with 

epitaxial dendrites growing upwards (z), as is shown in Fig. 4.4. However, there is a 

slight deviation, compared to the upward dendrite growth orientation in the y-z plane. 

For the y-z plane, most of the upwardly elongated dendrites occur at an angle of about 

80° to the substrate, as shown in Fig. 4.4a. A similar phenomenon has been observed in 

previous WAAM investigations of Inconel 625 [220]. During the GT-WAAM process, 

the heat conduction of the molten pool predominantly comes from the substrate for the 

first few layers and previously deposited layers with buildup (z), and partially from the 

adjacent solidification along the traveling direction (x). Due to the temperature gradient 

from these two orientations, the angular grain growth appears in higher layers along the 

deposition direction instead of being perpendicular to the substrate, which follows the 

maximum temperature gradient. However, in this research, the angle is slightly different 

from observation in the previous study, which was about 70° [220]. This is attributed 

to differences in wire traveling speed and interlayer temperature control for the different 

studies. Taking into account the close link between the dendrite microstructure and the 

development of crystallographic texture, this result indicates that the manipulation of 
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texture is potentially viable during the WAAM of Hastelloy C276, via careful control 

of processing conditions including the temperature gradients. 

 

Fig. 4.4 Microstructure morphology in cross-section (x-z plane) of as-fabricated part: 

(a) the bottom region; (b) the middle region; (c) the top region 

The microstructure in the x-y plane is displayed in Fig. 4.5. A typical equiaxed 

microstructure is observed in this region and is attributed to sectioning of the epitaxial 

dendrites, which grow upwards along the deposition direction. This cross-section 

reveals both the primary dendrites, short secondary dendrite arms perpendicular to each 

other, and tertiary dendrite arms which are visible on a few of the secondary dendrites. 

Slight differences observed in the sizes of the primary dendrites can be attributed to 

different growth velocities, especially at the bottom area, as is shown in Fig. 4.5. 

 

Fig. 4.5 Microstructure morphology in cross-section (x-y plane) of as-fabricated part: 

(a) the bottom region; (b) the middle region; (c) the top region 

4.3.2.2 Primary dendritic arm spacing  

Fig. 4.6 shows a statistical analysis of PDAS from different regions of the as-deposited 
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sample. The PDASs are primarily distributed between 20 µm to 40 µm, except for 

several large size spacings associated with the top and bottom regions. As previously 

explained, the cooling rate in the first few layers above the cold substrate is quite high, 

and during the deposition of subsequent layers, the cooling rate is lower, commensurate 

with the lowered temperature gradient. However, the cooling rate is accelerated again 

in the top region.  The similar thermal behavior is also studied via the heat transfer 

numerical simulation by Zhao et al. [218]. Complexities associated with the thermal 

cycling contribute to slight variations in WAAM Hastelloy C276 microstructures.  

 

Fig. 4.6 Illustration of PDAS: (a) illustration of dendritic structure; (b) PDAS 

distribution frequency in different regions 

4.3.2.3 Precipitation 

Figure. 4.7 shows precipitations found in the as-deposited samples at different locations 

from bottom to top taken in the y-z plane along the deposition direction. A considerable 

number of precipitates, of differing sizes, are dispersed at the interdendritic area, many 

of these aligned with the growth orientation of the primary dendrites. Based on optical 

microscopy (Fig. 4.7), it appears that a secondary phase predominantly precipitates at 

the interdendritic area in the vicinity of secondary dendrites, regardless of the sample 

location.  
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In order to study the microstructure at high magnification and identify the element 

distribution in dendrites, SEM with EDS analysis was performed. As shown in Fig. 4.8, 

Mo segregation is evident, indicating Mo is a positive segregation element that tends to 

be rejected into the interdendritic residual liquid. Elemental analysis in the matrix and 

precipitations is listed in Table 4.1 and Table 4.2, respectively. It was found that the 

precipitates are rich in Mo and W. Due to the insensitivity to the C element as well as 

its extremely low content, the carbon content cannot be measured properly by EDS 

[102], and thus EDS results in Table 4.1 and Table 4.2 do not include the C element. 

Fig. 4.9 presents the process of microsegregation during the solidification process 

predicted by the Scheil-Gulliver model based on the composition content of Hastelloy 

C276 in this research. In this model, carbon is treated as a fast solute element. 

Solidification starts from liquid to γ phase, and the σ phase and P phase are formed last 

during the solidification process, so it can be seen that the P phase is formed during 

 

 

Fig. 4.7 High magnification OM image showing the microstructure of 

precipitates in different regions: (a) distribution of precipitates in the bottom 

region; (b) distribution of precipitates in the middle region; (c) distribution of 

precipitates in the top region 
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solidification by the WAAM process. Obviously, the high deposition efficiency of 

WAAM will not expose the heat input for so long period. DuPont et al. also presented 

that the lower content of Cr in Hastelloy C276 pushes the solidification further away 

from the ternary point with γ, σ, and P phases [26]. Hence, based on the composition 

of the P phase cited by Ma et al. (Table 4.2) [246], the precipitates with similar 

elemental composition in this research were induced as P phase. The slight variation in 

the content of the composition might result from some of the tested P phases in a 

relatively small size. The interaction volume of EDS analysis is normally 1-2 μm, so 

the accuracy of EDS spot analysis on small particles will be compromised by the 

surrounding matrix. 

 

 

Fig. 4.8 (a) Backscattered electron image (BEI) of the deposited sample from the 

bottom area in the y-z plane, with the spectrum of the matrix (Location A) and 

precipitates (Location B); (b) the respective chemical composition distribution maps 

for Ni, Mo, Cr, Fe and W in the bottom, middle and top 
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Table. 4.1 EDS semi-quantitative standardless analysis of elements in different 

regions (wt%) 

Area Ni Mo Cr Fe W 

 Matrix 

Top 56.6 17.8 15.8 5.9 4.5 

Middle 57.0 17.0 16.3 5.7 4.1 

Bottom 58.5 14.0 15.9 7.2 4.5 

Table. 4.2 Comparison of EDS analysis of the precipitations’ composition in this 

research and in the previous research [246] 

 Ni Mo Cr Fe W 

Precipitation 

(Average) 
32.6 42.3 14.7 4.0 6.3 

P phase [246] 34 40 16 4 7 

 

Fig. 4.9  Phase transformation illustrated as mole fraction by Scheil-Gulliver model 

Note that in Fig. 4.8 the constitutive elements are not distributed uniformly. 

Specifically, Mo is more concentrated in the interdendritic area than in the dendritic 

cores, and a reverse situation is observed for Ni. In addition, compared with the P 

precipitate, the matrix is rich in Fe and deficient in W, from the results given in Table 

4.1 and Table 4.2. This solute segregation in the γ-matrix is considered to be attributed 

to the significant partition of Mo element between the solid and liquid phases during 

WAAM as well as the low diffusivity of heavier Mo element than other lighter alloying 

elements such as Ni [85, 89]. During the WAAM process of Hastelloy C267 alloy, 



 

 
Chapter 4. Microstructure and mechanical properties of wire arc additively manufactured Hastelloy 

C276 alloy 

103 

 

primary dendrites first develop in the initial stage of solidification, and then secondary 

and tertiary dendrites are formed. In the present case, the partition coefficient (k) for the 

Mo element in the solid and liquid γ-matrix phases is believed to be lower than 1 [80], 

where K = Cs/Cl (Cs and Cl are the Mo solute concentrations in the solid and liquid 

phases, respectively). As a consequence, the interdendritic areas are rich in Mo 

compared with the dendrite cores (Fig. 4.8b). This also explains the observation that the 

Mo-rich P phase tends to precipitate out in the interdendritic areas (Fig. 4.7), especially 

in the vicinity of secondary or tertiary dendrites. 

 

Fig. 4.10 XRD analysis result for the y-z plane of the deposited sample 

The XRD analysis of different regions from top to bottom in a perpendicular cross-

section (y-z plane) to the travelling direction is presented in Fig. 4.10. It can be 

confirmed that the matrix is a γ-Ni phase. Secondary phases in the matrix are not 

detected by XRD due to their low volume fraction. The very high peak reveals an 

intense columnar dendritic texture growth, and a variation in preferential growth 

orientation can be observed from bottom to top, which is consistent with the 

microstructural observations. The diffraction pattern at (311) in the bottom region 

demonstrates a peak shift towards higher angles, which is from ~ 89.98° in the top 
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region to ~ 90.13° in the bottom region. A possible explanation of the observed (311) 

peak shifts is the chemical changes among the bottom, middle and top regions, i.e., the 

depletion of Mo occurs together with the segregation of Ni and Fe in the matrix at the 

bottom, which is supported by the EDS results shown in Table 4.1. The atomic radii of 

Ni and Fe are smaller compared with Mo, hence this chemical difference leads to a 

decrease of the lattice constant and the resultant peak shift towards a higher angle for 

the bottom region. Furthermore, the top region sample shows a broader (200) peak with 

a full-width-at-half-maximum (FWHM) of 0.51° compared with that of the middle 

region sample (FWHM = 0.40°). This may be because of more dislocations existing in 

the top region. More discussions will be presented below in conjunction with the TEM 

results. 

The microstructure of the samples in different areas was further investigated by TEM, 

as shown in Fig. 4.11.  It is evident that the matrix of the alloy is γ-Ni, and a larger 

number of dislocations exist in the top region (Fig. 4.11a and b) than in the other two 

regions (Fig. 4.11c-f). During manufacturing, the dislocations can move at high 

temperatures and form arrays of dislocations, i.e. subgrain boundaries with an example 

shown in Fig. 4.11d. This is in agreement with the XRD results. One set of selected area 

diffraction (SAD) patterns for the two areas in the middle region further confirms that 

the boundary between the two areas is a subgrain boundary (Fig. 4.11c), whereas 

different SAD patterns between the two areas in the bottom region indicate that the 

boundary is a grain boundary (Fig. 4.11e). Moreover, it can be observed that from the 

top to the bottom region, the length and density of dislocations within grains decrease, 

but the amount of subgrain boundaries seems to increase. In addition, arrays of particles 

are found at the grain boundaries in the bottom part, which is rich in Mo, as shown in 

Fig. 4.12a, whereas the particle is not found in the middle and top regions in the 
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examined TEM specimens. The particle in Fig. 4.12b is identified as Ni2Mo4C in terms 

of its cubic structure of a = b = c = 11.2 Å [31], according to the SAD patterns in Fig. 

4.12c. The chemical composition of the particles (Fig. 4.12d) further confirms that these 

particles are carbides. From the exploration of the thermal cycle in 3D rapid prototyping 

by Zhao et al. [218], the bottom region can experience longer heat immersion after 

solidification, which acts as heat treatment from the upper layers. This is considered to 

contribute to the appearance of carbides at the bottom.  

 

Fig. 4.11 Typical TEM images for the three sections: (a-b) top region; (c-d) middle 

region; and (e-f) bottom region 

 

[001] 

[100] 
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Fig. 4.12 TEM, SAD and EDS of carbides in the bottom area of the sample: (a-b) 

TEM images showing carbides at grain boundaries; (c) SAD pattern indexed 

according to Ni2Mo4C; and (d) EDS composition of carbides 

4.3.2.4 Bulk texture 

Neutron diffraction was used to study the bulk texture in the as-fabricated Hastelloy 

C276 alloy. The recalculated (111), (200) and (220) pole figures of the matrix phase 

from the orientation distribution function (ODF) are presented in Fig. 4.13, and the unit 

of multiples of random distribution (m.r.d) was used to depict the texture strength scale 

for each pole. As can be seen, a sharp fibre-type (200) crystallographic bulk texture was 

observed, which is consistent with the TEM results. As is widely studied, the strong 

texture along the <001> direction in AM-fabricated Ni-based alloys occurs ascribed to 

the maximum solidification driving force from the highest temperature gradient which 

is almost aligned with the deposition direction [177]. 

 

Fig. 4.13 Bulk texture from neutron diffraction and strong fibre-type (200) texture can 

be found. 
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4.3.3 Mechanical properties  

4.3.3.1 Microhardness 

Figure 4.14 shows the microhardness profile of the specimens in the cross-section part 

(y-z plane) along the lines at the top, middle, and bottom in the horizontal direction (y) 

and along the centerline in the vertical direction (z). Fig. 4.14a shows the test locations, 

among which the bottom test line is 5 layers away from the substrate to avoid the 

influence of dilution. The traverse hardness measurements were performed on both as-

deposited layers and re-heated layers. Comparing the microhardness distribution (Fig. 

4.14b - c), the values from horizontal (y) and vertical (z) tests display a uniform state 

and no significant variations of the microhardness values in different regions or 

directions, fluctuating from 200 to 215 HV0.1 in readings. This is considered due to the 

reasonably homogeneous dendritic structure. The consistent hardness of WAAM 

Hastelloy C276 is a positive aspect of the mechanical properties.  

 
 

 

 

 

 

 

 

 

 

 

Fig. 4.14 Hardness comparison of the specimen taken from the y-z plane: (a) 

Illustration of hardness testing position; (b) Comparison of average hardness in 

different regions and directions; (c) comparison of horizontal (y-direction) 

hardness from top to bottom 
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4.3.3.2 Tensile strength 

The mechanical properties, including ultimate tensile strength (UTS), yield strength 

(YS), and elongation of as-fabricated samples in the travelling direction (x-y) and 

deposition direction (y-z) are shown in Fig. 4.15. As can be seen in Fig. 4.15a, the 

average values of UTS and YS for the travelling direction samples (469 ± 52 MPa and 

287 ± 50 MPa) are larger than those (399 ± 12 MPa and 186 ± 27 MPa) for the 

deposition direction samples. Both directions have excellent ductility properties, but 

also display different values. A deterioration in elongation is present in the x-y plane, 

being 43 ± 6%, but higher ductility is exhibited in the y-z plane, being 55 ± 3%. This 

anisotropy in mechanical properties can be attributed to microstructure variation. As is 

seen in Fig. 4.3, the sample has intense upward elongated dendrites. Compared to the 

vertical samples, the travelling direction samples have more dendritic boundaries or 

interdendritic areas in the loading direction and, therefore, more dislocations with the 

increase of loading can be accommodated within the crack nucleation in this area before 

a fracture occurs [220]. Moreover, the strong texture (see Fig. 4.13) will also induce 

tensile anisotropy, as reported in the previous study [149, 177, 182]. 

Figures. 4.15b - c presents the distribution of the sample tensile properties from top to 

bottom (travelling direction H1-H10) in the x-y plane and three deposition direction 

samples (V1-V3) in the y-z plane. Generally, the tensile strength and elongation are 

relatively uniform, but a slightly decreased tensile strength can be found at the top part, 

as shown in Fig. 4.15b. Conversely, ductility exhibits a roughly contrary tendency, as 

shown in Fig. 4.15c. The variability in the travelling direction test is generally 

consistent with the finding of the PDAS, where the top part possesses more larger-sized 

PDAS while a refined microstructure exists at the lower part. A fine PDAS induces 

better mechanical properties to a large extent in this research. More dendritic 
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boundaries possibly resist further dislocation movement, increasing resistance to some 

extent to plastic deformation, resulting in higher tensile strength. However, due to the 

significant difference in size and amount of P phase, there is no evidence to lead the 

connection between P phase and mechanical properties in this research.  

  

 

Fig. 4.15 Tensile properties of as-deposited samples taken from travelling (x-y plane) 

and deposition (y-z plane) directions: (a) comparison of an average value of the 

specimens from the travelling and deposition directions; (b) stress distribution of 

different specimens; (c) elongation of different specimens 

4.3.3.3 Fracture behaviour 

Figure. 4.16 presents the fracture surfaces of the as-received tensile samples. It may be 

observed from Fig. 4.16a that the tensile specimens were not fully separated when the 

tensile tests stopped. A large number of dimples scattered throughout the fracture 

surfaces demonstrate a typical ductile morphology (Fig. 4.16b-d), evidencing favorable 

ductility properties for the as-deposited WAAM Hastelloy C276. Anisotropy in 
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mechanical properties may be deduced from the fracture morphology. Comparing the 

travelling and deposition direction samples, the fracture surface for the travelling 

direction samples (Fig. 4.16b - c) is quite sharp, implying a lower ductility than the 

deposition direction ones where there are significant microvoids scattered uniformly 

throughout (Fig. 4.16d). 

 

 

Fig. 4.16 Fracture behavior of deposited metal: (a) fracture position of tested samples, 

(b-d) SEM microstructure of fracture surface of the sample; (b) the sample in x-y 

plane with lowest strength value; (c) the sample in x-y plane with highest strength 

value; (d) the sample in y-z plane 

Fig. 4.16b - c presents the fracture morphology of the samples with the lowest (Fig. 

4.16b, sample H3 at the top part), and the highest (Fig. 4.16c, sample H8 at lower part) 

strength values in the travelling direction. From the images under high magnification, 

there is no significant difference. However, at lower magnification, it was found that 

the fracture at failure occurs along the dendrite boundaries, showing an interdendritic 

fracture morphology in Fig. 4.16b, while Fig. 4.16c displays a transgranular fracture. It 

may be concluded that interdendritic fracture leads to a lower tensile strength than 
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transgranular fracture. The tensile properties are significantly affected by 

microstructure where the occurrence of large dimples on the fracture surface results in 

a low tensile strength [161, 247]. In this research, a finer microstructure existed in lower 

regions than the top part, which is in agreement with previous findings, as is shown in 

Fig. 4.6. 

4.3.3.4 Preliminary creep testing 

 

*DD-deposition direction; TD-travelling direction 

Fig. 4.17 The creep behaviour of the Hastelloy C276 alloy crept at 973 K (700 °C) 

and stress condition of 165 MPa. (a) Creep strain vs. time curve, and (b) Creep strain 

rate vs. time curve 

Figure 4.17 shows creep rupture curves and creep rate-strain curves, and travelling 

direction and deposition direction had high heterogeneous creep behaviour responses 

to the creep load. The creep rupture curve indicates that the test in the travelling 

direction sample failed after 579 h (tc) at 33% strain (εc), while two deposition direction 

samples fractured after remarkably extended creep life and strain of 1572 h and 1113 h 

at 84% and 62%, respectively. The creep rate (𝜀̇𝑐) was decreased from 2.36 × 10 -4 h-1 

in the travelling direction to 1.02 × 10 -4 h-1 and 1.04 × 10 -4 h-1 in the deposition direction, 

respectively. This is well demonstrated that the creep anisotropy existed in the GT-

WAAM fabricated Hastelloy C276 alloy. All three samples displayed the first, 

secondary and tertiary stages of creep curves, and the stable stage was highly increased 
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in the two deposition direction samples, revealing an elongated tc compared with the 

travelling direction sample.  

Creep properties can be influenced by different microstructures, such as dislocations, 

precipitations, textures or grain size and morphology, etc. As shown in the previous 

part, a strong texture was found in the as-fabricated samples. The columnar boundaries 

parallel with the loading axis were found to be highly resistant to strain accumulation 

during creep. In comparison, more grain boundaries existing in the horizontal direction 

sample will lead to a higher creep rate, ascribed to the dislocation movement and the 

tendency of dislocations to accumulate and become a fracture point.  The anisotropy of 

creep results from two directions is considered due to the strong texture induced by AM 

processes, which can be utilised based on the stress distribution of the components. Due 

to the current work being just a preliminary study for the creep test, and the extremely 

long testing times required to perform thorough creep tests. More work will be required 

to confirm the influencing factors on creep anisotropy.   

 

Fig. 4.18 Cracks and fracture surface of the samples from two directions: (a-b) 

travelling direction;(c-d) deposition direction 
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The typical fracture surface of the samples from travelling direction and deposition 

direction after creep test is displayed in Fig. 4.18. In general, a significant amount of 

cracks were observed on the surface of the samples perpendicular to the loading 

direction, and a large number of dimples on the fracture surface of two direction 

samples indicated a ductile creep fracture of GT-WAAM fabricated Hastelloy C276 

alloy. It was noted that the amount of surface cracks in the travelling direction is much 

less than that in the deposition direction, which were highly concentrated in the vicinity 

of the rupture area, while the cracks in the deposition direction sample were spread 

throughout the sample’s surface. An obvious necking phenomenon was observed in the 

deposition direction sample. Moreover, cracks on the fracture surface propagated in a 

sharp interdendritic fracture manner in the travelling direction sample, while the 

deposition direction sample exhibited a very plane surface in a transgranular fracture. 

4.4 Conclusions 

Applying the GT-WAAM process to a Hastelloy C276 component is feasible, enabling 

accurate fabrication without any visible defects. In the current research, the 

microstructure and related mechanical properties of the WAAM Hastelloy C276 

component are explored and evaluated. Anisotropy is found both in microstructure and 

mechanical properties. Based on the results obtained, the following conclusions may be 

drawn: 

(1) The microstructure of GT-WAAMed Hastelloy C276 has Ni-γ matrix, dominated 

with directional elongated columnar dendrites and scattered with intermetallic P phases 

in the interdendritic area. Ni2Mo4C carbide is found only in the bottom regions, which 

might be due to a longer period of heat accumulation than upper regions. There are a 

large number of dislocations which can form subgrain boundaries, and the amount of 
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subgrain boundaries seems to increase from top to bottom.  

(2) The variations in microstructure lead to anisotropy in mechanical properties. The 

travelling direction samples (x-y plane) exhibit higher tensile strength but lower 

ductility than the deposition direction samples (y-z plane), which is considered due to 

the elongated dendrites in the matrix. However, the opposite tendency was observed in 

high-temperature creep properties. Higher strength and ductility were obtained from 

deposition direction than from travelling direction samples. This is considered due to 

the strong fibre-type texture.  

(3) The well-distributed microhardness in different locations of the as-deposited 

specimens can be explained by the strong directional dendrites that dominate with 

microstructural evolution.  
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5 Effects of Post Heat Treatment on the Microstructure 

and Mechanical Properties of Wire Arc Additively 

Manufactured Hastelloy C276 alloy 

5.1 Introduction 

Due to the complex rapid thermal-cycling histories experienced during manufacturing, 

the WAAM-produced components may suffer from high residual stresses, 

compositional segregation, and anisotropies in the microstructure and mechanical 

properties, all of which limit the application of the as-deposited components [8, 144]. 

Approaches that have been employed to improve the quality of fabricated components 

using WAAM include; interpass cold rolling to control residual stress and distortion 

[248], and interpass cooling to refine the microstructure and improve hardness and 

strength [249]. Additionally, PHTs have been used to improve the mechanical properties 

of the manufactured Ni-based alloy components.  

A PHT for Ni-based alloys is usually implemented to relieve residual stress, 

homogenise the microstructure and composition, and/or dissolve the second-phase 

precipitates after the manufacturing process [250]. These PHT processes for Ni-based 

alloys should avoid certain sensitisation temperature ranges to mitigate susceptibility to 

intergranular corrosion attacks [251]. The recommended stress relief temperature range 

for the Ni-based alloys is from 650 °C to 870 °C, however, such heat treatment may 

lead to the formation of secondary phases or precipitation that are detrimental to 

mechanical properties [252]. The solution annealing of Ni-based alloys is normally 

performed in a temperature range of 1040 °C to 1200 °C, in order to dissolve all the 

second phases into the γ-Ni matrix [252].  
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A suitable PHT is essential for most additively manufactured Ni-based alloys to 

optimise their microstructure and properties, including creep and corrosion resistance 

at both ambient and elevated temperatures. The feasibility of the synthesis of Hastelloy 

C276 by WAAM was investigated in the last section. It was found that crack-free 

Hastelloy C276 components could be deposited by WAAM, however, the room-

temperature strength of the as-deposited alloy was lower compared to the traditionally 

manufactured counterpart. The focus of the present chapter is to investigate the effects 

of selected PHTs on the microstructure and the corresponding mechanical properties at 

room temperature of a Hastelloy C276 component fabricated by WAAM. The results 

revealed that PHT can be an effective way to improve the performance of the WAAM 

fabricated Hastelloy C276 alloy. 

5.2 Experimental  

5.2.1 Experimental setup 

A GT-WAAM system [76] was used in this work to deposit a thin wall structure on a 

plain carbon steel substrate with dimensions of 205 mm × 105 mm × 6 mm. Post flow 

shielding gas was applied for a duration of about 30 s. A Hastelloy C276 wire with a 

diameter of 1.2 mm was used, and the compositions are listed in Table 3.1. The main 

process parameters are summarised in section 3.2.1. The as-deposited component was 

a single thin-walled structure of  fifty deposition layers with dimensions of 10 mm × 

100 mm × 45 mm (width × length × height).  

5.2.2 Material characterisation 

The as-deposited component was sectioned into three groups of samples along a 

direction parallel to deposition. One group of samples was used for the as-built 

component examination, and the other two groups were for the PHT component 
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examinations. One of the applied two PHTs was performed at 871 °C for 6 h in the air, 

followed by water quenching based on Ref. [102]. Note that this PHT at 871 °C for 6 h 

has been confirmed to be an effective process for the stress relief treatment of Ni-based 

alloy weldment components produced by LB welding [102] and GTAW [253]. The 

other PHT was carried out for the solution annealing at 1177 °C for 30 min in the air, 

then water quenched following Ref. [254]. The sampling locations and dimensions of 

the mechanical testing and metallographic analyses are shown in Fig. 5.1. To avoid 

element dilution from the substrate and a stable microstructure, the test samples were 

extracted at least four layers away from the substrate and 10 mm away from the side 

regions in the as-deposited materials. 

Metallographic samples were observed on the deposition cross-section (y-z plane). 

Samples were prepared by mounting, grinding, and polishing followed by electro-

etching. Microstructures were first observed using a Nikon Optiphot reflected light OM. 

SEM equipped with an EDS detector was further utilised for observations of grain 

structure, precipitation, fracture mode, and composition. Compositions (wt.%) were 

estimated using internal Oxford EDS standards. ImageJ software was applied to 

calculate the size of the dendrites [226]. TEM analyses were carried out, operating at 

200 kV. Thin lamellae for TEM examination were machined using a FIB, and 

precipitates were identified by SAD.  

Twenty tensile test samples in the travelling direction (x-y plane) and five in the 

deposition direction (y-z plane) were extracted for testing (Fig. 5.1). Tensile tests and 

Vickers microhardness were performed at room temperature with parameters shown in 

section 3.6. XRD was performed for phase identification of the samples taken from the 

longitudinal region (y-z plane) (Fig. 5.1). A GBC diffractometer equipped with the Cu 
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Kα radiation and a graphite monochromator was used for the data collection over a 2θ 

range from 30° to 100°. 

 

Fig. 5.1 Schematic illustration of sampling location and geometry of each sample 

5.3 Results  

5.3.1 Microstructural features 

Figure 5.2 shows the microstructures of the as-built and heat-treated (871 °C and 

1177 °C) samples. For all the three conditions investigated, a columnar dendrite 

microstructure was observed. As shown in Fig. 5.2a, the as-built sample was dominated 

by large columnar grains in the microstructure which was composed of aligned 

dendrites oriented closely along the deposition direction. These aligned dendrites 

transverse several layers, demonstrating a significant directional growth feature. Some 

cellular-like grains without any secondary or tertiary dendrites are occasionally 

observed. Grain boundaries and layer boundaries (fusion interfaces) were visible, as 

indicated by yellow dotted lines in Fig. 5.2a. The heat-treated sample at 871 °C 

displayed a similar dendrite microstructure as the as-built sample, showing the well-

defined layer boundaries and columnar grain boundaries. However, some of the 

columnar grain boundaries observed in this sample appeared to have formed migrated 

grain boundaries (MGBs), consistent with [1], as highlighted in Fig. 5.2b. As shown in 

Fig. 5.2c, the 1177 °C PHT sample showed a more homogenous microstructure 

indicated by the uniform etching characteristics, compared with that of the 871 °C PHT 
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sample (Fig. 5.2b), which resulted from the solution annealing treatment. The layer 

boundaries and grain boundaries were still perceivable after the 1177 °C PHT. 

  

 

Fig. 5.2 Optical micrographs showing the cross-sectional (y-z plane) microstructure in 

the middle region of the components under three conditions: (a) as-built, (b) PHT at 

871 °C, (c) PHT at 1177 °C 

Figure 5.3 presents the dendritic microstructure and the precipitation morphology at 

higher magnifications for all three conditions. For the as-built sample, Figs. 5.3a-b, 

precipitates were located in the interdendritic areas. For the heat-treated sample at 

871 °C, Figs. 5.3c-d, the clusters of newly formed submicron-sized precipitates were 

found in the dark interdendritic areas. Moreover, the small-sized particles were 

observed in the MGBs. For the heat-treated sample at 1177 °C, Figs. 5.3e-f, there was 

a reduction in both the size and amount of the interdendritic precipitates compared to 

the other two conditions. The small-sized or submicron-sized particles in the 871 °C 

PHT sample were not observed for the 1177 °C PHT sample. 
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Fig. 5.3 Optical micrographs showing the dendritic microstructure containing 

precipitation at low and high magnifications in the three conditions investigated: (a-b) 

as-built, (c-d) PHT at 871 °C, and (e-f) PHT at 1177 °C 

Figure 5.4 shows XRD patterns of the as-built and heat-treated samples taken from the 

y-z sections. The y-z plane is parallel to the deposition direction, in which the columnar 

grains are orientated. A dominant strong (200) peak was found in all three samples, 

suggesting the preferred orientation of the columnar grains was along <100> direction. 

Compared with the as-built sample, columnar grains with different orientations along 

the deposition direction were developed after PHT, i.e. more grains of <220> 

orientation along the scattering vector direction in both heat-treated samples and fewer 

grains of <311>  and <111> orientations in the sample with PHT at 1177 °C. A possible 

cause for this observation is the potential abnormal dendritic grain growth [255] 
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occurred during PHT, which may induce changes in the preferred orientations of -

matrix grains. However, the exact microstructural origin for the presumed textural 

change from the XRD data (Fig. 5.4) cannot be determined conclusively. In addition, 

no secondary phases of types frequently observed in the Hastelloy C276 matrix (P, µ 

nor carbide phases [1, 178]) were detected by XRD in the as-built and PHT samples. 

Note that for the PHT sample at 871 °C, some weak peaks were observed in a lower 2θ 

range of 30° to 50°, however, unambiguous phase identification was not possible 

presumably due to the fact that the low volume fractions of precipitates in the as-built 

and PHT conditions were beyond the detection limits of the applied XRD technique 

[220].  

 

Fig. 5.4 XRD patterns of the samples under three conditions including as-built, PHT 

at 871 °C, and PHT at 1177 °C. 

To further investigate the chemical composition and microstructural evolution (in 

particular, the precipitation) of as-built and heat-treated samples, SEM and EDS 

analysis was carried out. The results are shown in Fig. 5.5. For the as-built sample, Fig. 

5.5a-b, the interdendritic precipitates (Point A in Fig. 5.5a) were not very distinct 

(lighter contrast compared to the matrix) and there were a few small-sized precipitates 

located at the grain boundary (Point B in Fig. 5.5b). For the sample after PHT at 871 °C, 

Fig. 5.5c-d, coarser precipitates relative to the as-built condition were clearly observed 
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at interdendritic areas (Point A in Fig. 5.5c). These were classed as coarsened primary 

precipitates. Moreover, a significant volume fraction of small-sized precipitates in the 

vicinity of the grain boundaries (Point B in Fig. 5.5d) and additional nano-sized 

precipitates (Point C in Fig. 5.5d) were observed. The average size of the nano-sized 

precipitates was 86 nm (width), as calculated using ImageJ software. After PHT at 

1177 °C (Fig. 5.5e-f), interdendritic precipitation (Point A in Fig. 5.5e) was still present, 

but at a lower frequency compared with the 871 °C PHT condition, and the nano-sized 

precipitates were no longer present as well as the MGBs. As shown in Fig. 5.5f, grain 

boundary precipitates were not observed.  
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Fig. 5.5 Backscattered electron images of the matrix (left side) and grain boundary 

locations (right side), of Hastelloy C276 under three conditions: (a-b) as-built; (c-d) 

PHT at 871 °C; (e-f) PHT at 1177 °C. Note: locations of EDS analysis in Table 3 are 

marked in yellow. 

The compositions of selected precipitates, the dendritic core, and interdendritic areas 

were analyzed by multiple EDS spot scans, and the estimated compositions, based on 

in-build EDS machine standards, are listed in Table 5.1. It was found that the 

precipitates were rich in Mo and W, and deficient in Ni and Fe compared with the matrix. 

The nano-sized particles at interdendritic locations, under the PHT at 871 °C, show 

higher Ni and lower Mo contents compared with the larger precipitates. Due to the small 

size of these particles, only qualitative results could be obtained, and the higher Ni 

concentrations might be due to increased beam interaction with the matrix. Elemental 

distributions from the line scans are shown in Fig. 5.6 (see Fig. 5.5 for line scan 

locations). These line scans showed that the interdendritic areas typically had higher 

Mo and decreased Ni compared to the dendritic core areas, especially at precipitate 

locations. The sample under PHT at 1177 °C showed the least variation in Mo and Ni 

between the interdendritic and dendritic core regions, which corresponds with the more 

uniform etching behaviour observed for the optical images (see Fig. 5.3).   
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Table. 5.1 EDS analysis estimates (wt.%) of the dendritic core, interdendritic area and 

precipitates, where interdendritic particles are ‘location A’, grain boundary particles 

are ‘location B’ and nano-sized particles are ‘location C’.  

Condition Site Ni Cr Mo W Fe 

As-built 

Precipitation (A) 32.4 14.8 41.8 6.6 4.4 

Precipitation (B) 37.1 14.5 36.4 7.5 4.5 

Dendritic core  58.3 15.9 14.2 4.5 7.2 

 Interdendritic area 52.6 16.2 21.5 4.1 5.7 

PHT-871°C 

Precipitation (A) 30.1 15.5 45 5.9 3.7 

Precipitation (B) 29.4 15.2 45.2 6.9 3.3 

Precipitation (C) 39.8 15.0 34.3 6.5 4.4 

Dendritic core  59 15.5 14.8 4.4 6.4 

Interdendritic area 55.4 16.5 19.3 4.1 5.6 

PHT- 1177 °C 

Precipitation (A) 32.6 13.7 40.3 9.8 3.7 

Dendritic core  56.5 15.8 17.2 4.5 5.9 

Interdendritic area 55.3 16.2 18.4 4.1 5.9 

 

 

Fig. 5.6 Element distributions of the line scans, as shown in Fig 5, for the three 

sample conditions; (a) as-built; (b) 871°C PHT; and (c) 1177 °C PHT. 
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The significance of solid solution heat treatment at 1177 °C is to dissolve the 

intermetallic P phase, and no new phases will be formed under this temperature [256]. 

As more significant precipitations were observed in the 871 °C heat-treated sample, 

TEM analysis was further performed to confirm the phases in this sample. In Fig. 5.7a, 

three types of particles in the γ-Ni matrix (indexed in Fig. 5.7b) were identified; 1) 

relatively large, blocky, grain boundary particles; 2) primary interdendritic angular 

particles; and 3) smaller, rod-shaped interdendritic particles. The grain boundary Mo-

rich particles are shown in Fig. 5.7c, with the corresponding SAD patterns of the particle 

in three tilt orientations. The indexed SAD patterns (Fig. 5.7 c) identified the grain 

boundary phase as the P phase in terms of its orthorhombic structure of a = 9.07 Å, b 

=16.98 Å, and c = 4.752 Å [87]. These precipitates had fine striations indicating planar 

defects, which were also manifested as light lines between spots in some SAD patterns. 

These defects are considered to be stacking faults or twins which are in the close-packed 

layer structure of the P phase [257]. Correspondingly, as shown in Figs. 5.7d-e,  another 

examined grain boundary phase and the primary large-sized interdendritic precipitates 

were also indexed as P phase. In comparison, the smaller, rod-shaped Mo-rich 

interdendritic precipitates could be indexed as μ phase of hexagonal structure with a = 

b = 4.8 Å and c = 25.6 Å [258], as shown in Fig. 5.7f.  
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Fig. 5.7 Representative TEM results of the heat-treated sample at 871 °C: (a) a 

micrograph showing three types of precipitates observed; (b) SAD patterns of γ-Ni 

matrix; and (c, d) morphologies of the grain boundary P phase, (e) the large-sized 

interdendritic P phase, and (f) the small-sized interdendritic µ phase, which were 

indexed based on the corresponding SAD data. 

Note that the SAD data of the precipitation were collected at three sample 

orientations to facilitate conclusive phase identification. 

5.3.2 Mechanical properties 

Figure 5.8 shows the microhardness results of the samples before and after PHT. The 

average microhardness result in Fig. 5.8a showed that the as-built sample exhibited the 

lowest mean hardness value of 207 ± 10 HV0.1, compared to the samples under PHT at 

871°C  (274  ± 13 HV0.1) and 1177 °C (242 ± 7 HV0.1). After PHT, the hardness 

increased by 32% and 17% for 871 °C and 1177 °C PHT conditions, respectively. Fig. 

5.8b presents the microhardness distribution on the cross-section in the y-z plane of the 

samples under three conditions. The microhardness fluctuations were observed from 

top to bottom in the deposition direction (z), among which the heat-treated sample at 

1177 °C exhibited the most homogeneous hardness profile.  
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Fig. 5.8 Hardness distribution of the component under three conditions: (a) 

Comparison of average hardness; (b) Hardness distribution of three samples from top 

to bottom 

The tensile properties in the travelling (x-y plane) and deposition (y-z plane) directions 

are shown in Fig. 5.9 for the three conditions. The average tensile properties of two 

testing directions at room temperature of the as-built and PHT specimens are shown in 

Fig. 5.9a. The increase in tensile strength after PHT aligned well with the hardness 

results. Compared with the as-built specimen, the heat-treated sample at 871 °C showed 

the highest increase in strength  (strength increased from 453 ± 55 MPa to 743 ± 54 

MPa) but the lowest total elongation (TE) (ductility decreased from 46 ± 8% to 38 ± 

7%). In comparison, the heat-treated sample at 1177 °C not only showed an increase in 

strength (600 ± 60 MPa) but also a substantial improvement in TE (59 ± 5%), compared 

with the as-built sample. Figs. 5.9b-d display the tensile test results at the travelling and 

deposition directions for the as-built, PHT at 871 °C and 1177 °C, respectively. The as-

built sample showed the greatest anisotropy, where strength was higher in the travelling 

direction than that in the deposition direction, but TE was lower. The heat-treated 

sample at 871 °C presented similar strengths in both directions, but slightly lower TE 

in the traveling direction. In comparison, the sample treated at 1177 °C showed only 

slightly higher tensile strength in the traveling direction, but almost the same YS and 

TE. Hence, the mechanical anisotropy property was decreased under this condition. 
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Overall, the component under 1177 °C PHT showed the best combination of strength 

and ductility. 

 

Fig. 5.9 (a) The average ultimate tensile strength (UTS), yield strength (YS), and total 

elongation of two testing directions (traveling and deposition) for the three conditions; 

and (b) - (d) the tensile properties measured from the traveling and deposition 

directions of the as-built, and 871 °C and 1177 °C heat-treated samples, respectively. 

Figure 5.10 displays typical fractography of the samples under the three conditions for 

both the traveling (x-y plane) and deposition (y-z plane) directions after the tensile 

testing. In Fig. 5.10a-b, the traveling and deposition fracture surfaces were compared 

for the as-built sample. In the traveling direction, the fracture was predominately 

interdendritic, showing large microvoids and sharp tear ridges (inset). Whereas in the 

deposition direction, transgranular ductile fracture occurred, with numerous small-sized, 

but quite uniform microvoids (inset). This illustrates the anisotropic tensile property of 

the as-built WAAM Hastelloy C276 alloy. After PHT at 871 °C, as shown in Figs. 5.10c-

d, a similar trend to above occurred - only the interdendritic fracture in the travelling 

direction was more prominent, and voiding in the deposition direction was larger, 
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corresponding to the lower ductility. From Figs. 5.10e-f, the samples after PHT at 

1177 °C exhibited transgranular ductile fracture, regardless of the sample direction. 

Several deep and small microvoids together with some occasional spherical 

precipitation were observed, suggesting the improved plasticity of the sample under the 

condition of PHT at 1177 °C. After PHT at this temperature, the anisotropic nature of 

the as-built component was significantly decreased.   

  

  

  

Fig. 5.10 Typical tensile fractography of the samples under three conditions in the 

traveling (x-y plane) and deposition direction (y-z plane) for (a-b) the as-built, (c-d) 

PHT at 871 °C and (e-f) PHT at 1177 °C. 
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5.4 Discussion  

5.4.1 Microstructural evolution during deposition and PHT 

As was shown in Fig. 5.2, the microstructure of all three components consists of 

epitaxial columnar dendrites which traversed several weld layers in the deposition 

direction. This phenomenon is inherent to other additively manufactured alloys and is 

attributed to the rapid thermal cycling experienced during the layer-by-layer deposition 

[148, 259, 260]. Due to the heat transfer from the subsequent layers, the previous 

dendrites can partially re-melt and realign in the preferred growth direction, i.e. the 

direction of the maximum thermal gradient. As a consequence, the preferential 

directional growth of the dendrites (i.e. the texture development) leads to the 

development of anisotropic mechanical properties [176]. It was found that the dendritic 

microstructure of the as-built alloy retained after PHT at 871 °C and 1177 °C, however, 

significant changes in the chemical elemental distribution and the precipitation were 

induced after PHT, as detailed in Section 5.3.1. 

Based on the SEM-EDS elemental distribution analysis (Figs. 5.5 and Fig. 5.6, and 

Table 5.2), the dendritic core was found to be rich in Ni and Fe but depleted in Mo. This 

was attributed to the different diffusion coefficients of these elements caused by their 

different atomic radii [1, 31]. With the progression of the solidification which starts at 

the dendrite core, the heavy Mo element with a relatively large atomic radius will 

segregate aggressively in the molten pool and produce a steep concentration gradient 

against the interdendritic area. Thus, the dendrite core is depleted of Mo and the 

interdendritic regions are rich in Mo, which promotes the precipitation of Mo-rich 

particles. This is evidenced by the metallographic examination which showed that 

intermetallics were located in the interdendritic areas (Fig. 5.3). 
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Cieslak et al. [89] reported the sequence of phase transformation of Hastelloy C276 

during solidification, which follows L → L+γ → L + γ + p → γ + p → γ + p + µ (L 

denotes the liquid phase, γ the austenitic matrix phase of the alloy). Leonard [88] heat-

treated Hastelloy C276 in the temperature range of 650 °C to 1100 °C and found that 

the P phase formed after soaking for only 5 minutes, but subsequently transformed to 

µ phase after long term exposure. The kinetics of μ phase formation was reported to be 

slow, requiring a long annealing treatment up to hundreds of hours [223] (μ phase did 

not form after 15 h at 800 °C in ref. [223]).  Given the relatively rapid cooling rate 

during solidification in the WAAM process compared with traditional casting processes, 

the transformation of P to µ phase is not expected to readily occur within the relatively 

short solidification process, and hence µ phase is less likely to be precipitated out in the 

as-built sample in the present case. There is also an absence of expected blocky 

morphology for µ particles, as indicated by microstructural observation under low and 

high magnifications in Fig. 5.3 or Fig. 5.5.  

After PHT at 871 °C for 6 h, the microstructure exhibited coarser precipitates in the 

interdendritic zones compared to the as build sample, and additional fine particles were 

formed at the MGBs. The non-equilibrium segregation of Mo in the interdendritic zone 

was believed to promote the coarsening of these second phases. Due to the segregation 

of Mo in these intermetallic phases, a decrease of Mo element in the dendritic core areas 

of the sample after PHT at 871 °C was evident from the SEM-EDS results (see Table. 

5.1). As grain boundaries are known to have a high concentration of defects, it is 

believed that Mo preferentially segregated to the MGBs, which provided a driving force 

for the formation of these smaller P phase particles [1, 261]. Additionally, a significant 

amount of nano-sized particles were formed in the interdendritic areas during the heat 

treatment, these being identified as intermetallic μ phase by TEM. These particles had 
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a similar rod-like morphology to the μ phase observed in the research of Akhter et al. 

[108].   

The precipitation of the secondary μ phase can occur during aging heat treatment or in 

service at temperatures ranging from 800 to 1140 °C [262]. It should be noted that most 

aging-related research is for traditionally manufactured Hastelloy C276 that has a 

homogeneous matrix as the starting point, as the alloys are supplied in the solution 

annealed condition. The formation of the μ phase after 6 hours at 871 °C in this research 

may be related to the segregation of Mo to the interdendritic regions during the WAAM 

process, providing sufficient concentrations of Mo for the intermetallic compound to 

precipitate at relatively less heat treatment time. The formation of the μ phase can 

deplete the γ matrix of Mo and W, which can result in the transformation of the γ' phase 

in the vicinity of the μ phase [263]. However, from the current TEM results (see Fig. 

5.7f), this did not occur for the conditions used in this research, and the matrix is still 

γ-Ni.  

For the PHT at 1177 °C sample, as was shown in Figs. 5.3 and 5.5, the P phase was 

partially dissolved at interdendritic areas and fully dissolved at grain boundaries. The 

significant amount of μ phase throughout in the interdendritic area and P phase at grain 

boundaries observed after the PHT at 871 °C were not found after the 1177 °C PHT. 

Hence, a stress-relieving PHT is not recommended for these WAAM produced samples, 

rather a solution annealing PHT is required to dissolve the P phase and release Mo 

atoms back into the solid-solution matrix. The elemental distribution analysis (Fig. 5.6 

and Table 5.1) supported this finding, where a higher amount of Mo was measured at 

the dendritic core area and the element distribution was more uniform. This 

demonstrates that a PHT at 1177 °C for only half an hour is effective to achieve a 
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relatively homogeneous microstructure of WAAM produced Hastelloy C276.  

5.4.2 Mechanical property evaluation  

Compared with the as-built sample, the PHT at 871 °C and 1177 °C resulted in an 

increase in the microhardness by approximately 57 HV0.1 and 25 HV0.1, respectively. 

Hardening or strengthening can be readily achieved through solid solution hardening, 

microstructure refinement, precipitation, and/or work hardening [72, 104, 264]. The 

precipitation of the nano-sized μ phase for the heat-treated sample at 871 °C increased 

hardness via precipitation hardening [258]. The fluctuations in the hardness traverse 

profile for the PHT at 871 °C component were consistent with the non-uniform 

distribution of the hard particles affecting the local hardness variation. For the heat-

treated sample at 1177 °C, the dissolution of Mo-rich precipitates enabled more Mo to 

redissolve into the matrix, which leads to solid solution strengthening. As Mo has a 

relatively large atomic radius it can distort the lattice of the matrix phase and obstruct 

the movement of dislocations, resulting in the observed modest increase in hardness 

and strength. The loss of Mo due to Mo-rich precipitation in the as-built specimen led 

to the reduced hardness and strength.  

In agreement with the hardness results, the tensile strength of the PHT components 

increased commensurately. The component under PHT at 871 °C showed a large 

increase in the tensile strength, but a sharp decrease in ductility. The nano-sized Mo-

rich μ particles can effectively improve the tensile strength by pinning the movement 

of dislocations. However, both the μ phase and the P phase are TCP phases that are 

brittle intermetallics. As such, these intermetallic phases can fracture during plastic 

deformation and act as nucleation sites for micro-cracks and microvoids [1]. The 

fractography results showed that cleavage fracture occurs in this component (Fig. 5.10). 
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Due to the segregation of Mo in the vicinity of grain boundaries and interdendritic areas, 

precipitation was concentrated in these regions, accounting for the observed 

interdendritic fracture and decreased ductility. In contrast, the 1177 °C PHT sample 

displayed a more uniform compositional distribution and less precipitation of TCP 

phases, which promoted transgranular ductile failure (Fig. 5.10). The resultant solid 

solution strengthening led to the improvement of both strength and ductility. As a 

consequence, the PHT at 1177 °C resulted in the most favourable mechanical properties 

(both the ductility and the strength) at room temperature among the three conditions for 

the investigated Hastelloy C276 components.   

Commercial Hastelloy C276 alloy sheet is normally provided in a solution annealed 

condition. According to the manufacturer (Haynes Company [57]), the commercial 

sheet product of Hastelloy C276 shows a UTS of 792 MPa, a YS of 356 MPa, and a TE 

of 61%. In comparison with the commercial sheet, the PHT at 871 °C sample had 

similar tensile strength, but much lower TE, while the PHT at 1177 °C sample had 

similar YS, but lower TS and TE. It is expected that a longer solution annealing time 

would dissolve more P phase and lead to further improvement of the mechanical 

properties of WAAM produced components. In conclusion, the WAAM process in 

conjunction with a solution annealing heat treatment (1177 °C) offers a viable, low-cost 

production approach for the manufacture of Hastelloy C276 materials with suitable 

mechanical properties. 

5.5 Conclusions 

The present work focused on the evaluation of post-heat treatment (PHT) effects on the 

microstructure and mechanical properties of the Hastelloy C276 alloy fabricated by 

wire arc additive manufacturing (WAAM). Two different PHTs at 871 °C and 1177 °C 
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were performed to explore suitable PHT procedures for WAAM produced Hastelloy 

C276. The following conclusions can be drawn: 

(1) The strength and hardness of Hastelloy C276 fabricated by the WAAM process 

under room temperature can be increased by the application of PHT.  

(2) After PHT at 871 °C, extensive Mo rich μ phase precipitates are formed in the 

interdendritic areas and P phase at the grain boundaries. This leads to the sample having 

the highest hardness and tensile strength among the three conditions investigated, but 

the lowest ductility. Tensile test coupons displayed brittle, interdendritic failure. Thus, 

post heat treatment at 871 °C is not recommended for Hastelloy C276 produced by the 

WAAM process.  

(3) For the component under 1177 °C PHT, the Mo rich phase in the as-built sample 

was partially dissolved, releasing Mo into the matrix, providing solid solution 

strengthening. Due to a reduction in the amount of brittle P phase, excellent ductility 

was achieved, leading to ductile, transgranular failure of tensile coupons. Compared to 

the as-built component, the anisotropy in mechanical properties was reduced. Therefore, 

a solution annealing heat treatment is recommended for the improvement of the 

mechanical properties of Hastelloy C276 fabricated by WAAM.  
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6 Tailoring the surface finish, dendritic microstructure and 

mechanical properties of wire arc additively 

manufactured Hastelloy C276 alloy by magnetic arc 

oscillation 

6.1 Introduction 

As mentioned above, due to the intrinsic characterisation of WAAM processes, like 

thick deposition layer as well as the complex thermal cycling and relatively high heat 

input experienced in the manufacturing process, WAAM-produced components possess 

some common features, including high sample surface roughness, significant 

compositional segregation, large residual stresses, heterogeneities and anisotropies in 

microstructure and associated variations in mechanical properties [265]. These 

characteristics mediate the final properties of the WAAM-produced materials and 

components, which normally limit their immediate applications in the as-manufactured 

condition. Therefore, optimisation of the manufacturing and post-manufacturing 

processes is critical for improving the overall performance of WAAM-produced 

materials. PHT operation is an effective way, however, increasing the cost of 

manufacturing processes and in-situ operation might be a preferential alternative. 

Solidification of the molten pool during WAAM is largely controlled by the thermal 

gradient, and the nucleation and growth behaviour of the grains, which in turn have a 

strong influence on the final microstructure and the performance of the as-deposited 

materials [9]. The welding arc current and its intrinsic magnetic field lead to an 

electromagnetic Lorentz force, contributing to a self-induced stirring effect and fluid 

flow in the welding pool. The application of external magnetic field during WAAM has 
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been explored in previous studies, which showed that the applied magnetic field would 

strengthen the Lorentz force and provide enhanced artificial agitation by magnetic arc 

oscillation (MAO) [266, 267]. Alternating external magnetic fields during the 

conventional solidification process (casting) have been used for decades to induce 

electromagnetic stirring (EMS) for grain refinement in the casting processes [268]. In 

addition, the successful application of MAO during WAAM and traditional arc welding 

has been reported to achieve improvements in manufacturing quality and grain 

refinement of various alloys including stainless steels, Al-, Ni- and Ti-alloys [191, 269-

272]. For example, Sundaresan and Ram showed that the incorporation of MAO during 

the GTAW process led to refinement of the fusion zone grains in α-β dual-phase Ti-

alloys, resulting from the promoted grain nucleation activities during solidification due 

to increased stirring and fluid flow in the welding pool [270]. Wang et al. [191] found 

the refined dendrites and decreased chemical segregation in the WAAM fabricated 

Inconel 625 with MAO, which contributed to their enhanced mechanical properties. 

Ram et al. [273] reported the achievement of decreased grain size and enhanced tensile 

ductility of an Al-alloy weld as a consequence of applying MAO during GTAW. These 

encouraging results demonstrate that the application of MAO during the solidification 

process is a promising approach to refining the grains of the weld and weld deposited 

materials, thereby improving their mechanical properties. 

Unlike the common equiaxed microstructure in the materials using the traditional 

manufacturing processes, additively manufactured alloys normally feature dendritic 

microstructures accompanying a preferred grain orientation. Other than the grain size, 

the dendrite morphology, including the DAS and dendrite orientations, and associated 

solute distribution are important microstructural factors affecting the densification level 

and mechanical properties of additively manufactured materials [274, 275]. It is shown 



 
 

6. Tailoring the surface finish, dendritic microstructure and mechanical properties of wire arc 

additively manufactured Hastelloy C276 alloy by magnetic arc oscillation 

139 

 

in Chapter 4 [178] that Hastelloy C276 alloy manufactured by GT-WAAM is 

characterised by an elongated dendritic microstructure of the γ-Ni matrix, which is 

responsible for the resultant anisotropy in the mechanical properties. The results also 

revealed the formation of brittle intermetallic phases in the interdendritic areas due to 

the elemental segregation during solidification, which are detrimental to the properties 

of additively manufactured Hastelloy C276 components. In addition to grain 

refinement, the application of MAO has been shown to have additional advantages of 

minimising undesirable micro-segregation and decreasing the possibility of hot 

cracking, hence improving the mechanical properties of the metallic materials [276]. 

Despite these recognised advantages, little research has been performed to explore the 

addition of MAO during WAAM of Ni-base Hastelloy C276 alloy and understand its 

effects on the microsegregation, the dendritic microstructure and mechanical property 

developments of the produced components. Towards this end, the present chapter aims 

to understand the changes in the macrostructure, microstructure and the mechanical 

properties of the produced Hastelloy C276 alloy induced by the application of MAO 

during the GT-WAAM. 

6.2 Materials and methodologies 

6.2.1 Materials manufacturing 

The deposition system is built upon an established WAAM system consisting of a 

GTAW welding system. The MAO system, which was built by the current research 

group, comprising the electromagnetic coils and the oscillation control device is 

incorporated into the WAAM system, as shown in Fig. 3. 4 [266].  

Table 3.1 lists the chemical composition of the Hastelloy C276 wire (1.2 mm diameter) 

used in this chapter. Four thin-wall structures with fifteen layers, one without MAO and 
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the other three with MAO under the oscillation frequencies of 5 Hz, 10 Hz, and 20 Hz, 

respectively, were deposited on four identical plain carbon steel substrates with the 

dimensions of 205 mm × 105 mm × 6 mm. The WAAM process parameters for four 

samples were kept constant, and presented in section 3.2.1. An interval of 

approximately 60 s between the interlayer deposition was used. No other approaches 

were applied to control the interlayer temperature. Thermal imaging camera was used 

to capture the temperature field of the formed part and measure the solidification time. 

In addition, another welding (Xiris) camera was used to observe the arc and molten pool 

behaviour during the deposition process. The camera was mounted horizontally at the 

same level of the welding arc, which is most commonly used and considered the best 

angle to visualise the arc behaviour. 

6.2.2 Material characterisation 

The surface finish of the four as-deposited samples was evaluated using a laser surface 

scanner. The scanned results were processed using MATLAB software. The standard 

deviation (SD) of the measured surface roughness was calculated and used to quantify 

the surface finish quality. The metallographic specimens were extracted from the y-z 

plane of each deposited sample, as shown in Fig. 6.1, and prepared following the 

standard procedures including mounting, polishing and electro-etching with the 

solution in chapter 3. The micrographs were taken by a Leica DM6000 OM. The 

microstructure was further observed by an SEM equipped with an EDS. XRD with a 

Cu Kα radiation source was performed to identify the phase constituents. 

Nanoindentation was performed on the same metallographic specimens with the 

parameters in section 3.6.1. Vickers hardness was measured on the same specimens as 

well, traversed down top to bottom in the vertical direction and across the width in the 

horizontal direction (see Fig. 6.1). Seven tensile testing specimens were extracted from 

https://www.sciencedirect.com/science/article/pii/S0264127520305414#f0005
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each of four samples in the traveling direction (x-y plane), 15 mm away from the side 

regions, as shown in Fig. 6.1. Tensile tests were carried out with a video extensometer 

to measure the displacement during tension loading.  

 

Fig. 6.1  Schematics of specimen extraction for metallurgical and mechanical 

tests 

6.3 Results and discussion  

Figure 6.2 shows a series of welding arc profiles captured during the deposition process 

without MAO and with MAO at different frequencies of 5, 10 and 20 Hz. As seen in 

Fig. 6.2a, a stable and static arc profile was observed during WAAM without MAO. In 

contrast, a dynamically oscillated arc was found during the depositions when MAO at 

different frequencies was applied (Figs. 6.2b-d). Under the currently applied circular 

oscillation mode, the direction of the plasma arc changed simultaneously when the 

external magnetic force deflected the welding arc. Therefore, the arc moved in a circular 

mode and produces extra stirring on the molten metal. There was only a slight change 

in the deflection angle (~10°) when the frequency increased from 5 Hz to 20 Hz. 

Subsequently, the arc length was slightly increased with the addition of MAO, for all 

frequencies. Corradi et al. [266] also found the oscillated arc profile during the WAAM 

deposition of steel and Ti-alloy materials after applying MAO. These results confirm 

that the application of MAO did cause arc movement during the WAAM process. 

Further investigation of the application of MAO during WAAM will be presented in 

the following sections to discuss its influences on molten pool behaviour, thermal 
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evolution, macrostructure and microstructure, as well as the mechanical properties of 

the produced Hastelloy C276.  

 

Fig. 6.2 Arc behaviour during the deposition processes: (a) without MAO; and with 

MAO at (b) 5 Hz; (c) 10 Hz; and (d) 20 Hz. 

6.3.1 Molten pool performance 

Figure 6.3 presents the typical molten pool behaviour captured during the deposition of 

the fifth layer (selected to exclude the matrix dilution effect in the first few layers). 

Among four deposition conditions, the narrowest welding pool was observed from the 

front view in the sample without MAO, as shown in Fig. 6.3a, being 17.7 ± 0.4 mm in 

the length measured by ImageJ software [277]. In comparison, the application of MAO 

induces a longer welding pool, and the values of the welding pool length at the 

frequency of 5 Hz, 10 Hz, and 20 Hz were 19.2 ± 0.4 mm, 21.1 ± 0.4 mm, and 21.9 ± 

0.4 mm, respectively. Furthermore, a consistent arc thermal exposure position and a 

sunken deformation exactly under the welding arc in the molten pool without MAO 

were noticed (Fig. 6.3a). However, as the arc exposure position oscillated periodically 

with the addition of MAO, a larger thermal loading area was induced, hence increasing 
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the molten pool length. The sunken deformation of the molten pool also shifted with 

the arc deflection, as can be seen from Figs. 6.3b - d. This swinging behaviour was 

reported to cause a physical stirring and increased the convective flow in the weld 

molten pool, contributing to a relatively large overall temperature gradient and a short 

solidification time [278]. The liquid phase temperature range of Hastelloy C276 is 1323 

- 1371 ℃. Based on the observations using the thermal camera, the cooling rate during 

solidification without MAO was about 160.3 ℃/s, much lower than that of 229.6 ℃/s 

recorded when applying MAO at 5 Hz. Note that the further increases in the frequency 

of MAO to 10 Hz and 20 Hz decreased the solidification rates to 177.8 ℃/s and 180.5 

℃/s, respectively. It is worthwhile to mention that with the increase of the MAO 

frequency, the solidification time also increased instead of the decrease as reported 

previously [269]. The phenomenon of the increase of frequency (10 and 20 Hz) along 

with the increased solidification time is considered to be related to a low amplitude of 

the magnetic field used in the present work. As a consequence, the MAO at the higher 

frequencies induced a more concentrated and higher density of heat input than that at 

the lower frequency (5 Hz). At higher frequencies, less time is available for reversing 

the fluid flow direction during an oscillation cycle, consequently resulting in a lower 

velocity of agitated liquid in the welding pool, hence reducing the effectiveness of the 

magnetic field. The application of MAO appeared to have no significant impact on the 

metal droplet sizes in the current GTAW mode, as shown in Figs. 6.2 and Fig. 6.3, 

which is considered due to the relatively small arc deflection angle and low magnetic 

power used.  
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Fig. 6.3  Representative dynamic welding pool morphologies recorded during 

deposition of the fifth layer: (a) without MAO; and with MAO at (b) 5 Hz; (c) 10 

Hz; (d) 20 Hz.  

6.3.2 Surface roughness and geometrical measurements 

The surface finish of the as-deposited four samples was scanned by a laser sensor. In 

order to limit detection noises, the scanned areas were chosen at 15 mm away from the 

starting and toe regions of the deposited layers where their dimensions were unstable 

because of the initiation and extinguishing of the arc. Surface roughness (Rs) scanning 

results are shown in Fig. 6.4. It is determined that the SD values of Rs decreased from 

~200 µm of the sample without MAO to ~145 to ~160 µm for the MAO samples at 

three different frequencies. This demonstrates the capability of MAO for the 

improvement in the surface finish of WAAM-fabricated materials. The surface 

roughness of as-deposited materials may be affected by a range of processing 

parameters, including the filler wire, shielding gas, travel speed (TS), wire feed speed 

(WFS), ratio of WFS to TS (WFS/TS), heat accumulation, and the solidification time 

[279-281]. As the starting wires and the deposition parameters were consistent for the 

four samples, the reduction of the molten pool solidification time caused by MAO was 
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considered to be a contributing factor to the observed decrease in Rs [266]. As 

mentioned above, the reduced solidification time by MAO promotes the control of the 

overflow in the molten pool. Moreover, less heat accumulation may benefit the lower 

surface roughness of the MAO samples. Swinging behavior of the arc and its greater 

length can lower the input heat density, so the average temperature of the molten pool 

is likely lowered, thereby lessening heat accumulation with the application of MAO 

[266, 282]. The shorter solidification time and less heat accumulation could decrease 

the surface roughness by reducing overflow of the molten pool. On the other side, the 

surface roughness is also affected by the magnetic stirring effect on the molten pool. 

The stirring efficiency is dependent on the inertia and viscosity of the molten metal 

[266]. Overall, the magnetic stirring improved the wall surface finish. Note that the 

sample deposited at 5 Hz of MAO showed the lowest Rs (~145 µm) among the four 

studied conditions, and the refinement of the surface roughness however was not linear 

with the increase of MAO frequency (Fig. 6.4). Further increasing the frequency of 

magnetic stirring to 10 Hz and 20 Hz appeared to mildly reduce the solidification rate, 

indicated decreased stirring efficiency (Section 6.3.1), and hence yielded a slightly 

increased surface roughness. Nevertheless, samples deposited with 10 Hz and 20 Hz 

still demonstrated lower Rs of ~152 and ~160 µm relative to the sample without MAO. 

Considering the scale of surface roughness, the difference between the conditions of 10 

Hz and 20 Hz is insignificant. The current results illustrate that the application of 5 Hz 

MAO produced the best surface finish, indicating 5 Hz is the most effective frequency 

in the present experimental condition to improve the surface finish. The achievement 

of improved surface accuracy of the deposited layer facilitates the stable deposition and 

reduces the post-machining, hence the application of MAO is favourable for improving 

the WAAM processing accuracy and stability and the final component quality.  
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Fig. 6.4 Surface roughness profiles of the as-deposited materials at different 

conditions: (a) without MAO; and with MAO (b) at 5 Hz; (c) at 10 Hz; and (d) at 20 

Hz. 

Cross-sectional micrographs of the deposited alloys, under all four conditions, are 

presented in Fig. 6.5. The total wall width (TWW) and total wall height (TWH) 

parameters of the deposited materials are determined (Fig. 6.5) and the results are listed 

in Table 6.1. Compared with the no MAO sample (TWH = 16.5 mm and TWW = 13 

mm), an increase in the sample height and a decrease in width were observed for the 

sample with MAO. Among the three MAO samples, the 5 Hz sample had the largest 

TWH and lowest TWW, whereas the 20 Hz sample showed the opposite trend of the 

lowest TWH and the largest TWW. As shown in Fig. 6.5 and reported in Ref. [283], 

due to the high cooling rate enabled by the heat dissipation from the substrate, the first 

several deposition layers have a higher or varying layer band spacing, but with the 

continuation of the deposition, the morphology and height of the layer band become 

stable. Moreover, except for the first several layers, the sample without MAO (see Fig. 

6.5a) showed relatively flat and shallow layer bands; while the MAO samples often had 

thicker bands. The increased layer band spacing in the MAO samples agrees with the 
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observed increased TWH. 

 

Fig. 6.5 Cross-sectional micrographs showing the geometries of the deposited 

samples at different conditions. The TWW (total wall width) and TWH (total wall 

height) are shown. The band spacing between adjacent layer boundaries is also 

marked. 

Table. 6.1 The measured parameters of total wall height (TWH) and total wall width 

(TWW) of four samples. 

Sample TWH (mm) TWW (mm) 

No MAO 16.5 13.0 

5 Hz 17.7 12.5 

10 Hz 17.3 12.6 

20 Hz 16.7 12.8 

6.3.3 Microstructure 

Qiu et al. [284] showed that the microstructure of the additively manufactured Hastelloy 

C276 comprised the precipitation P phase and the γ-Ni matrix columnar grains with 

epitaxial dendrites. XRD was used to identify the phases and the potential preferred 

grain orientations in the investigated alloys. Fig. 6.6 presents the XRD patterns for the 

metallographic samples under four conditions in their middle areas. The XRD analysis 

shows that only the γ-Ni phase of the FCC structure was identified in the investigated 

samples. The P phase was not readily detected in any sample based on the XRD data, 

likely due to its low volume fraction beyond the detection limit of the applied XRD 

technique. For the sample without MAO, a strong (311) diffraction peak was observed, 

indicating the development of the preferred orientation of the {311} grain family at the 



 
 

6. Tailoring the surface finish, dendritic microstructure and mechanical properties of wire arc 

additively manufactured Hastelloy C276 alloy by magnetic arc oscillation 

148 

 

observation sample orientation. With the application of MAO at 5 Hz, an additional 

strong peak (220) developed. At 10 Hz the strongest peak maintained to be (311), 

whereas at 20 Hz the development of strong (111) and (200) peaks was observed. These 

observations qualitatively suggest that the application of MAO affects the columnar 

growth orientation in the solidification microstructure presumably caused by the 

oscillation stirring effect in the molten pool during WAAM. It was found there is a 

relatively lower <001> direction peak in the sample without MAO, compared with the 

as-deposited samples taken from the middle area in Chapters 4 and 5. This should be 

attributed that samples in the previous two chapters were taken from a highly deposited 

part with more deposition layers, so they experienced more thermal accumulation and 

had a stronger texture than the sample in this chapter. Fewer grains in <001> orientation 

in this chapter are expected to be induced by a high cooling rate and less thermal 

accumulation than the as-deposited samples in previous chapters.  

 

Fig. 6.6 XRD patterns of the samples under four conditions including without 

MAO, with MAO at 5 Hz, 10 Hz, and 20 Hz. 

Figure 6.7 shows the typical optical micrographs of the deposited parts under four 

conditions taken from the middle area of the same cross-section samples. Observation 

areas under higher magnifications are highlighted in yellow (Fig. 6.7). Columnar grains 

in a variety of sizes are prominent in the microstructure of all four samples and such 
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grain is indicated in red in the images of Fig. 6.7a-d, yet evidence of refinement of the 

grains was not readily observable in the MAO samples investigated in the present work. 

This contrasts with previous observations where grain refinement was observed in, 

stainless steel, Al-based samples with the addition of MAO [271, 285].  

Under the higher magnification, the dendrites within the columnar grains show some 

divergence in their morphologies. First, the sample without MAO is commonly 

characterized by the upward oriented elongated dendrites from the fusion interface and 

listed uniformly ( Fig. 6.7i). In comparison, the samples with MAO witness noticeably 

more fragmented or misoriented dendrites, resulting in reduced dendrite lengths or 

interlocked dendrites (Figs. 6.7j-l). This can be explained as follows: MAO induces a 

continuous change of the molten pool shape, and swinging behaviour of the arc, as was 

observed above in Fig. 6.3, leading to the orientation changes of the maximum thermal 

gradient in the molten pool boundary with time [286]. The growth of dendrites will 

follow the maximum thermal gradient. As a result, unlike the preferential growth 

orientation over a long distance under a relatively steady thermal dissipation condition 

without oscillation, the dendrites with MAO grow in respect to the instantaneous 

direction of the maximum thermal gradient that is continuously changing over time. 

Furthermore, Hastelloy C276 alloy has a wide liquid phase temperature range, being 

about 50 ℃. In this case, with a large mushy zone promoted by the long melting and 

high heat accumulation by the WAAM process, the arc force from the magnetic field 

can result in the fragmentation of the dendrite tip at the rear end and bottom of the 

molten pool. These detached tips with lower temperatures can be taken into the new 

molten pool and subsequently become the nuclei for the formation of new dendrites 

[287]. They are attributed as the reasons that the MAO samples exhibited more short or 

misoriented dendrites.  
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Fig. 6.7 Microstructure of the deposited samples under four conditions: (a) 

without MAO; (b) with MAO at 5 Hz; (c) 10 Hz; and (d) 20 Hz. 

As a common solidification microstructure found in metallic alloys, dendrite has a 

significant influence on the in-service mechanical properties of the as-produced alloys 

[288]. Hence, we analysed in detail the DAS, morphology and compositions of the 

WAAM-produced Hastelloy C276 under four conditions. Fig. 6.8 illustrates the 

calculation of the primary DAS (Fig. 6.8a) and secondary DAS (Fig. 6.8b), i.e. the 

center-to-center distance of the dendrite core (Lp), perpendicular to the primary arm for 

the primary DAS and the secondary DAS follows the equation secondary DAS (Ls) = 

𝐿

𝑁−1
 , in which L is the center-to-center distance between the secondary arms, parallel 

to the primary arm, and N is the number of secondary arms that are chosen randomly 
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[289]. ImageJ® software [277] was used to calculate the DAS, and the results are 

summarised in Table 6.2. It can be seen that application of MAO decreases the primary 

DAS and secondary DAS, particularly for the 5 Hz arc oscillation. The DAS is reported 

to be closely related to the increase in the cooling rate [290]. Therefore, the decrease of 

DAS further demonstrates that a higher cooling rate was achieved under arc oscillation 

conditions.  

 

Fig. 6.8 Calculation of (a) primary dendrite arm spacing and (b) secondary 

dendrite arm spacing. 

Table. 6.2 The PDAS and SDAS measured under four conditions. 

Distance No MAO 5 Hz 10 Hz 20 Hz 

PDAS (μm) 32.3 ± 5.0 26.3 ± 4.4 29.1± 6.7 28.2 ± 4.2 

SDAS (μm) 11.6 ± 3.0 10.5 ±  2.3 11.5 ± 1.9 11.2 ± 1.8 

 

Fig. 6.9 High magnification OM image showing the P phase in different 

conditions: (a) No MAO; with MAO at (b) 5 Hz; (c) 10 Hz; and (d) 20 Hz. 
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Figure 6.9 shows high-magnification optical micrographs under the four conditions. 

The dark particles in the optical micrographs spread in the interdendritic area in a wide 

variety of sizes and amounts (see Fig. 6.9). SEM with EDS analysis was performed to 

further study the microstructure of the samples. The chemical compositions of particles 

were analyzed by multiple EDS spot scans, and the estimated compositions, based on 

in-build EDS machine standards, are indicated as Mo-rich P phase with the 

Ni/Cr/Mo/W/Fe contents of about 32.4/14.8/42.2/6.7/3.9% (wt.%), respectively, 

similar to those in Ref. [284]. However, there was no clear evidence showing that the 

P phase decreased in size or amount through application of MAO. To further understand 

if any compositional segregation occurred within the dendrites for the four conditions, 

the concentrations of major elements in the dendrite core and interdendritic regions 

were determined by EDS, and the line scan and multiple spot scan are shown in Fig. 

6.10 and Table 6.3. The high-melting-point heavy Mo element was found to segregate 

in the interdendritic regions of all the samples, consistent with the previous observation 

[284]. The Mo segregation level in the dendrite core (Moc) and interdendritic region 

(Moi) was estimated based on the corresponding concentration ratio of Moc/Moi, which 

is 0.70 for the sample without MAO. With MAO, Moc/Moi increased to similar values 

at different frequencies, being 0.78, 0.79, and 0.77 for 5 Hz, 10 Hz, and 20 Hz, 

respectively. This result indicates that with the addition of MAO, compositional micro-

segregation can be reduced to a certain extent, which is attributed to the higher 

solidification rates and cooling rates associated with MAO, as described in Section 

6.3.1. 
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Fig. 6.10 SEM images and element distributions of the line scans for the four 

conditions; (a) without MAO; (b) 5 Hz; (c) 10 Hz; and (d) 20 Hz. 

Table. 6.3 Concentrations of major elements (wt.%) in the interdendritic regions 

and dendrite core areas under four conditions. 

Conditions Ni Mo Cr Fe W 

No MAO 
Interdendritic region 54.0  ± 1.6 19.7 ± 1.7 16.3 ± 0.1 5.9 ±  0.2 4.2 ± 0.2 

Dendrite core 59.5 ± 0.3 13.8 ± 0.2 15.6 ± 0.1 6.5 ± 0.1 4.6 ±  0.1 

5 Hz 
Interdendritic region 55.0 ± 1.4 18.1 ± 1.6 16.2 ± 0.1 6.5 ± 0.2 4.2 ± 0.2 

Dendrite core 58.8 ± 0.8 14.1 ± 0.7 15.6 ± 0.3 7.0 ± 0.2 4.6 ± 0.2 

10 Hz 
Interdendritic region 54.9  ± 1.2 18.4  ± 1.3 16.0  ± 0.2 6.3  ± 0.3 4.5  ± 0.1 

Dendrite core 58.6  ± 0.2 14.6  ± 0.2 15.5  ± 0.2 6.4  ± 0.1 4.8  ± 0.2 

20 Hz 
Interdendritic region 55.4 ± 1.3 18.0 ± 1.6 16.2 ± 0.3 6.1 ± 0.5 4.2 ± 0.4 

Dendrite core 59.7 ± 0.8 13.8 ± 0.6 15.7 ± 0.2 6.4 ± 0.3 4.8 ± 0.2 

6.3.4 Mechanical properties 

6.3.4.1 Nanohardness and Vickers hardness 

Figure 6.11 presents the results of nanoindentation tests. Nanoindentation is widely 

treated as a rapid and non-destructive way to estimate and evaluate the mechanical 
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properties of metals without special size or shape. In this research, an indentation 

mapping was made in six areas of the dendrite core and interdendritic regions, 

respectively. The imprints avoided the P phase and were discarded in the data analysis 

if they landed in the boundary of the dendrite core and interdendritic area, as shown in 

Fig. 6.11a. The average values of nano-hardness (H) and the reduced elastic modulus 

(Er) of each condition are shown in Figs. 6.11b and 6.11c, respectively. As seen from 

Fig. 6.11b, the nano-hardness of the interdendritic regions was slightly higher than that 

of the dendrite core areas under all four conditions. This is attributed to the local Mo 

segregation to the interdendritic areas, as determined from EDS observations (Table 

6.3), which provide localised solid solution hardening. On the basis of the classical 

theory, this solid solution hardening occurs because dislocation movement is inhibited 

by distortion of the atomic lattice, due to the misfit of the atomic radius [291]. 

According to Fig. 6.11c, the reduced elastic modulus for interdendritic regions of each 

sample is similar to that acquired from the dendrite core areas. The average nano-

hardness value of the sample without MAO is 3.65 ± 0.13 GPa, and the reduced elastic 

modulus is 134.03 ± 2.31 GPa. By the application of MAO, the average nano-hardness 

was considerably increased to the highest value of 5.28 ± 0.21 GPa for the 5 Hz sample, 

and then slightly decreased for the 10 Hz (H = 3.77 ± 0.11 GPa), and the 20 Hz (H = 

4.05 ± 0.13 GPa) samples. The same tendency was noticed in the reduced elastic 

modulus, with Er = 210.48 ± 4.11 GPa at 5 Hz, 156.74 ± 2.96 GPa at 10 Hz and 172.86 

± 3.50 GPa at 20 Hz. It emerged that with the increasing frequency of oscillation, these 

parameter values did not increase correspondingly, rather the highest one was found at 

the lowest MAO frequency of 5 Hz. The increased Er value of 5 Hz is considered to be 

attributed to refined microstructures in segregation and dendrite morphology, as shown 

in Table 6.2 and Table 6.3, which resist the dislocation movement. 
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Fig. 6.11 The nanoindentation illustration: (a) Imprint illustration of 

interdendritic regions and dendrite core areas; (b) average values of the hardness 

(H); and (c) reduced elastic modulus (Er) in the interdendritic regions and dendrite 

core areas. 

In addition to the hardness and elastic modulus, other parameters measured by 

nanoindentation can be used to assess the mechanical properties of materials by the 

calculation of H and Er ratios. A key parameter, described as H3/Er
2 (as referred to as 

yield pressure), is to evaluate plastic deformation [292]. Theoretically, a higher H3/Er
2 

ratio indicates a higher resistance to plastic deformation [293, 294]. Fig. 6.12a displays 

the H3/Er
2 ratio of the samples under four conditions in the interdendritic regions and 

dendrite core. It was found that the 5 Hz sample had the highest H3/Er
2  ratio among the 

four conditions. Average H3/Er
2 ratios increased to about 0.0033 ± 0.00035 with 

application of MAO at 5 Hz in comparison to no MAO (0.0027 ± 0.00025), however, 

both MAO samples prepared at higher frequencies (10 Hz and 20 Hz) had slightly 

decreased H3/Er
2  of about 0.0022 (0.0022 ± 0.00032 for 20 Hz and 0.0022 ± 0.00029 

for 10 Hz). Hence, the 5 Hz MAO sample was predicted to have higher yield strength 

than those of the other conditions. Friction caused by the gradual material removal is 
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dependent on the plastic deformation, so the resistance to plastic deformation can also 

be used to gauge the anti-wear capability of the materials [295]. In this case, the addition 

of MAO at 5 Hz during the manufacturing process is expected to result in improvements 

in wear resistance, which can be investigated in future research.  

Another parameter, the mechanical work, Ut, imparted by the indenter during loading 

is the sum of elastic indentation energy, Ue, and plastic indentation energy, Up. The 

plasticity index, Up/Ut, is also treated as an important parameter to determine the 

mechanical properties of the alloys, which corresponds to the intrinsic plasticity of the 

materials [294]. A lower plasticity index indicates good workability and high ductility 

at room temperature [292]. Based on the previous simulation and experimental results, 

the Up/Ut (Where Up = Ut - Ue) is a unique function of H/Er as follows [292, 296]: 

𝑈𝑡 −𝑈𝑒 

𝑈𝑡
 ≈ 1 − 𝑥(

𝐻

𝐸𝑟
)                                   (1) 

Where x is a constant, about 7 for the metallic materials [297]. The Up/Ut was estimated 

from the H/Er ratio. From the depicted graphs shown in Fig. 6.12b of the tendency of 

the Up/Ut ratio, it can be seen that the plasticity index increased slightly, corresponding 

to the addition of MAO, which suggests a slightly lower room temperature ductility and 

less workability of the samples fabricated with the addition of MAO.  

 

Fig. 6.12 (a) H3/Er
2 ratio in the interdendritic regions and dendrite core areas; (b) 

the average values of Up/Ut of four conditions. 
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Note that nanoindentation reveals local mechanical properties, and does not necessarily 

reveal overall bulk mechanical properties of the materials. To further check the 

hardness of the deposited samples, Vickers hardness testing was performed on all four 

samples was performed and compared in the horizontal and vertical directions from the 

top to bottom in the y-z plane. It was found that the average hardness of the sample 

without MAO is 201 ± 10 HV0.1, and it increased after the addition of MAO, reading 

225 ± 13 HV0.1 (5 Hz), 204 ± 7 HV0.1 (10 Hz), 218 ± 12 HV0.1 (20 Hz), respectively. 

Fig. 6.13 further shows the hardness distribution along the vertical (deposition) 

direction of four samples. It is observed that the hardness does not vary significantly 

from the top to the bottom under four conditions investigated. Moreover, with the same 

tendency as for the nanoindentation results, the 5 Hz MAO sample exhibited the highest 

average microhardness. The increased hardness value with increased refinement of the 

DAS induced by the arc oscillation, as described earlier, appears to have similarities 

with the Hall-Petch relationship, where a materials’ grain size is inversely proportional 

to its hardness [298]. In the case of dendrites, there is a structure with discrete 

interdendritic regions and relatively soft dendrite cores. When this structure is refined, 

it exhibits higher hardness. The arc oscillation, despite preserving the columnar grains, 

permitted an increase in hardness, apparently, owing to the decrease of the DAS and 

complex dendrite network.  

 

Fig. 6.13 Vickers hardness distribution of four samples from the top to bottom. 
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6.3.4.2 Tensile and fracture  

Figure 6.14 shows the tensile results (averaged over seven locations from the top to 

bottom of the wall) of the deposited samples for the four conditions. The average 

ultimate tensile strength (UTS) of the samples without MAO is 661 ± 39 MPa, and the 

yield strength (YS) is 356 ± 25 MPa, and total elongation is 58 ± 7%. With the 

application of MAO, the UTS appears to have moderately increased, to 688 ± 36 MPa, 

at 5 Hz, although this result is still within the bounds of experimental error for the no 

MAO case. For 10 Hz and 20 Hz, the UTS were 648 ± 27 MPa and 673 ± 39 MPa, 

respectively. The average YS appears to increase slightly with the addition of MAO for 

all cases, where the highest was 369 ± 30 MPa at 5 Hz. The total elongation of the 

samples with MAO at 5 and 20 Hz, 58 ± 6% and 59 ± 2%, respectively, which was 

similar to that without MAO, but for 10 Hz it was lower, only 53 ± 4%.   

Although the range of mechanical properties overlaps due to the scattering of tensile 

test data, the sample of 5 Hz showed the overall highest average UTS, YS, and almost 

the same ductility as the sample without MAO, while with further increase of the 

frequency, the effect of MAO on tensile properties becomes less efficient. This outcome 

is consistent with the result estimated by the nanoindentation H3/Er
2 ratio that the 

sample with MAO will increase YS at 5 Hz, as is described in Fig. 6.14. From the Up/Ut 

ratio, the ductility might be decreased by the addition of MAO. However, there was no 

significant decrease in ductility, which is preferable in practical utilization. The higher 

strength of the 5 Hz sample is in line with its increase in hardness [299]. As reported 

by Campbell [300], the interdendritic area can be, on average, cleaner and sounder, with 

the decreased DAS, leading to enhanced mechanical properties. Furthermore, the 

decreased DAS and complex dendrite matrix morphology induced by the MAO act like 

interconnected fibres and network, so can better resist localized deformation and 
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dislocation movement, hence increasing the strength of the samples [290]. In 

comparison with the tensile strength in Chapters 4 and 5, the strength of the as-deposited 

sample in this chapter without MAO is much higher. It is because of higher heights of 

samples in the previous two chapters without interlayer temperature control during 

deposition. That means the previous two chapter samples experience more thermal 

cycling and heat accumulation, which will lead to coarse grains and more precipitations 

during thermal exposure. Hence, the previous two tensile results are lower than the 

current one. 

 

Fig. 6.14 Tensile strength and elongation of the samples under the four 

conditions. 

Figure 6.15 displays the typical fractography of the tensile samples under the four 

conditions. A large number of dimples on the fracture surface clearly illustrates the 

nature of ductile fracture.  Comparing the four conditions, the sample without MAO 

showed a more pronounced feature for interdendritic fracture, while the arc oscillation 

specimens showed an increased amount of transgranular ductile fracture. The effect of 

the MAO on decreasing the length and size of the dendrite arm spacing is believed to 

be responsible for the change in fracture appearance.  
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Fig. 6.15 Fractographs of tensile specimens under the four conditions: (a) 

without MAO; (b) 5 Hz; (c)10 Hz; (d) 20 Hz. 

6.4 Conclusion 

The present work shows that magnetic arc oscillation (MAO) can be used as an effective 

in-situ process incorporated during the manufacturing of the Hastelloy C276 samples 

by the GT-WAAM. This is confirmed by the analysis of four Hastelloy C276 wall-

structures deposited under four different conditions, i.e. without MAO, with MAO at 

three frequencies of 5 Hz, 10 Hz, and 20 Hz, respectively. The manufacturing process 

and the surface roughness, macrostructure, microstructure, and mechanical properties 

of the manufactured samples without and with MAO were explored and evaluated. The 

following conclusions can be drawn: 

(1) Application of MAO causes a dynamic moving of the arc, lowers the heat density, 

and results in a decreased solidification time. In this case, the addition of MAO during 

the WAAM process contributed to a slight refinement of the surface roughness, an 

increase in total wall height, and a decrease in total wall width, providing an incremental 

improvement in the deposition efficiency. 



 
 

6. Tailoring the surface finish, dendritic microstructure and mechanical properties of wire arc 

additively manufactured Hastelloy C276 alloy by magnetic arc oscillation 

161 

 

(2) Application of MAO leads to a lower Mo segregation in the interdendritic location, 

a fragmented dendrite structure and the misorientation of the dendrites. The DAS 

decreases with MAO, particularly at 5 Hz. However, bulk grain refinement and a 

decrease in P phase precipitation were not evident. The lower heat density resulting 

from the MAO, leads to an increase in the solidification rate which is considered to be 

responsible for the observed decrease in DAS. 

(3) Compared to the no MAO sample, MAO at 5 Hz results in increases in nano-

hardness, yield strength (YS), ultimate tensile strength (UTS), reduced elastic modulus 

and increased resistance to plastic deformation. Effects of MAO on mechanical 

properties for higher oscillation frequencies (10 Hz and 20 Hz) were less pronounced. 

The increased mechanical properties are attributed to the decrease of DAS. 

Overall, the best combination of the dendrite refinement and improvements in the 

surface accuracy and mechanical properties were achieved using the lower frequency, 

5 Hz, of MAO at the present conditions.
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7 Stabilised mechanical properties in Ni-based Hastelloy 

C276 alloy by additive manufacturing under different 

heat inputs incorporated with active interlayer 

temperature control 

7.1 Introduction 

WAAM offers high deposition rates, contributing to significantly decreased cycle time 

[9]. The possibility of WAAM-related defects, including porosity, distortion, and 

surface defects requiring surface finish machining, is readily offset by the optimised 

process efficiency, as mentioned in the last chapter. Cold metal transfer (CMT)-based 

WAAM is a controlled dip transfer variant of the GMAW-based WAAM process, 

which primarily enables lower heat input coupled with a high deposition rate and a 

negligible amount of spatter [144]. Thin-wall Hastelloy C276 structures have been 

fabricated using the GT-WAAM process [162], where relatively coarse columnar grains 

with epitaxial dendrites grew along the deposition. Mo segregation occurred at 

interdendritic areas, resulting in anisotropy in mechanical properties, and a large 

amount of intermetallic P phase throughout the matrix. Since large-scale elemental 

segregation and intermetallic precipitation usually degrade mechanical properties, 

hence curtailing the applicability of WAAM-fabricated Hastelloy C276 alloy. 

To obtain desired properties for WAAM fabricated Ni-based alloy components, it is 

important to understand the process-microstructure-property correlation. The 

microstructure is controlled by the (a) liquid-solid and (b) solid-solid phase 

transformations in the alloy system under thermal or thermo-mechanical treatment 

regimes. For example, an increase in mechanical properties under ambient temperature 

can be achieved by reducing the transformation time from liquid to solid, thereby 
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eliminating large-sized columnar grains [87]. The columnar dendritic microstructure 

was refined in AM fabricated Inconel 718 by increasing the cooling rate via laser 

diameter management and decreasing offering the heat input per unit during AM [301]. 

Complementary studies have also been performed to limit the precipitation and refine 

DAS, including primary and secondary DAS in additive manufactured Ni-based alloys 

[302]. Reducing heat input and applying magnetic arc oscillation during the WAAM of 

Ni-based alloys were effective in producing fine DAS due to enhanced heat dissipation 

[208, 303]. However,  crystallographic texture along with the MAO and heat inputs was 

not thoroughly studied. 

Crystallographic texture and density of crystalline defects during fabrication also 

influence the final mechanical properties of the alloy. Ni-based alloys fabricated by 

WAAM are characterised by relatively large grain sizes [15, 304].  Optical and electron 

microscopy-based investigations of these large grain structures are useful but tend to be 

destructive and do not usually give enough sampling statistics. Deeper knowledge of 

the microstructural development and how the WAAM process might be further 

optimised calls for additional neutron and/or synchrotron X-ray diffraction. Compared 

to micro-texture studies, neutron or synchrotron X-ray diffraction probes comparatively 

large sample volumes and return statistical data on bulk texture and detailed insights 

into phase determination, lattice distortion, and dislocation density.  

Ma et al. [305] studied the bulk texture of laser-based directed energy deposited Inconel 

625 alloys using neutron diffraction, and found that <100> grains grew along the laser-

scanning direction. However, arc-based processes with more heat input, which 

potentially induces different textures, were not studied. Wang et al. [161] studied 

different heat inputs in fabrication of Inconel 625 using interlayer temperature control, 
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while the variation of heat inputs was limited to a small range (only ~ 50 J/mm 

fluctuations). Zhang et al. [306] found an effective interlayer temperature control under 

different heat inputs in the fabrication of Ni-based alloy by CMT-based WAAM, but 

there was no systematic study into related microstructure study, such as texture 

evolution. Especially, little research devoted to CMT-based WAAM process evaluation 

for Ni-based Hastelloy C276 alloy, particularly on the tailored, bulk texture and 

microstructure evolution associated with different heat inputs and interlayer operation 

during processing.  

This work is part of our ongoing studies to facilitate the process optimisation of CMT-

based WAAM for future large-scale manufacturing and practical applications of Ni-

based Hastelloy C276 alloy. Here CMT-based WAAM was evaluated by depositing 

three thin-wall Hastelloy C276 structures using different heat inputs with active 

interlayer cooling and interlayer temperature control. The novelty and significance of 

this work are to provide insight into understanding the effects of active interlayer 

control in the stabilisation of mechanical properties in manufacturing Hastelloy C276 

alloy, and the systematic investigation into the reasons and related microstructure 

evolutions. These include dendrite and grain morphology, segregation through 

interlayers, geometrically necessary dislocation (GND) density, and especially the bulk 

texture and total dislocation density (TDD) evolution in a large study scale using 

Neutron and Synchrotron X-ray diffraction, respectively. 

7.2 Materials and methodologies  

7.2.1 Materials manufacturing 

A CMT-based WAAM, as shown in Fig. 3.3, was used in this chapter to deposit three 

thin wall structures on three substrate plates of plain carbon steel with dimensions of 
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150 mm × 300 mm × 6 mm. The feedstock was the Hastelloy C276 wire with a 1.2 mm 

diameter, and the chemical composition is listed in Table 3.1. To limit the deformation 

induced by heat accumulation, a zig-zag (forward and backward) deposition direction 

was used in material manufacturing. To enhance the cooling rate and optimise 

deposition geometry, compressed air was blown to the surface of depositions after each 

layer’s deposition and the interpass temperature was controlled to below 50 °C.  Three 

single bead thin-wall components were deposited in this work with a height of 40 mm 

and a length of 120 mm.  

7.2.2 Determination of heat input conditions 

In this study, bead-on-plate tests were conducted using various welding conditions to 

investigate the bead geometry under different heat inputs. The wire feed speed (WFS) 

varied from 4 - 6.5 m/min with a step size of 0.5 m/min and the torch travel speed (TS) 

was 2 - 10 m/min with a step size of 2 m/min. The recorded arc voltage U (V) and arc 

current I (A) were analysed after deposition to obtain the average arc power and linear 

heat input per unit length. The average arc power P (W) was calculated according to  

𝑃 =  
1

𝑛
× ∑ 𝑈𝑡𝐼𝑡

𝑛
𝑡=0 , 𝑛 =

𝑡𝑤𝑒𝑙𝑑

𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒
            (1) 

where tweld is the total deposition time, and I and U are the instantaneous welding current 

and voltage, respectively. The linear heat input E (J/mm) was calculated according to 

𝐸 =  
60

1000
×

𝑃

𝑉
                        (2) 

where V is the travel speed (m/min). Note that heat conduction, convection and radiation 

to the environment and substrate were not considered in this equation. 
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Fig. 7.1 shows the bead geometries under various linear heat input E. The results of 

these preliminary bead-on-plate tests show that insufficient heat input conditions 

occurred for E ≤ 197 J/mm (bead no. 1). Such inadequate heat input resulted in poor 

heat penetration and incomplete melting, leading to a twisted bead and consequently 

unacceptable for the successive deposition of the next layers. The bead width increased 

with increasing the heat inputs and a stable bead of ~6 mm width was reached when the 

heat input was increased to E = 276 J/mm (bead no. 9) under the present testing 

conditions (Fig. 7.1). Narrow bead will induce more bead deposition and overlapping 

of adjacent layers in the deposited component, which may result in macroscopic defects, 

such as voids between the overlaps, and reduced deposition efficiency. However, the 

too high heat inputs of E > 552 J/mm (bead no. 10) can lead to other drawbacks, 

counteracting the characteristics of CMT-induced low heat input. These include 

deposition collapse, increased overflow of welding pool, rough surface finish, and 

enlargement of columnar dendrite width, all of which result from high heat 

accumulation [185, 306]. Therefore, with combined consideration of work efficiency 

and favourable properties, three heat inputs of 276 J/mm, 368 J/mm, and 552 J/mm 

were selected in this research to evaluate the process and operation window in the 

fabrication of Ni-based Hastelloy C276 by CMT-based WAAM. Table 7.1 presents the 

applied WAAM processing parameters under different heat inputs. 

 

Fig. 7.1 Bead-on-plate tests to determine the heat input parameters. 
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Table. 7.1 WAAM process parameters of three samples. 

Sample WFS/(m/min) TS/(mm/min) Current/(A) Voltage/(V) Heat input/(J/mm) 

1 6.5 600 157 17.6 276 

2 6.5 450 157 17.6 368 

3 6.5 300 157 17.6 553 

7.2.3 Material characterisation 

All specimens for the same functional observations were taken from equivalent 

positions on each of the three walls. As shown in Fig. 7.2, the macrostructure and layer 

morphology were observed from the cross-section of the deposition direction (y - z 

plane). For all microstructure characterisation work, metallographic specimens were 

extracted from the middle of the travelling direction (x - z plane) of each deposited 

sample, with a dimension of  10 mm × 10 mm × 2 mm. They were then prepared using 

standard metallographic sample preparation procedures including mounting, polishing 

and final electro-etching at room temperature. Optical micrographs were obtained using 

a Leica DM6000 OM, and the layer height and DAS were calculated using ImageJ 

software [277]. The microstructure was further studied by SEM operating at 20 kV with 

an EDS detector. For preliminary observation of grain size, micro-texture and 

misorientation distribution analysis, samples were studied by EBSD and Aztec software 

suite. Post-processing of EBSD data was undertaken using the OI HKL-Channel 5 

software suite. 

 

Fig. 7.2 Schematic illustration of sampling location and the sample geometries 

https://www.sciencedirect.com/science/article/pii/S0264127520305414#f0005
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The EBSD samples were also measured by synchrotron X-ray diffraction with the setup 

parameters in section 3.5.2 and data was analysed using Topas software (V4.2) [227]. 

To evaluate if any peak broadening occurs under different heat inputs, the measured 

diffraction peak profiles were fit using split Pseudo-Voigt functions with the 

instrumental broadening effect on the peak profiles corrected using the data measured 

from the NIST-certified Standard Reference Material 660b of LaB6 powder. The bulk 

texture was measured using neutron diffraction on the high-intensity WOMBAT 

diffractometer. The setup parameters and data analysis are presented in section 3.5.5.  

Five tensile testing specimens were extracted from the middle of each sample in the 

travelling direction (x - y plane), 15 mm away from the side regions,  and three from 

the deposition direction  (y - z plane). Tensile tests were carried out, with an installed 

video extensometer used to measure the displacement during tension loading. 

7.3 Results and discussion  

7.3.1 Microstructure 

7.3.1.1 Dendrite evolution 

Figure 7.3 shows the macrostructure in the y - z plane and microstructure in the x - z 

plane of cross-sections of etched samples under three conditions. From the 

macrostructure shown in Fig. 7.3a - c, considering the dilution from the substrate and 

instability of the first few deposition layers, the height of each layer was measured from 

the fifth layer, with average values of 1.7 ± 0.5 mm, 2.2 ± 0.8 mm, and 2.5 ± 1.1 mm 

for the heat input of 276 J/mm, 368 J/mm, 553 J/mm, respectively. Additionally, as 

shown in Fig. 7.3c, the highest fluctuation in the layer width was observed in the 553 

J/mm sample. Therefore, the best surface quality is expected to be achieved in the 
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lowest heat input sample, due to lower layer height, layer width fluctuation and less 

overflow. 

 

 

 Fig. 7.3 (a - c) Macrostructure (from y - z plane) and (a1- c1) microstructure (from x 

- z plane ) of three heat input conditions:  (a) 276 J/mm;  (top panel); (b) 368 J/mm 

(middle panel);  and (c) 553 J/mm (bottom panel); (a1- c1) Microstructure of three 

samples with a comparison of DAS: (a1) 276 J/mm; (b1) 368 J/mm; (c1) 553 J/mm. 

The DASs are indicated in the micrographs. 

Figures 7.3a1-c1 show the microstructures observed from travelling direction (x - z 

plane). As can be seen, the matrix presents columnar grains with epitaxial dendritic 

microstructure growing along the deposition direction over successive layers, meaning 

the newly dendrite orientation maintained the same as previously solidified structures 

from the molten pool underneath. Although a backward and forward (zig-zag) 

deposition path was adopted in the current work, there is only a slightly alternative 

angle to their growing orientation with respect to that in the previous layer, which has 

been found previously to be much higher (~ 45°) in laser-based AM fabricated alloys 
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[307, 308]. Solidification of columnar dendrites during AM occurs through nucleation 

and/or grain growth, while the driving force for growth is much smaller than the 

nucleation, hence dendrites grow epitaxially in the matrix following the heat flow. 

However, compared to the laser-based AM process, the solidification rate by CMT is 

much lower [9, 134]. Hence, the dendrites grow epitaxially, but only a slight variation 

of growing orientation was found due to the zig-zag deposition path with forward and 

backward heat flow directions, and the angle is more obvious in the sample prepared 

with the faster travelling speed (lower heat input).  

Examination of Fig. 7.3a1- c1 reveals that all dendrites under three heat inputs exhibit 

a refined morphology at the very beginning of a single layer, adjacent to the previous 

layer surface, and subsequently the dendrites were coarsened with growth. P phase, 

which was confirmed by authors’ previous studies [162], was found to be spread 

throughout coarsening interdendritic areas especially, and less in refined interdendritic 

areas. During cooling after deposition, solute Mo and W elements were rejected by each 

dendrite to liquid and formed the interdendritic areas, where microsegregation of 

alloying elements occurs. The coarsening interdendritic areas are rich in solute element 

segregations, including Mo as strong P phase-stabilising elements, which was 

confirmed by EDS in the following section. Mo is reported to be favour the precipitation 

and growth of intermetallic P phases [170].  

The average DAS (λ) at the start and end of a single layer along deposition direction 

under three conditions were presented and compared in Fig. 7.3. It can be found that 

with increasing heat input, the DAS (λ) also coarsens. The primary DAS  (λ1) within 

the coarsened dendrite areas (λ1c)  for the 276 J/mm heat input sample was ~ 73.5 % 

lower than for the 553 J/mm sample, and ~ 61.4 % lower at the refined dendrite area 
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(λ1f). The secondary DAS (λ2) at regions containing coarsened dendrites under the three 

conditions exhibited the same tendency, being ~ 31.7% lower for 276 J/mm heat input 

than for 553 J/mm heat input. Additionally, the obtained DAS (λ) of Hastelloy C276 by 

CMT in the current work was dramatically lower than that of this alloy produced by the 

GTAM-based WAAM processes [178, 208]. Ascribed to the same material studied here, 

factors including: Gibbs-Thomson coefficient, diffusion coefficient or non-equilibrium 

solidification range, should have negligible effects on the variety of DAS  (λ), but 

predominantly affected by temperature gradient [309]. As the interpass temperature is 

being controlled to be relatively low, it is important to understand theheat flow effect 

on the dendrite growth within one single layer. At one moment the heat exchange in the 

molten pool at some height can be described by heat accumulation, heat input and heat 

loss, as Δhcum = Δhinput − Δhloss, where heat loss is dependent on heat conduction, 

convection and radiation, as Δhloss = Δhcond +Δhconv +Δhrad. The predominant direction 

of heat flow is given by [309]:  

𝛻T = 
𝜕𝑇

𝜕𝑥
𝑖 +  

𝜕𝑇

𝜕𝑦
𝑗 + 

𝜕𝑇

𝜕𝑧
𝑘              (3) 

where T is the temperature and i, j and k are unit vectors in the scanning (x), width (y) 

and vertical (z) directions, respectively. The temperature gradient, G, is: 

The temperature gradient, G, is described as: 

G = ǁ𝛻Tǁ = √（
𝜕𝑇

𝜕𝑥
）

2

+ (
𝜕𝑇

𝜕𝑦
)2 + ( 

𝜕𝑇

𝜕𝑧
)2             (4)          

which  ǁ𝛻Tǁ is the magnitude of ∇T. It is assumed that no temperature gradient exists 

along the y-direction at any point on the longitudinal mid-section symmetry plane at y 

= 0. 
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As aforementioned, the sample with higher heat input possesses a higher layer height. 

Owing to the interpass temperature control to below 50 °C, the new deposition on the 

colder surface of the previous layer than the welding pool is associated with favourable 

heat diffusion conditions via effective thermal conduction and radiation to the relatively 

cold surface, while with lower conduction rate with the increase of height [218]. With 

the increase of a welding pool height, the heat diffusion condition becomes worse, and 

heat loss (Δhloss) decreases gradually, leading to the decrease of 
𝜕𝑇

𝜕𝑥
 and 

𝜕𝑇

𝜕𝑧
. Hence, a 

better heat diffusion condition leads to a high temperature gradient (G). This will leave 

less time for solute element redistribution, hence the dendrites are refined at the 

beginning but coarsened with growth, and wherefore lower heat input contributes to 

lower DAS as well. On the other hand, the sample with higher heat input experiences 

more heat accumulation (Δhcum). Therefore, the higher heat input also results in a higher 

dwelling time for the following layer deposition, which can stimulate crystalline 

evolutions. For Ni-based alloys, the dendrite growing orientation and spacing are of 

particular importance for mechanical performance, and their influence might persist in 

the following applications [310].  

7.3.1.2 Columnar microstructure  

To evaluate the heat input effects on the grain size, morphology and orientation of CMT 

fabricated Hastelloy C276 alloy, EBSD mapping was performed on samples taken from 

travelling direction (x - z plane), and the results are shown in Fig. 7.4. The obtained 

inverse pole figure (IPF) orientation maps show the grain crystallographic orientations 

along deposition direction.  
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Fig. 7.4 EBSD orientation maps of the CMT-processed Hastelloy C276 samples 

fabricated under (a) 276 J/mm, (b) 368 J/mm, and (c) 553 J/mm heat inputs. (d), (e), 

and (f) show the corresponding grain boundary maps of the above-mentioned three 

heat input conditions, with the LAGBs (misorientation 2°-10°) and HAGBs 

(misorientation >10°) coloured in red and blue, respectively. (g) Temperature 

evolution during cooling of three samples 

As can be seen from Figs. 7.4a - c, the as-fabricated samples exhibited coarse columnar 

grain morphology observed along the deposition direction, with various sizes 

throughout the matrix. The higher heat input appeared to lead to more grain nucleation, 

hence inducing some small grains of varying orientation. It should be mentioned that 

the grain-scale EBSD mapping on the relatively large grain size of Ni-based alloy by 

WAAM has significant limitations on the grain sampling statistics. Additionally, it was 

found that all the investigated samples exhibited a strong (200) fiber texture along the 

deposition direction. For FCC metals, <0 0 1> is the preferential grain growth direction, 

and the growth velocity along this direction is faster than in other directions due to the 
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maximum solidification driving force from the direction of the highest temperature 

gradient [311]. In the solidification process, the growth of grains of the <0 0 1> 

orientation closely aligned with the temperature gradient direction will prevail over 

other grain orientations [310]. The bulk texture results from neutron diffraction will be 

also discussed in Section 7.3.1.4. 

The grain boundary maps with three different heat inputs are further shown in Fig. 4d - 

f. The low- and high-angle grain boundaries (LAGBs: misorientation in the range of 2°-

10°, HAGBs: >10°) were present in red and blue, respectively. As can be seen, more 

HAGBs developed with increasing heat input. Due to the thermal cycling experienced 

in the CMT-based WAAM process, reheating and partially/completely remelting 

occurred, leading to the recrystallisation and development of HAGBs [312]. The deeper 

level of remelting and longer thermal exposure from the increased heat input will 

promote the recrystallisation, resulting in a high fraction of HAGBs, while the lower 

heat input from raised travelling speed postpones the immigration and integration of 

sub-grains and reduces HAGBs. In order to look into the temperature evolution during 

deposition, a thermal camera was used to observe the cooling rate under different heat 

inputs, and a typical temperature profile taken during the cooling stage of the tenth layer 

was present in Fig. 4g. It is found the higher solidification rates and cooling rates were 

associated with the lower heat input, which is ascribed to the better heat diffusion 

conditions [218]. The relatively large cooling rate in lower heat input samples by CMT 

may produce a steep temperature gradient as aforementioned. This inhibits the 

recrystallisation, hence retaining more LAGBs than the high heater input samples. 

Therefore, the sample with lower heat input and a higher solidification rate possessed 

more LAGBs, which leads to higher geometrically necessary dislocation (GND) density 

[313].  
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7.3.1.3 Synchrotron X-ray analysis 

To further evaluate the microstructure in terms of phase constitution and dislocations 

in studied samples, high-resolution synchrotron X-ray diffraction was performed at 

room temperature. Fig. 7.5 shows the measured diffraction patterns in a 2θ range of 5° 

to 85°. Under three heat input conditions, in addition to the dominant matrix γ-Ni phase, 

a minor intermetallic P phase was indexed based on its characteristic weak diffraction 

peaks present at low 2θ angles of approximately 16° and 19.5°. Moreover, significant 

variations in the intensities of the same reflections of the γ-Ni phase in three samples 

were observed, which is likely due to the crystallographic texture typically developed 

in the AM samples. It was noticed that strong (h00) reflections including (200) and 

(400) appeared in the measured sample orientations for three conditions. Further 

analysis of the γ-Ni matrix crystallographic texture with neutron diffraction will be 

presented in the following sections.   

 

Fig. 7.5 Synchrotron results of three samples with the heat inputs of 276 J/mm, 368 

J/mm and 553 J/mm. 
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Fig. 7.6 SEM-EDS analysis of Mo element distributions in typical heat input 

conditions of (a) and (b) 276 J/mm, and (c) and (d) 553 J/mm. Reduced Mo 

segregation was observed in the 276 J/mm sample.  

The lattice parameter (a) of the matrix γ-Ni phase was obtained from full-pattern 

Pawley refinement. The result shows that the γ-Ni lattice parameter tends to slightly 

decrease with increasing the heat input, with a = 3.60246 Å at 276 J/mm, a = 3.59915 

Å at 368 J /mm and a = 3.59664 Å at 553 J/mm. This lattice parameter variation may 

be related to the Mo segregation in the alloys under different conditions [178]. To find 

out Mo distribution in the microstructure, SEM-EDS analysis at similar layer areas was 

conducted for 276 J/mm and 553 J/mm in which obvious differences in Mo segregation 

were found, as shown in Fig. 7.6. It was found that Mo was segregated in the 

interdendritic areas under two conditions, due to its low partition coefficient [80, 178]. 

Lower Mo segregation (see Mo compositional line scan profiles in Fig. 7.6a and 7.6c) 

was observed in the 276 J/mm heat input sample, which may correlate with the increase 

of lattice parameter in this sample. Higher heat input reduced cooling rate and 

postponed the solidification to a certain degree, promoting more Mo segregation and 

possibly leading to more precipitates [306]. As Mo has a larger atomic radius than base 
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element Ni, the less Mo segregation as in the lower heat input leads to the resultant 

slight increase of lattice parameters of the matrix phase. 

Additionally, a high-resolution synchrotron X-ray peak broadening analysis was used 

to evaluate the crystalline sizes and lattice strain by the modified Williamson-Hall (W-

H) analysis, as shown in Fig. 7.7. The synchrotron X-ray diffraction data showed that 

no significant difference in peak widths of the same reflections was observable among 

three heat input conditions. The modified W-H analysis enables the separation of the 

size-strain diffraction broadening contributions following the formula [314, 315]:  

∆K ≅
0.9

D
+ (

πM2b2

2
) ρ

1

2KC̅
1

2 + O(K2C̅)               (5) 

where D is the crystalline size, M is a constant, ρ and b are the average density and the 

magnitude of the Burgers vectors of dislocations, respectively. ΔK=2cosθ[Δ(2θ)]/λ, 

where Δ(2θ) is the FWHM of a diffraction peak, C̅ is the average dislocation contrast 

factor that can be determined following [316], and O(K2C̅) denotes the high order in 

K2C̅. In the modified W-H plots (Fig. 7.7), the slopes of linear fits are quite close for 

three samples. This evidence qualitatively suggests that no significant change in the 

average total density of dislocations (a source of the diffraction peak broadening) of 

three conditions was identifiable from the obtained synchrotron X-ray data. This finding 

appears to suggest that the heat input controlled by travelling speed is not a determining 

factor for the thermally induced plasticity and the micro-strain development associated 

with the dislocation accumulation in the studied conditions, although it does alter the 

thermal history, ascribed to active cooling and interlayer temperature control. Such 

behaviour is believed to be beneficial for the present CMT-based manufacturing of 

Hastelloy C276 over a broad processing window, under which no additional dislocation 
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hardening occurs during AM and hence lowers the thermal cracking susceptibility in 

the processing.     

 

Fig. 7.7 The modified Williamson-Hall plots of three samples manufactured under 

various heat inputs. 

7.3.1.4 Bulk texture  

 

Fig. 7.8 Neutron diffraction bulk texture results of γ-Ni phase represented by (220), 

(200) and (111) pole figures for three samples:  manufactured at (a) 276 J/mm, (b) 

368 J/mm, and (c) 553 J/mm.  TD and DD denote the travelling direction and 

deposition direction, respectively.        
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Crystallographic anisotropy is another important factor that influences the properties of 

deposited materials. This motivated the bulk texture analysis by neutron diffraction on 

the as-fabricated Hastelloy C276 under different heat inputs. The recalculated (220), 

(200) and (111) pole figures of the matrix phase from the ODF are depicted in Fig. 7.8. 

Note that individual texture strength scales in the unit of multiples of random 

distribution (m.r.d)  were used for each pole.   

As can be seen, a sharp fibre-type (200) crystallographic bulk texture with pole densities 

concentrated along the deposition direction was found in three samples, which is typical 

in AM fabricated Ni-based alloys [15, 149]. There are also (200) pole densities 

distributed perpendicular to the deposition direction. This result is consistent with the 

local observation by EBSD which shows various grain orientations as typically seen in 

higher heat input conditions (Fig. 7.4c). Moreover, the (200) texture strength of 276 

J/mm heat input sample was measured to be 11 m.r.d., which increased to 18 and 17 

m.r.d. for higher heat inputs of 368 J/mm and 553 J/mm, respectively. Hence, the higher 

heat input tends to induce a relatively stronger (220) texture. Additionally, it is noted 

that the (200) poles along the deposition direction were split in the 276 J/mm heat input 

sample, and in combination with (220) and (111) pole figures, such splitting was 

considered to be the reason for the decreased (200) texture strength in the 276 J/mm 

sample. At the higher heat input samples, the (200) pole distribution presents an ellipse 

shape without split. The ellipse shape or split is possibly due to the deviation of the 

(200) grain growth directions from the preferred deposition direction caused by the zig-

zag deposition path, and the split occurs under a lower heat input with a higher 

solidification rate and faster travelling speed. Primary dendrites of the later-deposited 

layer are slightly misaligned with that in the previous layer, which leads to the 

misorientation of columnar grains, while the solidification texture still follows heat flow 
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and the highest gradient, hence developing the split (200) pole distribution following 

the zig-zag heat flow direction [307]. Therefore, it can be inferred that the solidification 

texture of AM fabricated Ni-based alloy is likely manipulatable through proper heat 

transfer and deposition path adjusting strategies.  

7.3.2 Mechanical properties 

Figure 7.9 displays the tensile strength of the samples taken from the deposition 

direction and travelling direction to illustrate the variations of strength under different 

heat inputs and mechanical anisotropy. Generally, under current processing conditions, 

all three heat input process parameters showed similar strength. A slightly lower tensile 

strength was found in the deposition direction than that from travelling direction of 

every fabrication condition. This is possibly correlated with the columnar 

microstructure with strong texture produced in the Ni-based alloys by WAAM. 

Solidification texture depends on the local heat flow directions and competitive grain 

growth in one of the six <1 0 0> preferred growth directions in FCC alloys. Such texture 

will result in a relatively lower strength along the solidification direction, as the (111) 

plane aligns close to maximum shear stress orientation [153]. This makes it easier to 

activate the dislocation slip system, hence lowering the strength in the deposition 

direction.  

  

Fig. 7.9 Mechanical properties of three samples from different directions: (a) 

travelling direction (x-y plane), (b) deposition direction (y-z plane) 
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As can be seen from Fig. 7.9a, there is no significant difference in average ultimate 

tensile strength (UTS) of three heat input samples along the travelling direction of the 

deposition, which fluctuated only slightly from 747 ± 15 MPa to 759 ± 9 MPa. Similar 

trends with the heat inputs were observed for 0.2% yield strength (YS) varying from 

462 ± 5 MPa to 474 ± 12 MPa, and for total elongation (TE) from 54 ± 2% ~ 56 ± 0.4%. 

This is considered due to the well-controlled interlayer temperature, which decreased 

the heat accumulation and minimised the repetitive thermal exposure [306]. Under 

effective interlayer temperature control, the coarse grains of similar sizes are 

maintained at various heat inputs (Fig. 7.4), thus no variation in the grain boundary 

strengthening under these conditions. In addition, although the samples of the lowest 

heat input were demonstrated to have more LAGBs and higher GND density, the 

contribution of dislocation strengthening in the alloys under three heat inputs is 

considered to be similar. This is consistent with the similar average total density of 

dislocations, including GND and statistically stored dislocation (SSD) developed in the 

as-fabricated microstructure under various heat inputs.  

In comparison, a larger fluctuation in UTS was found from 691 ± 3.1 MPa to 727 ± 6 

MPa along deposition direction, with the highest average UTS achieved in 276 J/mm 

sample, especially the YS increased to 488 ± 4 MPa. The lowest heat input sample 

possessed a decreased mechanical anisotropy, which is favourable for the application 

of AM Ni-based alloys. In the deposition direction, effects of crystallographic evolution 

of samples under three fabrication conditions are more visible in the related mechanical 

properties. It was found that texture and Mo elemental segregation of 276 J/mm samples 

were both slightly lower than the other two heat input samples, as seen in Fig. 7.8. This 

promotes reduced mechanical anisotropy [149]. Moreover, the dendrites in the 

columnar microstructure of 276 J/mm sample are refined, which is considered to 
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enhance the strengthening contribution, having similarities with the Hall-Petch 

relationship. [298]. Although the current work suggests no significant thermally 

induced plasticity in CMT-based WAAM fabricated Hastelloy C276 with active 

temperature controls, further work is still required to understand the effect of initial as-

fabricated microstructure on the strengthening behaviour of the manufactured alloys. 

7.4 Conclusion 

The present work evaluated the CMT-based WAAM process in the fabrication of Ni-

based Hastelloy C76 alloy under different heat inputs with active cooling and interlayer 

temperature control. The manufacturing process, microstructure, and mechanical 

properties of the manufactured samples under three heat input conditions were explored 

and evaluated. The main conclusions are summarised in the following: 

(1) Incorporating active interlayer temperature control in the CMT-based WAAM 

process is effective to stabilise the mechanical properties of Hastelloy C276 over broad 

heat input conditions from 276 J/mm to 553 J/mm. Analogous mechanical properties of 

the manufactured alloys were achieved under the investigated processing conditions.  

(2) Sharp fibre-type (200) crystallographic bulk texture was found in the fabricated 

samples. However, the texture was slightly weakened at the lowest heat input, which is 

related to the deviation of the (200) grain growth orientation induced by the zig-zag 

deposition path under the highest solidification rate.  

(3) More GNDs were observed in the lowest heat input condition, however, the average 

total dislocation density in the as-fabricated microstructure appeared to be similar under 

various heat inputs. This suggests that no significant thermally induced plasticity 

accumulated in the prepared alloys.  
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(4) Decreased mechanical anisotropy and favourable microstructure in terms of refined 

dendrites and reduced chemical segregation were obtained in the lowest heat input of 

276 J/mm. 
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8  Microstructural characterisation and hardness 

assessment of wire arc cladded Hastelloy C276 on creep 

resistant steel P91 

8.1 Introduction 

Dissimilar metals have been widely applied in industrial sectors, such as defence, 

energy, transportation and aerospace [317, 318]. At present, one of the main 

impediments to dissimilar metal design is the atomic dilution of metals in interfacial 

regions, leading to the potential formation of detrimental brittle intermetallic 

compounds (IMCs) [319]. Extensive studies have been undertaken to develop 

manufacturing processes or approaches that are capable of producing advanced 

bimetallic materials with desired functionalities. Additive manufacturing (AM) 

techniques, where materials are introduced to parts sequentially, provide exciting 

opportunities for producing high-quality dissimilar metal components with discrete 

properties in an integrated manner. This can be achieved by tailoring local chemical 

composition distribution in components to eliminate detrimental IMCs formation via 

manipulating local feedstocks during AM. 

Hastelloy C276 alloy is a solid solution strengthened Ni-based superalloy and it has 

superior high-temperature stability, high-temperature oxidation resistance and 

corrosion resistance [320, 321]. These properties enable this alloy for a wide range of 

applications in nuclear and chemical industries under high temperature or harsh 

environmental conditions, such as SWCR and flue gas desulfurization systems [18]. 

This alloy consists of high content of Mo and Cr alloying elements that are usually 

coherent with topologically closed packed (TCP) intermetallic precipitates of P phases 

under as-fabricated conditions [322]. In general, Hastelloy C276 is observed to be 
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readily weldable, however, due to the rapid precipitation of hard and brittle 

intermetallics during the welding process, the weldment is possible to have cracking or 

deteriorated properties. Hence, there requires a critical control for the welding of 

Hastelloy C276 components to impede P phase precipitation.    

P91 steel is a type of 9Cr-1Mo steel with deliberate addition of V and Nb elements, and 

it has outstanding heat resistance and creep strength while suffering from relatively low 

corrosion resistance. This alloy is primarily used for the superheater and reheater in 

power plant boiler construction, and heating furnace piping in the petrochemical 

industry, with a steam temperature of around 650 °C and pressure of 30 MPa [323]. P91 

steel has a typical tempered martensitic structure, which may be further decomposed 

during long-term service at elevated temperatures. Meanwhile, it often faces the 

challenge of property degradation [324]. To maintain required mechanical properties at 

high temperatures, several attempts have been directed towards modifying P91 steel 

through the addition of N or carbonitride elements, which promote the precipitation of 

carbonitride particles or fine carbides in material [325]. However, the use of P91 steel 

is limited at a temperature above 650 °C due to its limitation in oxidation resistance.   

Although Hastelloy C276 alloy and P91 steel are both suitable for a high-temperature 

application, Hastelloy alloy exhibits much better corrosion and oxidation resistance but 

suffers from higher production costs compared to P91 steel. Cladding Hastelloy C276 

on P91 steels has great potential to produce a component with both excellent high-

temperature mechanical properties and oxidation/corrosion resistance in a cost-

effective manner, which presents attractive nuclear application significance under 

elevated temperatures. The operational strategy involves a new hierarchically-

heterogenous Ni-based alloy-steel structure that offers specific properties to severe 
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environments. Since both Hastelloy C276 alloy and P91 steel exhibit good weldability, 

these two materials are potential candidate materials that can be further joined using 

WAAM method to create a structural part. Here the WAAM technique offers flexibility 

for producing cladding materials at specific locations of a component and modifying 

the interfacial microstructure to achieve good bonding. Sridar et.al [326] reported P91 

steel - Inconel 740H bimetallic structure fabricated using WAAM, while they found the 

crack is susceptible to being generated in gradient regions. The cracking susceptibility 

represents a major challenge for achieving reliable applications of these promoted P91 

steel and nickel-based alloy parts during fabrication.  

To explore the fabrication of more reliable structural materials, this study focuses on 

the development of a new dissimilar metal structure where Hastelloy C276 is cladded 

on P91 steel for nuclear application. Here a sound metallurgical bonding between two 

structural materials was achieved, and the material characterization was explored under 

both as-cladded and heat-treated conditions. The challenges potentially occurring in 

dissimilar structures, especially cracking and unhomogenized microstructures, have 

been addressed. This work provides insights into the development of dissimilar metal 

cladding with in-site specific properties. 

8.2 Materials and methods 

The P91 steel was in normalized and tempered condition, and it was cut to a substrate 

plate with a dimension of 100 mm ×50 mm ×6mm. The Hastelloy C276 welding wire, 

with a diameter of 1.2 mm, was used as the feedstocks and it was cladded on steel 

substrate using a GT- WAAM system. The chemical compositions of studied materials 

are listed in Table 8.1. The process parameters used for cladding were kept constant, 

with the same parameters in section 3.2.1. The interval time between each cladding 
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layer was maintained at approximately 30 seconds. After the cladded part was 

produced, specimens were extracted from the cladded plate mid-section for tempering 

treatment, which was carried out at 760 ℃ for 2 h in a vacuum furnace, followed by air 

cooling. 

Table. 8.1 Chemical compositions of materials (wt.%). 

Composition Ni Mo Cr Fe W C Mn Co V P Si 

Wire (Hastelloy) Bal. 16.5 16.0 5.8 4.0 0.01 0.19 0.20 0.06 0.015 0.08 

Substrate (P91) 0.17 0.9 8.65 Bal. - 0.1 0.9 - 0.21 0.009 0.28 

 

The metallographic specimens were hot mounted, ground and polished according to the 

standard procedures. After that, the specimens were etched in Villela’s reagent (95 ml 

ethanol, 5 ml hydrochloric acid and 1 g picric acid) for steel microstructure observation, 

and then electro-etched in a mixed solution (5 mg oxalic acid and 15 ml hydrochloric 

acid) with 6 V direct current for 2 s at room temperature to reveal Hastelloy 

microstructure features. The microstructure was examined using a Leica M205A deep 

field stereoscopic microscope and a JEOL JSM-7001 SEM equipped with EDS 

detector. EBSD analyses were performed using a Zeiss® Ultra Plus SEM. The collected 

EBSD data were analyzed using the MTEX package [327]. Vickers hardness was 

measured on the same metallographic specimens, at a test load of 1 kg, an indentation 

dwelling time of 15s, and a step size of 0.5 mm, in accordance with the ASTM E384 

standard. A hardness map was further drawn to depict hardness distributions from 

cladded Hastellloy layer to steel substrate.  

8.3 Results and discussion 

8.3.1 Metallographic observations 

Fig. 8.1 shows cross-sectional macrographs and high-magnification micrographs at the 
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representative locations in as-cladded and heat-treated conditions. As can be seen, no 

macro-scale defects, including pores, cracks, or insufficient fusion, were observable on 

macrographs, which is favourable for practical application.  

 

Fig. 8.1  The cross-sectional macrographs of the specimens: (a) as-cladded; (f) heat-

treated, and optical micrographs and SEM images of selected locations for the studied 

specimens: (b), (c), (d) and (e) as-cladded condition for Hastelloy C, CGHZZ, 

FGHAZ, substrate; (g), (h), (i) and (j) heat-treated condition for the corresponding 

regions as mentioned above. 

The coating layers (Hastelloy C276) exhibit a typical weld-like microstructure, 

comprising columnar dendrites with epitaxial or cellular morphologies, as shown in Fig. 

8.1b. These columnar grains are recognized as the γ-Ni matrix, and it has been reported 

that dendrite generation in Hastelloy γ-Ni matrix is often associated with solute element 

segregation during rapid solidification conditions [178]. Hence, the intermetallic P 

phase can be found in the interdendritic area, as shown in Fig. 8.2.  
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The HAZ exhibits two distinct regions in as-cladded and heat-treated conditions: (i) 

coarse-grained HAZ (CGHAZ, Figs. 8.1c/h), and fine-grained HAZ (FGHAZ, Figs. 

8.1d/i). The CGHAZ (Tp˃˃Ac3) and FGHAZ (Tp˃Ac3) regions are formed due to the 

thermal cycling experienced during WAAM [328]. Here, Tp is the peak temperature 

experienced during deposition, and the temperature of Ac3 for P91 steel is in the range 

of 890 - 940 ℃ [329].  The CGHAZ (Fig. 8.1c) regions are mainly composed of a 

typical lath martensitic microstructure with negligible precipitates. This region is close 

to the interface and experiences a temperature well above Ac3 transformation 

temperature. As the Tp is much higher than the Ac3 temperature in the CGHAZ region, 

the dissolution of the precipitates located along the prior martensite grain boundaries 

was promoted, leading to the grain boundary migration and resultant coarsening of prior 

grains during deposition [330]. It is evident that the CGHAZ often features the highest 

hardness of the HAZ [331], and this will be further presented in the following section. 

Moreover, the remelting from the subsequent thermal cycle also contributes to grains 

growth at the CGHAZ due to re-heating in this region. In contrast, The FGHAZ (Fig. 

8.1d) experienced a peak temperature slightly higher or equal to the Ac3 temperature, 

which leads to a complete phase transformation of austenite without significant grain 

growth, following the formation of fresh martensite during cooling, and then causing 

fine martensitic structure [331]. The substrate (P91 steel) shows highly tempered lath 

martensite together with a large amount of carbide precipitates located at both 

martensitic lath boundaries and prior austenite grain boundaries (Fig. 8.1e).  

After heat treatment, grains appeared to be coarsened in all regions (Figs. 8.1g to 8.1j), 

including the cladding layer, CGHAZ, FGHAZ, and substrate, compared with that of 

as-cladded condition. On the Hastelloy side, more P phase precipitates in the 

interdendritic area, as shown in Fig. 8.2. The P phase can strengthen the alloy at ambient 
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temperature, but it has some adverse effects on corrosion resistance and hot cracking 

susceptibility [15]. On the steel side, tempering may result in the formation of new 

carbides and carbonitride precipitates at CGHAZ, and the main precipitates are widely 

reported to be Cr-enriched M23C6 and (Nb, V) enriched MX [328]. P91 steel has a 

narrow solidification temperature window to allow the material to solidify to the point 

that carbides become thermodynamically stable. Hence, these precipitates have a non-

uniform distribution, and altered amounts or volume fractions, as shown in Fig. 8.1.  

 

Fig. 8.2 The P phase appearing in the interdendritic area of Hastelloy cladding: (a) as-

fabricated state; (b) heat-treated state; (c) high-magnification optical micrograph. 

Fig. 8.3 shows a close observation of interfacial bounding regions for two specimens. 

As can be seen, Hastelloy coating presents obvious elemental segregation, especially 

Mo and W that congests along interdendritic boundaries. From EDS mapping, there is 

no discernible diffusion of main constitution elements (Ni, Fe, Cr, Mo, W) between two 

materials, but inhomogeneous pervasion of minor alloying elements W, Si, Mn and Co 

appeared during the deposition process. The dispersion of W element contributed more 

carbide precipitations to substrate, which could further impede grain in heat-affected 

zones [332]. Meanwhile, this behaviour benefits improving the oxidation and 
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carburization resistance of the cladding via the stabilization of primary carbides which 

are the strengthening phases in Ni-based alloys [333]. It is noticed that the Mn element 

has a significant dispersion into the Hastelloy side, especially after heat treatment. This 

behaviour is likely to improve the mechanical properties and oxidation resistance of the 

material [334].  

On P91 steel side, as shown in Fig. 8.3, some δ-ferrite formed in CGHAZs in the 

vicinity of fusion line, which may be attributed to the carbon partitioning to Hastelloy 

C276 at high temperature and relatively high cooling rate after cladding [316]. It is 

observed that the mixing zones or remelting zones were generated near the interface 

(Fig. 8.3c). These mixing zones were promoted by the formation of a stagnant molten 

layer of the cladded material. As the overlapped path was used during WAAM, there 

will generate a mixing between the new layer and the adjacent deposited layer. It is well 

recognised that the melt pool of newly deposited layer has a temperature much higher 

than the solidification temperature. However, at the overlapped layer, the melting 

temperature remains close to the solidification temperature. Owning to such a 

temperature gradient near the interface, the portion of non-mixing deposition flowed to 

melt pool, and was quickly concreted prior to mixing with fresh melt pool, which finally 

result in the formation of mixing zones or remelting zone. Fig. 8.3c further shows EDS 

line scanning results across the remelting zone of bimetallic structure. As can be seen, 

there exists a sharp compositional gradient for the Ni, Fe, Cr, Mo elements. Such 

elemental variation across the interface is believed to contribute to the heterogeneous 

distribution of microhardness in a narrow region, which will be discussed in the 

following section. 
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Fig. 8.3  Interfacial features and elemental diffusion behaviour of: (a) as-cladded and 

(b) heat-treated specimens. (c) the re-melting zone shown in Fig. 8.1a. 

Fig. 8.4 further presents a quantitative analysis of the grains and elements segregation 

in interfacial regions. As shown in Fig. 8.4a, it is displayed that Hastelloy C276 exhibits 

columnar grains of various sizes, and element Mo is segregated to the interdendritic 

areas. The P91 steel is characterized by tempered martensite. There is negligible change 

in its grain morphology, but the partial recrystallization that occurred during cladding 

thermal excursion led to grains growth. After heat treatment (Fig. 8.4b), the grains at 

both alloy sides are confirmed to be coarsened, and chemical segregations were 

homogenized in the microstructure. In the heat-treated state, the less pronounced 

segregation and coarse grains are beneficial for creep strength and corrosion resistance. 
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Fig. 8.4  EBSD maps for interfacial elements distribution of: (a) as-cladded state and 

(b) heat-treated state. 

8.3.2 Grain orientation and misorientation 

Figure 8.5 presents EBSD orientation maps of two specimens at different conditions. 

In Fig. 8.5a and b, the <1 0 0> direction, as shown in arrows in the heat flow direction, 

determines the competitive grain growth [335]. It is well known that if the angle 

between heat flow and preferred crystallographic orientation is small, the favourably 

oriented grains grow faster, while other less-favourably oriented grains fall behind and 

will be suppressed. In the as-cladded condition, the coating grains (Hastelloy side) have 

great variation in their crystallographic orientation. However, there are occasional 

clusters of grains with orientations <1 1 1> in the deposition direction (Fig. 8.5c), which 

is associated with the fluctuations in thermal condition during cladding, instead of due 

to the cooling rate locally. For Hastelloy C276, the generation of <1 1 1> is relative to 

the symmetric twist boundaries during production, which strongly affects the extent of 

oxide film formation in the air environment [336]. This demonstrated the cladded 

surface would be slightly prone to oxidize due to the grains aligned with <1 1 1> along 
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the deposition direction. In the case of heat-treated state, there is a greater tendency for 

coating grains to be columnar and to assume the preferred solidification growth 

direction of <0 0 1> aligned with deposition direction (Fig. 8.5d). Typically, the 

orientation <0 0 1> is the fast-growing dendritic orientation in Ni-based alloy and its 

growth is consistent with the anisotropy of solid-liquid interfacial energy [337]. Under 

stable thermal conditions, modified heat treatment could be desirable to promote the 

formation and coarsening of γ-Ni phases, while recrystallising as-cladded grains into 

the sequenced structure with <0 0 1> along the deposition direction. After heat 

treatment, the microstructure of substrate steel kept equiaxed grains, but also highly 

coarsened. It is well accepted that the microstructure has been significantly modified 

via PHT.  

 

Fig. 8.5  Inverse pole figure (IPF) maps of two specimens: (a) - (b) present the heat 

flow indicated by arrows, and (c) - (d) show the IPF from the deposition direction. 

Figure 8.6 displays misorientation-angle distribution of selected locations under two 

studied conditions. Low-angle grain boundaries (LAGBs) (2° < LAGB < 15°) and high-

angle grain boundaries (HAGBs) (HAGB > 15°) are depicted as black and red lines, 
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respectively. Grain boundaries of both specimens are mostly composed of HAGBs and 

LAGBs. The HAGBs ratio is in a range of 87.7% ~ 97.6% for as-cladded and heat-

treated states. It is well known that the presence of a large amount of HAGBs in the 

microstructure is often beneficial for suppressing crack propagation or turning cracks 

to another direction, which could significantly improve mechanical strength or 

toughness response to the material, thereby extending the usable life of structure under 

a combination of load and high temperature conditions [338]. Since grain growth is 

present in heat-treated specimens, LAGBs have an obvious reduction. This 

demonstrates an improvement in ductility and resistance to cracking. 

 

Fig. 8.6  Grain boundaries maps of (a) as-cladded and (b) heat-treated conditions, 

LAGBs (2° to 15°) in red, HAGBs (>15°) in black. 

Figure 8.7 exhibits the detailed misorientation of two samples at as-cladded and HT 

conditions. Figs. 8.7a and 8.7b show Kernel Average Misorientation (KAM) images 

that could express local strain accumulation or dislocation slip in grains. From KAM 

map, the colour changes from blue to green and then to red, indicating that local KAM 

values increase successively. Higher KAM values could be found in the as-cladded state 

compared to heat-treated state. Figs. 8.7c and 8.7d further illustrate the local 

misorientation of two specimens, and the KAM values of most local misorientation are 

over 15, which indicates more plastic deformation or high defect density occurred. After 
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heat treatment, there is a significant change in the residual plastic strain (Fig. 8.7b), 

especially in substrate steel. Due to grain deformation, KAM values seem to be 

homogeneously distributed on both sides. For coating layers (Hastelloy C276), high 

KAM values occurred in inner grain boundaries, which demonstrates inner grains firstly 

deformed when heat process began. Dislocation activities at γ-Ni matrix also result in 

pronounced strain localization at the grain boundaries, as red areas (point) shown in 

Fig. 8.7a and 8.7b, where produced a number of new intermetallics. While, for P91 steel 

substrate, high KAM values appeared in the vicinity of the interface where undergone 

a large thermal gradient. It is evident that strain localization appeared during deposition, 

while it could be refined by heat treatment used in this study. 

 

Fig. 8.7 KAM image for (a) as-cladded state and (b) heat-treated state, and 

misorientation-angle distribution histograms for (c) P91 steel substrate and (d) 

Hastelloy C276 coating. 
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8.3.3 Hardness distribution 

Figure 8.8 shows a hardness map collected across the cladding to substrate. The 

hardness values are significantly determined by the microstructural evolution across the 

dissimilar materials. The high microhardness value appears in the CGHAZ due to the 

presence of untampered lath martensite and complete dissolution of carbides. After heat 

treatment, the overlay shows a decrease in average microhardness value from 250 HV 

to 220 HV, which is mainly attributed to the recovery and recrystallisation induced 

coarse grains (see Fig. 8.4). The hardness values in overall HAZ have an obvious 

reduction and became more homogenous compared to those without heat treatment 

(Fig. 8.8b), associated with the uniform microstructure. A similar observation has also 

been reported in previous research for hardness variation along the P91 HAZ in welded 

and post heat treatment [339]. The average hardness of P91 steel in the as-cladded state 

was measured at ~ 220 HV, while a slight 5% reduction was in heat-treated state. This 

is caused by further tempering of martensite (Fig. 8.1). Additionally, post-processing 

HT allowed microstructure homogenization and reprecipitation at CGHAZ, resulting in 

the reduction of the corresponding hardness. Here, it is mentioned that under the heat-

treated condition used in this study, P91 steel has improved energy absorbing capacity, 

which could bring enhanced toughness to the material [324]. 

 
(a)                                                         (b) 

Fig. 8.8  Hardness mapping of studied specimens: (a) as-cladded state; (b) heat-

treated state. 
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From the discussion above, it is well accepted that what this study prefers to display is 

the development of a new cladding structure for application in severe environments. It 

is believed that the analysis is beneficial to the study of Ni-steel bimetallic components. 

The experiments under high temperatures and corrosion environments will be continued 

in the near future. 

8.4 Conclusion 

A new dissimilar metal structure, where Hastelloy C276 was claded on low-alloyed 

creep resistance steel P91 using wire arc additive manufacturing, has been successfully 

achieved in this study. A systematic microstructural characterization of specimen at as-

cladded and heat-treated conditions was performed. The findings include: 

(1) The proposed steel-nickel-based alloy bimetallic structure exhibits a sound bonding 

with microstructure hierarchies where columnar dendrites and P phase formed in 

cladding layer, and equiaxed martensite and carbides precipitation generated in steel 

substrate. The HAZ at interfacial bonding regions performs different grain sizes, 

possibly due to the alternatively thermal cycles and solute elements diffusion between 

dissimilar materials. 

(2) The post heat treatment brings a significant change to microstructure at both 

Hastelloy C276 and p91 steel, including promoted grain growth, modified grain 

orientation, and enhanced HAGBs, which are critical to the overall property 

improvement. In particular, HAGBs in cladding may provide conditions against cracks 

generation and propagation. 

(3) The various expressions of the hardness in different locations with and without post 

heat treatment can be explained by the combined effects of the grain size, 
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crystallographic texture, grain boundaries as well as carbide distribution. 

In sum, the study of material characterization of cladding Hastelloy C276 on P91steel 

enables a better understanding of steel-nickel-based alloy bimetallic components for 

structural application. 
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9 Conclusions and recommendations 

This thesis provides an insightful understanding of WAAM fabricated Hastelloy C276 

alloy by different working processes, in combination with an extensive investigation of 

microstructure and related mechanical properties under ambient and elevated 

temperatures. Involving the feasibility study and various in-situ and post processes, this 

work also extends the dissimilar metal fabrication in cladding Hastelloy C276 alloy on 

creep resistant P91 steel aiming to integrate a further cost reduction and optimise the 

properties of obtained structures. This chapter provides a summary of the work 

conducted in this thesis, as well as some recommendations for future research regarding 

the manufacturing of Hastelloy C276 alloy and property assessment.  

9.1 General summary 

Above all, the feasibility of varying process parameters to improve manufacture of 

Hastelloy C276 was studied by GT-WAAM, with an attempt to deposit material without 

visible defects. Microstructure and mechanical properties at ambinent and elevated 

temperatures have been extensively explored to provide a preliminary operation 

window for the WAAM processes. 

Subsequently, various in-situ and post operations were performed to optimise the 

properties of the fabricated alloy. Stress relieving heat treatment (SRHT) and solid 

solution heat treatment (SSHT) were performed at 871 °C for 6 h and 1177 °C for 0.5 

h to improve mechanical properties of GT-WAAM fabricated Hastelloy C276 alloy. 

The evolution of intermetallics and elemental distribution with different heat treatments 

were compared, particularly their effects on enhancing mechanical properties. 

Additionally, in-situ MAO, when combined with the GT-WAAM system, was used to 
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stir the molten pool in order to interrupt dendrite growth and subsequently create a 

refined microstructure in a preferential cost-effective manner. The effects on the related 

performance, including surface finish, microstructure and mechanical properties, were 

explored under different oscillation frequencies. Finally, it was demonstrated that 

properties could be further improved and controlled in a stable condition with less 

anisotropy through CMT-based WAAM with an application of active cooling and an 

effective interlayer temperature control. This was attributed to improved control of 

dendrite morphology, bulk texture, grain morphology and elemental distributions, all 

of which were studied in detail by various analytical technologies. 

Considering the preferential operation window of Hastelloy C276 alloy by WAAM and 

the high cost of this alloy, the current work studied the dissimilar metal cladding of 

Hastelloy C276 on creep resistant P91 alloy to provide an application in a nuclear 

reactor with reduced cost. As-cladded and tempering treatment conditions were 

investigated and an aligned study of microstructure and hardness was conducted.   

Given the extensive aforementioned studies, the outcomes or conclusions of the current 

thesis work, involving critical underlying issues in fabrication of Hastelloy C276 alloy 

by WAAM, are summarised as follows: 

(1) From the study of GT-WAAM fabricated Hastelloy C276 alloy under as-deposited 

condition, the microstructure was inhomogeneously distributed, in which 

intermetallic P phase was found in the interdendritic areas due to solute element 

segregation. In addition, Ni2Mo4C carbides, as well as more subgrain boundaries 

were observed in the bottom areas, both being attributed to long-term thermal 

exposure. In comparison, the length and density of dislocations increased in the top 

areas with less thermal cycling. Additionally, relatively large-sized columnar grains 
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with epitaxial dendrites and strong fibre-type (200) crystallographic bulk texture 

were found in the γ-Ni matrix, which induced a well-distributed hardness from top 

to bottom areas, but anisotropy in tensile and preliminary creep properties. 

(2) The hardness and tensile strength were increased by post heat treatments. It was 

found that with stress relieving heat treatment at 871 °C for 6 h, more P phase and 

newly formed intermetallic μ phase were found in the interdendritic areas and grain 

boundaries, which resulted in higher hardness and tensile strength at the expense of 

reduced ductility. After solid solution heat treatment at 1177 °C for 0.5 h, the P 

phase was partially dissolved and elemental distribution was highly refined, which 

contributed to enhanced strength and ductility with decreased anisotropy. Therefore, 

this latter heat treatment condition was highly recommended in this work.  

(3) Incorporating MAO during the fabrication of Hastelloy C276 by GT-WAAM was 

shown to be an effective way to decrease arc density and increase solidification rate, 

through exploration at 5 Hz, 10 Hz and 20 Hz oscillation frequenccies. MAO 

enabled a refinement of macrostructure and incremental improvement of fabrication 

efficiency. Furthermore, with 5 Hz under current operation conditions, less Mo 

segregation and misoriented dendrites with a reduced DAS were found, leading to 

a slightly increased tensile strength and nano-hardness, reduced elastic modulus and 

increased resistance to plastic deformation. However, the bulk columnar grain size 

and P phase, produced no significant differences under three conditions. 

(4) CMT-based WAAM processing provided a relatively lower heat input in 

comparison with GT-WAAM. By incorporating active cooling and interlayer 

temperature control in a zig-zag deposition path under three heat inputs of 276 J/mm, 

368 J/mm and 553 J/mm, analogous mechanical properties were provided for the 
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fabricated alloys under the three heat inputs. However, lower heat input is more 

favourable for achieving slightly refined microstructure and decreased mechanical 

anisotropy. Associated with the lowest heat input of 276 J/mm, refined dendrite arm 

spacing (DAS), less Mo segregation, more low angle grain boundaries (LAGBs) 

and higher geometrically necessary dislocation (GND) densities characterised the 

matrix, compared to the higher heat inputs. Despite the variations of GND densities 

with heat inputs, there appeared to be no significant change in the average total 

dislocation density in the microstructure as suggested by the peak profile analysis 

of synchrotron X-ray diffraction data. This is potentially advantageous for lowering 

the solidification cracking susceptibility. Moreover, all as-fabricated alloys present 

a typical strong fibre-type (200) crystallographic bulk texture from neutron 

diffraction. Such texture was relatively weaker in the lowest heat input condition. 

The manipulated texture, in combination with refined dendrite arm spacing and 

reduced chemical segregation, is suggested to be responsible for the reduced 

mechanical anisotropy in the 276 J/mm heat input sample. 

(5) A new dissimilar metal structure, where Hastelloy C276 was claded on low-alloyed 

creep resistance steel P91 using WAAM, has been successfully achieved in this 

study. Sound bonding with microstructure hierarchies was obtained, where a 

columnar dendritic structure with P phase was formed on the side of Hastelloy C276, 

and equiaxed martensite and carbides precipitated on P91 side. The tempering 

treatment promoted grain growth, modified grain orientation, and enhanced HAGBs, 

which contribute to homogeneously distributed hardness and prohibition of the 

occurrence of cracking.  
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9.2 Recommendations for future work  

WAAM processing of Hastelloy C276 alloy has been fairly well explored in this work, 

however, further research on AM of Ni-based Hastelloy C276 alloy is required, as is 

more research in order to make further use of its excellent properties applicable in a 

wide range of environments. Currently, standardisation of AM and post-processing of 

Ni-based alloys requires significant efforts from both academic and industrial 

communities. Development of international standards is essential to further guide 

fabrication methods and production quality for practical applications.  

Next, an enhanced understanding of processing - microstructure - property relationships 

for Ni-based Hastelloy C276 alloy is required to achieve desired quality and 

functionalities of the produced components. Current research tends to be on small-sized 

samples, which limits the reliability of scale-up for practical applications. Based on the 

authors’ previous work, product dimension and geometry can highly affect a material’s 

performance. Hence, investment in scale-up of WAAM fabrication research is required. 

Additionally, the research has focused on wire and arc-based AM, however, exploration 

of laser and electron beam-based processes, with their high deposition accuracy has had 

relatively less study.  

Before considering any potential AM processes, its adaptability can be investigated by 

thermodynamic and kinetic simulations and calculations, which are capable of 

providing useful insights into understanding AM segregation, solidification dendrite 

structure, texture, diffusion and precipitation. Via simulation, it is possible to further 

understand microstructure and manipulate texture induced by AM processes to control 

microstructures and properties. 

Amelioration processes employed for quality optimisation require more detailed 
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investigations. As residual stress and distortion are critical challenges in AM, more 

work should be done for their quantification and control. The coupling of different 

energy fields in Ni-based alloys by AM is quite limited, and multi-energy field hybrids 

may be a way to improve deposition efficiency, except for the magnetic arc oscillation 

performed in this research. The others, such as wire arc in combination with ultrasonic 

and the use of oscillating laser-arc hybrid source, can be applied during the fabrication 

of Hastelloy C276 alloy for the capability of achieving improved surface accuracy, 

refined grains, and decreased porosity and anisotropies in tensile strengths. 

Finally, as the Hastelloy C276 alloy was designed for the application of corrosion 

resistance and high temperature resistance, the properties of corrosion resistance under 

various corrosion environments should be studied. Moreover, current work covered 

creep resistance under 700 °C at 165 MPa of GT-WAAM fabricated Hastelloy C276 

alloy. However, microstructure, stability, and mechanical performance under elevated 

temperatures require more thorough investigation, and benchmarking against 

traditionally processed materials.  
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