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Populärvetenskaplig Sammanfattning 

Nyckelord: Additiv tillverkning, Elektronstrålesmältning, Legering 718, Het 
isostatisk pressning, Värmebehandling, Mikrostruktur, Mekaniska egenskaper. 

Additiv tillverkning (AM) har utvecklats till att bli en omvälvande teknologi och 
utgör en viktig del i den fjärde industriella revolutionen. Elektronstrålesmältning 
(EBM), en AM-process för metaller, har erhållit industriell uppmärksamhet för 
direkttillverkning nära slutlig form av geometriskt komplexa komponenter. 
Detta har lett till utökat intresse för EBM av legering 718, en nickel-järn-baserad 
superlegering som uppvisar goda mekaniska egenskaper. Tillverkning av legering 
718 komponenter med EBM är särskilt intressant för flygindustrin där snabb 
tillverkning med stor designflexibilitet är viktigt. Defekter och anisotropi är 
däremot typiska fenomen som ofta förekommer. För EBM-byggen av legering 
718 blir det därför nödvändigt att utföra ytterligare processteg efter bygget, e.g. 
olika värmebehandlingar, för att säkerställa nödvändiga kritiska egenskaper 
uppfylls. Kunskapen om optimal värmebehandling av EBM-byggd legering 718 
begränsad. Därför har huvudfokus i detta arbete varit att systematiskt undersöka 
olika värmebehandlingars inverkan på mikrostrukturen, inkluderande het 
isostatisk pressning (HIP). 

HIPning av EBM-byggt material av legering 718 minskade mängden defekter i 
materialet och det förbättrade utmattningsegenskaperna. Ytterligare effekter av 
HIP var att en fullständig upplösning av både δ och γ" utskiljningarna. 
HIPningen påverkade däremot inte karbider och inneslutningar såsom TiN och 
Al2O3. Förändringen av mikrostrukturen under upplösningsbehandlingen och 
åldringen undersöktes också systematiskt. Tillväxten av potentiellt fördelaktiga δ 
utskiljningar i korngränser avstannade efter en viss tids 
upplösningsvärmebehandling, där prover som HIPades innan 
upplösningsvärmebehandlingen uppvisade mindre mängd δ än icke HIPat 
material efter upplösningsvärmebehandlingen. Även om hårdheten ökade under 
åldringsvärmebehandlingen så avstannade hårdhetsökningen efter en avsevärt 
kortare åldringstid än den typiska åldringsvärmebehandlingen. Detta möjliggör 
att på sikt kunna utveckla en kortare värmebehandlingsprocess för denna typ av 
material. Ytterligare en kombination av värmebehandlingsprocess undersöktes 
inuti HIP-maskinen. Sammantaget visade dessa resultat på möjligheten att 
använda denna typ av efterbehandling, vilket kan komma att få stor inverkan för 
industrin i form av kostreduktion och ledtid. 
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Additive manufacturing (AM) has emerged as a disruptive technology and it 
is a vital part in the present era of fourth industrial revolution, Industry 4.0. 
Electron beam melting (EBM), a metal AM process, has received 
considerable industrial attention for near net shape manufacture of complex 
geometries with traditionally difficult-to-machine materials. EBM 
production of Alloy 718, a nickel-iron based superalloy possessing good 
mechanical and corrosion properties at elevated temperatures, is particularly 
promising for aerospace and energy sectors. However, EBM Alloy 718 
builds are typically characterized by presence of inevitable defects and 
anisotropy, warranting post-processing thermal-treatments (post-treatments) 
to ensure that the components eventually meet the critical service 
requirements. The existing post-treatment standards include hot isostatic 
pressing (HIPing) over the temperature range of 1120°C-1185°C, followed 
by solution treatment (ST) and a two-step (‘8+8’ hours)  aging under 
conditions conventionally adopted for cast and wrought Alloy 718, and no 
effort has yet been invested in optimizing post-treatment schedules 
specifically for EBM Alloy 718. Consequently, the objective of this work 
was to systematically investigate the response of EBM-built material to each 
of the post-treatment steps to develop an improved understanding of how 
the microstructure evolves with time during each step, since such knowledge 
can lay the foundation for optimizing the post-treatment protocol. 

Through study of microstructure and mechanical property assessment it was 
found that the temperature during HIPing can be reduced to 1120°C 
compared to the common practice employing higher temperatures. In 
addition, HIPing also caused complete dissolution of δ and γ"/γ' phases, 
promoted homogenization and resulted in drop in hardness but had no 
evident effect on the carbides and inclusions such as TiN and Al2O3 present 
in the as-built material. Subjecting EBM Alloy 718 to ST and two-step aging 
led to precipitation of δ phase and γ"/γ' phases, respectively. 
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The evolution of microstructure during ST and two-step aging was also 
systematically investigated. Progressive precipitation and growth of grain 
boundary δ phase precipitates was observed during the entire 1 hour 
duration of ST, with samples not subjected to prior-HIPing exhibiting 
higher amount of the δ phase precipitation during ST. During the two-step 
aging, detailed investigation of microstructure evolution and hardness 
changes showed that, particularly the conventional ‘8+8’ hour long two-step 
aging treatment can be shortened to a ‘4+1’ hours treatment. Such 
shortened treatment was observed to be robust when applied to various 
kinds of EBM builds. Another approach for shortening post-treatment by 
integrating HIPing and HT inside the HIP vessel was also successfully 
implemented. These approaches with shortened post-treatment were also 
found to not compromise the mechanical response of EBM Alloy 718. 
Further shortening of the typical long thermal post-treatment cycle, through 
reduction in HIPing time from 4 hours to 1 hour and possible elimination 
of ST, also appears promising. 
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1 Introduction 

Additive manufacturing (AM), as defined by the American Society for Testing 
and Materials (ASTM), refers to “a process of joining materials to make objects 
from three-dimensional (3D) model data, usually layer upon layer, as opposed to 
subtractive manufacturing methodologies” [1]. Additive manufacturing started 
as a rapid polymer prototyping technique and has graduated to production of 
metallic components. Over the past decade, metal AM has gained significant 
interest for manufacture of complex geometries, particularly hot section 
components for aerospace and nuclear industry, spare components for oil and 
gas industry, as well as custom-made orthopaedic implants for biomedical 
sector. However, such critical applications are defect-intolerant and require 
systematic understanding of process-material-microstructure-property 
relationships. This has fuelled widespread research interest in investigating 
various facets of metal AM, which can aid its rapid industrial development to 
capitalize on the wide range of benefits offered by the technology. 

1.1 Motivation for metal AM and associated challenges 

One of the main advantages of metal AM is the design freedom offered by the 
technology which has enabled production of near net shape geometrically 
complex components. Prior to the advent of metal AM, production of such 
complex components was either prohibitively expensive or impossible through 
the traditional routes which involve subtractive manufacturing methods such as 
machining. Machining can be very difficult when it involves hard materials such 
as superalloys, since it demands expensive tooling as well as its frequent 
replacement due to short tool life-span [2]. Since the philosophy of metal AM is 
to restrict material addition mainly to regions that comprise the final component 
geometry, this can also significantly minimize the material wastage that typically 
characterizes the traditional subtractive manufacturing routes such as machining. 
Moreover, metal AM has opened new design possibilities, such as construction 
of complex cooling channels in turbine blades which could not be created 
through traditional routes employing casting and/or machining [3]. Metal AM is 
expected to be specifically attractive for industries requiring customized 
components [4], and some such components employed in various industrial 
sectors are shown in Fig. 1. In particular for aerospace sector, metal AM is 
being intensely explored for production of complex components made of high 
value materials such as superalloys (e.g. Alloy 718, the workhorse alloy of the 
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aircraft engine industry) to maximize the price and performance benefits that 
can accrue [5]. 

Fig. 1. Application of metal AM in various industrial sectors and the 
corresponding revenue distribution from the AM components [6], [7]. Adapted 
with permission.  

Realization of the enormous benefits offered by the metal AM technology has 
led to rapid development in the understanding of AM processes in recent years. 
Notwithstanding the considerable progress in the field, major concerns 
associated with as-built metal AM components can include defects, anisotropy, 
microsegregation, unacceptable scatter in mechanical properties, etc. However, 
most of these can be resolved through suitable post-processing thermal 
treatments, henceforth referred merely as post-treatments (hot isostatic pressing, 
HIPing; heat treatment, HT) unless stated otherwise, which were systematically 
investigated in the present work. Although there are existing post-treatment 
protocols specified in ASTM F3055 standard [8], relatively less attention has 
been paid to understanding the evolution of microstructure during post-
treatments to design a protocol(s) specifically tailored for EBM manufactured 
Alloy 718 component(s). Therefore, detailed investigation of the microstructural 
characteristics of as-built material, and the noted changes after post-treatment is 
needed for improving capabilities of the technique.  

1.2 Objective and research questions 

The present study deals with Alloy 718 produced by the powder-bed metal AM 
technique of electron beam melting (EBM), which has a unique capability of 
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producing relatively stress-free components. The objective of the study was to 
develop an improved understanding of the effect of post-treatments on EBM 
manufactured Alloy 718, henceforth referred to as EBM Alloy 718. This was 
accomplished by answering the following research questions (RQs): 

RQ. 1. How do HIPing and HT affect defects? Is there a limit to the extent of 
defects that can be eliminated? 

o Is there any thermally induced porosity (TIP) after the build is subjected
to subsequent high temperature exposure?

RQ. 2. How are grain size, grain morphology and phase constitution (γ", γ', δ, 
MX) of builds influenced by different post treatments (HIPing, HT, HIPing +
HT) and corresponding time-temperature-pressure schedules?

RQ. 3. How does microstructure evolve during heat treatment? Does prior 
HIPing have an influence on microstructure evolution? 

o Is there a possibility to shorten the post-treatment cycle compared to the
usual protocol for conventionally manufactured Alloy 718?

1.3 Scope and significance 

Electron beam melting processed Alloy 718, which is a widely used nickel-iron 
based superalloy, is studied in this work. The study mainly focused on the 
response of material subjected to various thermal post-treatments involving 
HIPing and HT (solution treatment, ST; aging), with the aim to subsequently 
obtain a desired microstructure and mechanical behaviour. Apart from the 
influence of temperature during each of the stages of post-treatment, the 
evolution of microstructure during HIP, ST and aging was specifically studied to 
investigate prospects for eventually shortening the overall duration for post-
treatment. The robustness of the shortened post-treatment protocol developed 
in this work was further assessed by applying it to EBM Alloy 718 builds with 
varying starting microstructures; varied in terms of grain structure, defect 
content, phase constitution, mechanical behaviour. The microstructure was 
studied at length scales spanning from mm to few nm, and the static properties 
including microhardness, Young’s modulus, yield strength, ultimate tensile 
strength and ductility as well as dynamic mechanical behaviour involving fatigue, 
were evaluated.    

By realizing the ability to significantly shorten the post-treatment compared to 
the commonly used protocol for EBM built Alloy 718, this thesis encourages 
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the commonly used protocol for EBM built Alloy 718, this thesis encourages 
rethinking of the post treatment protocols currently used for AM materials. The 
research methodology used in this work, particularly study of microstructural 



INTRODUCTION 

4 

evolution during post-treatments, can be potentially expanded to other AM 
materials requiring post-treatments. Moreover, the experimental data generated 
in the present study can be employed for calibrating simulation models to fine 
tune post-treatments, for instance, modelling of defect closure with varied 
HIPing conditions [9], simulation of secondary phase formation characteristics 
[10].  

1.4 Thesis structure 

The thesis is structured as follows. After this introductory chapter, specific 
background of Alloy 718, including details regarding its physical metallurgy, is 
detailed in Chapter 2. Chapter 3 pertains to additive manufacturing techniques 
used for producing Alloy 718 and the resulting build properties, with specific 
emphasis on EBM processing. This is followed by a comprehensive literature 
review on the different thermal post-treatments that have been considered for 
EBM Alloy 718 and their influence on microstructure and mechanical behaviour 
in Chapter 4. The experimental details are described in Chapter 5. The 
prominent results are presented and discussed in Chapter 6. A summary of the 
results and the important conclusions drawn from this study are provided in 
Chapter 7. Some further possibilities arising out of this study which could be 
explored are suggested in Chapter 8. This is followed by an appendix and details 
of the references. The publications resulting from this thesis work are appended 
at the end. It should be mentioned that the present thesis is a continuation of 
the author’s Licentiate thesis ‘Post-treatment of Alloy 718 produced by electron beam 
melting’ which was presented in February 2019. To present the entire work in a 
comprehensive manner, some relevant parts of the Licentiate thesis have been 
included in this thesis. 

5 

2 Alloy 718 metallurgy 

Superalloys refer to a group of materials usually used at high homologous 
temperatures [11]. Superalloys exhibit good corrosion resistance, as well as high 
creep resistance, which surpasses the performance of other metals/alloys. 
Consequently, they are extensively used in the aerospace industry [12]. 
Superalloys are typically categorized into the following three classes, depending 
on the main alloying element comprising the matrix: (a) nickel based, (b) nickel-
iron based and (c) cobalt based. A nickel-iron based superalloy which has been 
the most extensively used superalloy in aircraft engine industry is Alloy 718, also 
known as Inconel 718 or IN718 [13], [14]. The exceptional processing 
capabilities of Alloy 718 as well as high strength maintained up to temperature 
of ~650°C makes it a favourable material for aerospace, offshore and other 
industries [15]. However, for completeness, it should be mentioned that Alloy 
718 is also used in cryogenic storage systems [16]. Owing to this extensive usage, 
much interest exists in producing particularly high temperature structural 
components of Alloy 718 using AM, in order to exploit previously described 
benefits [17]. It is worth noting that Alloy 718 is a complex material with its 
phase constitution, chemical segregation, mechanical behaviour, etc. closely 
related to its physical metallurgy. Therefore, first the physical metallurgy of 
Alloy 718 is reviewed in this chapter, including its chemical and phase 
composition, strengthening mechanisms, reason for limited working 
temperature, and time-temperature-transformation (TTT) diagram. This review 
should provide the required background information for understanding the 
microstructure as well as mechanical behaviour of EBM Alloy 718.  

2.1 Chemical composition 

Alloy 718 has a complex chemistry and its composition range, as specified by 
the aerospace material specifications (AMS) 5663M, is given in Table 1 [18]. 
Every alloying element plays a specific role in obtaining the desired 
microstructure and imparting the targeted properties. One of the more crucial 
alloying elements in Alloy 718 is Nb, as it not only participates in precipitation 
of key phases, such as γ"-Ni3Nb, δ-Ni3Nb as well as NbC, but can also form 
low melting brittle intermetallic Laves-type phases ((Ni, Cr, Fe)2(Nb, Mo, Ti)) 
[19]. More details on some of these phases, the matrix γ phase, as well as the 
inclusions commonly found in Alloy 718, are discussed later in this chapter. 
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Table 1. Alloy 718 composition as per AMS 5663M [18]. 

Element Ni Cr Fe Nb Mo 

wt.% 50-55 17-21 Bal. 4.75-5.5 2.8-3.3 

Element Ti Al C Ta Mn 

wt.% 0.65-1.15 0.2-0.8 ≤ 0.08 ≤ 0.05 ≤ 0.35 
Element Si P S Co B 
wt.% ≤ 0.35 ≤ 0.015 ≤ 0.015 ≤ 1 ≤ 0.006 
Element Cu Pb Bi Se 
wt.% ≤ 0.3 ≤ 5 ppm ≤ 0.3 ppm ≤ 3 ppm 

2.2 Strengthening mechanisms 

The main strengthening mechanisms relevant to Alloy 718 include (a) solid-
solution strengthening and (b) precipitation strengthening [20]. These, along 
with some other possible strengthening mechanisms are described below. 

2.2.1 Solid solution strengthening 

In a multi-constituent material such as Alloy 718, one of the primary 
strengthening mechanisms is solid solution strengthening. The dissolution of a 
different soluble element (e.g. iron, chromium) into the lattice of the elastic host 
metal (γ phase in Alloy 718) can create distortions in the lattice (face centred 
cubic, FCC) due to differences in atomic radii of the two. Such distortions, 
which are also referred to as internal strains in the material, can inhibit/hinder 
dislocation movement in the matrix and thus harden the material [12]. The 
effectiveness of high temperature deformation resistance is further improved by 
use of refractory solute elements such as molybdenum [21]. An example of a 
solid solution strengthener in Alloy 718 is niobium, which has a body centred 
cubic crystal structure and is highly misfitting in the FCC nickel matrix. 

2.2.2 Precipitation strengthening 

The major source of strength in superalloys, in general, is the presence of 
precipitates. In case of Alloy 718, the strengthening precipitates are γ" (body 
centred tetragonal, BCT) and γ' (FCC) phases. The strengthening effect arises 
from the coherency strains between the γ matrix and these coherent precipitates. 
In addition, the formation of anti-phase boundaries further resists dislocation 
movement through the precipitates, also known as order strengthening. Further 
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details on factors affecting the precipitation strengthening are described in 
Section 2.3.1.   

2.2.3 Other strengthening mechanisms 

The material can be strengthened also by reducing the grain size. Reduction in 
grain size implies higher grain boundary area which can hinder dislocation 
movement during deformation, thereby delaying failure and improving the load 
bearing capability of the material. In this context, it is worth mentioning that 
contribution of grain boundaries to hinder dislocation movement is generally 
described by the Hall-Petch relationship [22]. For Alloy 718, Hall-Petch relation 
has been shown to be applicable down to a mean grain diameter of ~7 nm, 
below this size no significant increased contribution of the grain boundaries was 
achieved [23]. On the other hand, for some high temperature applications, a 
larger grain size might be more suitable as detailed for a nickel-based superalloy 
in [24]. Therefore, the choice of grain size would depend on the intended 
application and required properties.  

2.3 Commonly observed phases in Alloy 718 

Alloy 718 is comprised of a γ matrix with various secondary phases. It is mainly 
strengthened by precipitation hardening and some other precipitates/phases can 
also significantly influence its performance. Therefore, knowledge of the 
presence of secondary phases as well as their distribution is important for 
understanding the microstructure and performance of Alloy 718. Table 2 
summarizes the chemical formulae, crystal structures, and solidus/solvus 
temperatures of some of the commonly observed phases in Alloy 718. It is 
appropriate to mention that the solvus temperatures can be sensitive to variation 
in content of alloying element(s). For instance, Schafrik et al. [25] reported δ-
solvus increase with rise in Nb concentration in Alloy 718. Mitchell et al. [26] 
showed that the formation and local solvus temperature of the δ phase are 
influenced by solidification segregation in Alloy 718. Consequently, a range of δ-
solvus temperatures is reported as given in Table 2. The phases mentioned in 
Table 2, as well as some inclusions commonly found in Alloy 718, are further 
described below. 
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Table 2. Phases typically observed in Alloy 718 (based on [27]–[32]). 

Phase Chemical formula* Crystal structure Solidus/Solvus 
temperature (°C) 

γ - FCC 1227-1320** 

γ" Ni3Nb BCT, DO22 900 

γ' Ni3(Al,Ti) FCC, L12 850, 868 

δ Ni3Nb Orthorhombic, DOa 982-1037***

Laves (Ni, Fe, Cr)2(Nb,Mo,Ti) Hexagonal, C14 1163 

MC (Nb,Ti)C FCC, B1 ~1250 

*Common representation of the stated non-stoichiometric phases; **Presence
of low melting phases, such as Laves-type phases, can cause incipient melting at
lower temperature; ***Depends on Nb content (refer above text).

2.3.1 Strengthening phases 

The major strengthening mechanism operational in Alloy 718 is precipitation 
strengthening, which is mainly governed by the precipitation of γ" and γ' phases 
in the γ matrix. Precipitation of these phases is possible due to the low solid 
solubility of Nb, Ti, and Al in the γ matrix. For precipitation of γ" and γ', the 
typical HT procedure involves ST followed by aging. During ST, the solubility 
of Nb, Ti, and Al in the γ matrix is considerably increased by raising the 
temperature and, after holding at this temperature, the material is rapidly cooled 
to retain the supersaturated matrix at low temperature. Thereafter, aging is 
carried out to uniformly precipitate the γ" and γ' phases in the γ matrix. The 
growth behaviour of γ"/γ' phases during aging can be described by the Lifshitz-
Slyozov-Wagner theory [33], [34]. The γ" phase forms in disk/ellipsoidal 
morphology due to considerable coherency strains between the γ" and γ matrix 
[34], while γ' typically possesses spherical morphology on account of the low 
coherency strains between the γ' and γ matrix [34]. The larger coherency strains 
result in higher hardness. In addition, the γ" phase content is higher than the 
amount of γ' phase as the reported ratio of volume fraction of γ" and γ' is ~3 in 
Alloy 718 subjected to typical 18 h long two-step aging treatment [35]. Hence, 
due to its high relative content and coherency strains, γ" is considered as the 
principle strengthening phase in Alloy 718 [34].  

ALLOY 718 METALLURGY 
 

9 
 

The precipitation strengthening effect also depends on the size of the γ" phase 
[36] and is highest when the precipitate size is ‘optimal’. When the precipitates 
are ‘too small’, dislocations can easily pass through the matrix. On the other 
hand, ‘too large’ a precipitate size results in coherency loss between the γ" and γ 
phases, also known as overaging. On application of load, in the case of the 
latter, Orowan looping can occur which results in lowering the strength of Alloy 
718. Hence, to achieve optimal hardening by the γ" phase, a suitable aging 
treatment should be used. Further discussion on the aging treatment for EBM 
Alloy 718 is provided in Chapter 4. 

2.3.2 Delta phase 

During exposure to high service temperature for long-term, typically of the 
order of thousands of hours, the metastable γ" (BCT, Ni3Nb) phase in Alloy 718 
can transform into the thermodynamically stable δ (orthorhombic, Ni3Nb) 
phase, which exhibits plate or needle-like morphology [37]. Loss of γ" phase can 
lead to a decrease in strength because the δ phase is incoherent with the γ matrix 
and does not directly strengthen the material [38]. The rate of transformation of 
γ" to δ phase is accelerated at temperatures above ~675°C, which is the main 
reason for limiting the working temperature of Alloy 718 to ~650°C [11], [39]. 
Up to nearly 900°C, γ" phase formation precedes the precipitation of δ phase 
and consequently below this temperature δ phase precipitates intragranularly 
through transformation of the γ" phase [40]. On the other hand, at higher 
temperatures, above γ" solvus (~900-1000°C), the δ phase may precipitate 
directly from the matrix [41], [42]. Sundararaman et al. [40] proposed 
mechanisms for intragranular and intergranular δ phase precipitation. It has 
been reported that the δ phase and γ matrix have specific orientation 
relationships (γ  // δ ; γ  // δ ) [40]. A previous study 
has reported that small amounts of δ phase can serve the purpose of controlling 
the grain size of the material at high temperatures and promote notch ductility 
of wrought Alloy 718 [30]. However, the δ phase consumes Nb from the γ 
matrix, and excessive precipitation of δ phase can deplete the matrix of Nb, 
which is also required for precipitation of the strengthening γ" phase during 
aging [43]. Consequently, δ phase is typically associated with a surrounding 
region depleted of γ" phase, which will be a weaker zone particularly at room 
temperature [44], [45]. At room temperature, the δ phase has been reported to 
cause slight reduction in tensile ductility [38]. However, at higher temperature δ 
phase can retard crack propagation during mechanical loading as seen in 
wrought Alloy 718 [43], [46]. Thus, the effect of δ phase on the mechanical 
properties of Alloy 718 could vary with temperature [45].  
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From the above discussion, it is clear that the amount and distribution of δ 
phase, as well as its stability can be crucial in determining the performance of 
the component. Therefore, its precipitation characteristics and phase stability 
during processing and post-treatment need to be well understood. For instance, 
the stability of δ phase can be influenced by variations in alloy composition as 
well as solidification conditions, as reflected from the ‘range’ of δ phase solvus 
temperatures depicted in Table 2 for Alloy 718 produced through conventional 
processing routes [25]. 

2.3.3 Laves phase 

Depending on the thermal processing Laves phase can be present in Alloy 718, 
which has a topologically close-packed (TCP) hexagonal structure [12]. It is 
enriched in Nb and Mo relative to the matrix and is commonly known to be in 
the chemical form of (Ni, Fe, Cr)2(Nb,Mo,Ti) [47]. Owing to the large amount 
of Nb, in particular, required for its formation, Laves phase is typically formed 
in heavily segregated interdendritic regions. As a result of significant 
consumption of Nb into Laves phase, the matrix is depleted of Nb which is also 
required for formation of the major strengthening phase γ". Moreover, Laves 
phase usually degrades mechanical integrity of Alloy 718 because it is brittle in 
nature and upon mechanical loading it provides an easy path for crack 
propagation [47]. Laves phase is almost always formed during solidification of 
Alloy 718 however, its morphology and distribution can be controlled by 
adjusting the solidification conditions. For instance, altering cooling rate and 
temperature gradient to transform Laves phase from the typical continuous 
coarse morphology to discrete particles [48]. In one study use of very high 
cooling rates, such as those possible during levitation casting, led to suppression 
of Nb segregation and Laves phase could not be detected in those samples [49]. 
On the other hand, the Laves phase formed in Alloy 718 can be dissolved 
through appropriate homogenization treatments which are usually applied to 
castings [50]. 

2.3.4 MC type carbides 

The predominant carbides found in Alloy 718 are the MC type primary carbides, 
which are typically rich in Nb but can also occasionally contain Ti substituting 
for Nb. Therefore, the carbides are denoted as NbC, or sometimes also as 
(Nb,Ti)C [26]. Formation of these carbides is mainly attributable to the 
insolubility of carbon in the γ matrix [28]. In cast Alloy 718, Mitchell et al. [28] 
reported that NbC precipitation takes place during solidification in the carbon 
rich remaining liquid [26]. The formation of NbC in liquid is further supported 
by its observed globular morphology in Alloy 718 [19]. Furthermore, the size of 
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these carbides might be affected by the cooling rate during solidification of 
Alloy 718. For cast Alloy 718, Mitchell [51] has reported a decrease in size of 
NbC with increase in cooling rate, as evident from Fig. 2. The cooling rates 
were in the range of around 0.02-0.09°C/s and the corresponding range of 
carbide size was nearly 6-25 µm. It is relevant to mention that, in case of EBM 
Alloy 718, the cooling rate is expected to be several orders of magnitude higher 
at around 1000°C/s, as determined by primary dendrite arm spacing [52]. 
Therefore, the precipitation characteristics of NbC in EBM Alloy 718 can be 
very different from those observed in case of the cast material. Simulation 
results for AM-built Alloy 718 predict carbide sizes to be under 1 µm using 
cooling rates ~7500°C/s [53]. Apart from cooling rate, precipitation of NbC 
can also be influenced by the presence of TiN/Al2O3 inclusions. It has been 
previously reported that, if present, TiN particles can act as heterogeneous 
nucleation sites for formation of NbC, and result in increased precipitation of 
NbC in cast Alloy 718 [28]. Additionally, NbC particles can also form on Al2O3 
inclusions [54]. The sources for formation of TiN and Al2O3 are described in a 
subsequent section.   

It has been previously reported that the NbC particles can significantly influence 
the microstructure of Alloy 718, with the distribution of NbCs playing an 
important role [55]. For example, Kirka et al. [56] have reported no grain growth 
in EBM Alloy 718 at high temperature, due to the beneficial Zener pinning 
effect provided by the carbides present at the grain boundaries. A study on AM 
Alloy 718 has also reported effective Zener pinning by the carbides to limit 
grain growth during homogenization heat treatment [57]. In this regard stability 
of NbCs during post-treatment is also a concern. In a study on AM Alloy 718, 
Ostwald ripening of carbides after HIPing (at 1160°C) was found to be 
responsible for grain growth in the material [58]. A previous report on wrought 
Alloy 718 has shown the carbides to be stable up to 1200°C [59], whereas in cast 
Alloy 718 Ostwald ripening of carbide clusters at 1150-1191°C has been reported 
[28]. One plausible explanation for the observed differences in the carbide 
stability in wrought/cast Alloy 718 could be a variation in carbide distribution in 
the matrix (for example, whether clustered or discrete) possibly resulting from 
differences in processing conditions. The processing conditions during AM are 
very different from those in case of casting/forging [60] and can result in 
different carbide characteristics in AM Alloy 718. Thus, the formation and 
stability of carbides in AM-built Alloy 718 are subjects of considerable interest. 
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Fig. 2. Effect of cooling rate on size of primary carbides in cast Alloy 718 [51]. 
Copyright © 2005 by The Minerals, Metals & Materials Society. Used with permission. 

2.3.5 Inclusions 

Inclusions are unwanted trapped foreign particles in Alloy 718 which may or 
may not be detrimental to material performance. The commonly reported 
inclusions in cast Alloy 718 include TiN, Al2O3, and MgO [61]. These inclusions 
have also been observed in AM Alloy 718 [62], [63]. The source of Al2O3 and 
MgO can be traced to the ceramic crucible used during melting of Alloy 718 
[64]. The presence of TiN in Alloy 718 can be attributed to the following 
sources: (a) solid TiN already present in the feedstock, and (b) reaction of Ti 
with residual N present in the solidifying material. Mitchell et al. [26] have 
reported the maximum solubility of N in cast Alloy 718 to be 40 ppm at the 
liquidus and have suggested that, at higher concentrations of N, TiN particles 
would be present at all stages of solidification. In Alloy 718, TiN has been 
observed to exhibit a faceted morphology [65], and the solvus temperature 
calculated using JMatPro is ~1600°C [66]. Moreover, TiN has been found to 
sometimes exhibit an Al2O3 core, and the calculated solvus of Al2O3 in Alloy 
718 is ~2000°C [66]. 

2.4 Time-Temperature-Transformation diagram 

The transformation of the aforementioned phases (γ", γ', and δ phase) as a 
function of time and temperature, can be observed from the TTT diagram of 
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Alloy 718 [59]. However, the TTT diagram for Alloy 718 can differ depending 
on grain size, extent of homogenization and, specifically in case of wrought 
Alloy 718, the degree of retained dislocations in the material can also influence 
the TTT diagram [12]. An illustrative TTT diagram is provided in Fig. 3 which 
refers to wrought Alloy 718 [59]. The TTT diagram shows that the δ phase can 
form below ~1010°C and first precipitates are formed at the grain boundaries 
followed by intragranular precipitation with prolonged holding at the indicated 
temperatures. The γ" and γ' phases are stable at lower temperatures. The overlap 
of γ" and δ phase transformation curves after longer times illustrates the 
aforementioned transformation of the metastable γ" phase to more stable δ 
phase. As opposed to the various TTT diagrams reported for wrought Alloy 718 
with varying starting states [59], [67], [68], the conditions prevailing in AM, such 
as extent of elemental segregation, grain size, amount of dislocations, etc. are 
vastly different which could result in different transformation curves compared 
to the ones shown in Fig. 3 [69]–[71]. For instance, wrought Alloy 718 usually 
consists of equiaxed grains whereas grains in AM Alloy 718 are often not 
equiaxed [72]. This motivates investigation of the TTT diagram for AM Alloy 
718 because the reported diagrams are mostly for wrought Alloy 718. Further 
discussion on the prevailing processing conditions specifically during EBM and 
the resulting microstructure of EBM Alloy 718 is available in the following 
chapter. 

Fig. 3. TTT diagram for wrought Alloy 718 [59]. Copyright © 1988 by The 
Minerals, Metals & Materials Society. Used with permission.  
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3 Additive manufacturing of Alloy 718 

Since the invention of Alloy 718 in the early 1960s and its initial application for 
manufacturing gas turbine components [13], Alloy 718 has never been out of 
the spotlight, thanks to the unique combination of high strength, high 
temperature corrosion resistance, weldability, and formability that it offers [11], 
[12]. Alloy 718 components have been mainly produced through casting, forging 
and machining routes, and seldom through powder metallurgy. However, 
production of geometrically complex custom-made components of Alloy 718 is 
often either impractical or impossible to achieve through the above mentioned 
conventional processing routes [73]. For instance, machining of Alloy 718 is 
extremely difficult due to the high toughness of the material [74]. The 
workhorse status of this material in aircraft engine industry combined with the 
recent advancements in AM technology has, therefore, led to growing industrial 
and academic interest in AM of Alloy 718 [75].  

The AM technologies typically used for production of Alloy 718 components 
include both directed energy deposition (DED) and powder bed fusion (PBF) 
[76]–[80]. For completeness, it should be mentioned that recently binder jetting 
has also been used for production of Alloy 718 [81]. In case of DED, the 
powder/wire feedstock is dynamically fed in the interaction zone of the moving 
energy source (electron/laser beam or electric arc) to melt and deposit the 
material on a substrate, where it solidifies. On the contrary, during PBF, the 
moving energy source selectively melts regions of the pre-placed powder [82]. 
Powder bed fusion technologies include EBM and several laser based melting 
techniques, such as direct metal laser sintering (DMLS®) and selective laser 
sintering (SLS®), commonly referred to as laser powder bed fusion (LPBF) [1], 
[83]. In the present study, EBM processing of Alloy 718 was specifically 
investigated. Therefore, in this chapter, the EBM process, the associated 
processing strategy as well as the typical microstructural features observed in 
EBM Alloy 718 are discussed.  

3.1 EBM processing of Alloy 718 

Electron beam melting is a PBF method which uses a high energy electron 
beam to selectively melt the powder particles along predefined trajectories 
determined by the layer-by-layer build protocol suggested by a CAD (computer 
aided design) model of the 3D component to be built. In addition to selective 
melting of a new powder layer, the supplied energy also causes re-melting of one 
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or more underlying, previously solidified layers [84]. This enables adherence of 
the current layer to the previously built portion of the component. It is 
worthwhile to mention that the processing takes place in vacuum, which 
provides a reasonably oxidation-free processing environment during EBM and 
could be beneficial for production of critical components from Alloy 718.  

Electron beam melting, like any other AM technology, is characterised by layer-
by-layer production. The processing of each layer is complex as it undergoes 
typically six processing steps which are listed below: 

1. Lowering of the build platform and raking of powder layer
2. Pre-heating of nearly the whole powder layer (Preheating I)
3. Localized pre-heating of to-be-melted region (Preheating II)
4. Contour melting of the perimeter of the component for the current

layer
5. Hatch melting of the region contained by the contour in the current

layer
6. Post-heating of the melted region

Each of the above-mentioned processing steps are illustrated in Fig. 4 and 
further explained here. This information is mostly based on prior published 
efforts of Sames [85], Körner [86], Deng [83], and Karlsson [87]. Firstly, the 
build plate is lowered by a distance equal to the powder layer thickness to 
accommodate a new layer of powder which is uniformly raked across the build 
plate. Then, the powder layer is loosely sintered during Preheat I using a 
defocused beam, for two reasons: (a) to enhance the electrical and thermal 
conduction in the powder layer/bed, and (b) to maintain high temperature 
throughout the powder bed. Thereafter, the regions in and around the area(s) 
to-be-melted during the subsequent steps are selectively heated during Preheat II, 
which results in more sintering of the powder particles. After preheating, 
melting of the contour of the current two-dimensional layer of the component 
is carried out. The main reason for contour melting is to build the component 
with specified geometrical precision. The contour is typically melted by 
MultiBeamTM technology which involves spot melting as illustrated in Fig. 5 
[88]. During spot melting, the electron beam is rapidly deflected to keep 
multiple melt pools active at the same time; this is possible due to high beam 
velocities [89]. This melting strategy is suggested to reduce surface roughness. In 
this context, it is worth mentioning that there are not many studies in literature 
investigating the effect of varied contour scanning strategies and parameters on 
the surface roughness and microstructure [90]. It should also be noted that, 
although Fig. 5 illustrates 3 contour tracks, the number of such tracks is 
variable and typically 2 to 3 contours are used. After contour melting, the region 
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of the powder bed bounded by the contours in melted typically through 
continuous back-and-forth scanning of the electron beam. This is termed as 
hatch melting and illustrated in Fig. 5. Alternatively, spot melting can also be 
used instead, as applied in some relatively recent studies to alter grain 
morphology and crystallographic orientations [91], [92]. After melting, the last 
processing step involves post-heating of an area similar to that in Preheat II in 
order to attain a uniform temperature throughout the melted region. 

Fig. 4. Schematic showing the various processing steps involved during 
production by EBM: (a) Raking of powder, (b) Preheating I (nearly entire powder 
layer), (c) Preheating II (darker rectangular region, representing the region to be 
melted), (d) Contour melting, (e) Hatch melting, and (f) Post-heating 
(rectangular region similar to Preheating II). The build direction is out of the 
plane of the image. 

The above-mentioned cycle, involving steps 1-6, is repeated until the desired 
geometry of the component(s) has been produced layer-by-layer according to 
the input CAD file. Thereafter, the whole powder-bed is allowed to cool down. 
Afterwards, the EBM produced component is recovered from the sintered 
powder bed by blasting with the same powder as was used during production. 
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This ensures minimal contamination and almost all of the unused powder can 
be recovered and potentially recycled for subsequent production. In this 
context, it is worth mentioning that previous studies have shown oxidation of 
Alloy 718 powder during EBM processing which can cause increased oxide 
inclusions in component produced using recycled powder [54], [93], [94], which 
could eventually deteriorate the mechanical integrity of the material [94], [95]. 
However, to put this into perspective, compared to Ti-6Al-4V, Alloy 718 
powder has been shown to sustain larger number of recycling without 
significant effect on the chemistry and shape of the powder [96]. Another 
important concern regarding EBM processing, although not widely investigated 
in case of Alloy 718, is possible vaporization of alloying elements especially due 
to the vacuum environment prevailing during the process. This aspect is 
relatively well studied for Ti based alloys [97]–[99], and could be relevant in case 
of Alloy 718, too, as known to be during the electron beam smelting processing 
of Alloy 718 [100], [101]. 

Fig. 5. Schematic illustrating the typical scanning strategies for contour 
(MultiBeamTM or spot melting) and hatch (bi-directional raster melting) regions. 
The figure is not to scale. The build direction is out of the plane of the image. 

All the above-mentioned factors, particularly the choice of processing 
parameters can significantly influence the final microstructure of EBM Alloy 
718. It is also important to bear in mind that, since a high process temperature is
maintained during EBM processing, the solidified region can also undergo solid
state transformation within the process chamber as observed previously [52],
[102]. The effect of processing conditions on the resulting typical characteristic
features of EBM Alloy 718 builds are described in the following sections.

3.2 Grain structure 

The as-built EBM Alloy 718 is typically characterised by columnar γ grains in 
the hatch region, with a strong <001> crystallographic texture along the build 
direction. This is reportedly caused by the presence of thermal gradients aligned 
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nearly along the build direction during solidification of the material [56], [63]. 
Such aligned thermal gradients are mainly caused by the raster scanning strategy 
typically employed. Such strongly textured columnar microstructure typically 
exhibits anisotropic mechanical behaviour [56]. On the other hand, an equiaxed 
grain structure exhibits isotropic mechanical behaviour which could be 
beneficial for applications demanding such properties [56], [63]. Consequently, 
there have been many experimental and simulation based studies aimed at 
exploring the possibility of achieving an equiaxed grain structure mainly by 
changing EBM processing conditions, such as scanning strategies, line offset, 
scanning speed, scan rotation, etc. [56], [89], [92], [103]–[105]. For instance, by 
changing the scanning strategy from the typical raster strategy to spot melting 
strategy, Kirka et al. [56] and Dehoff et al. [92] showed the possibility of 
formation of equiaxed grains. Körner et al. [89] found that the pathway for 
formation of new grains or equiaxed grains during EBM processing is to change 
the solidification direction in each layer. The above efforts showed that the 
equiaxed grains can also form by strategically altering the scanning rotation 
between layers. In the above studies, the overall intent was to change the 
solidification conditions, namely growth rate (R) and thermal gradient (G) at the 
liquid-solid interface to alter grain morphology via manipulation of the G/R 
ratio [91], [106]. In case of EBM processing of Alloy 718, modelling of G/R 
ratios for equiaxed and columnar grain formation has also been performed 
[107]. In this context, one particularly interesting aspect as shown by Dehoff et 
al. [92] is local control of grain structure during EBM processing. Despite the 
above insights into the plausible tailoring of microstructure during EBM 
processing of Alloy 718, there is lack of understanding about how distinct as-
built microstructures respond to thermal post-treatments which are typically 
required in case of EBM Alloy 718 and also for AM Alloy 718 in general. 

3.3 Defects 

One of the common concerns with EBM processed material is the presence of 
voids/porosity/defects (these terms will be used synonymously henceforth) 
which can degrade the mechanical properties of the component [95]. A recent 
detailed study on AM Alloy 718 showed relation between defects, processing 
parameters and fatigue behaviour [108]. An additional aspect related to defects is 
localised disruption of the typical epitaxial growth leading to formation of 
equiaxed grains, due to fluctuation in the heat flux [109], [110]. The defects 
present in the component can be categorized as powder-induced and process-
induced [82]. The powder-induced defects comprise gas porosity while the 
process-induced defects are mainly shrinkage porosity and lack-of-fusion. The 
source of gas pores is believed to be the starting powder since the EBM process 
is performed under vacuum. For instance, when powder is produced by the gas 
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atomization route, significant amount of gas pores may form inside the powder 
[82], [110], [111]. Due to rapid solidification during EBM, not all of the 
entrapped gas in the powder can escape the melted powder and, thus, some gas 
pores are retained in the solidified material [83]. Use of plasma atomized powder 
has been shown to reduce gas porosity in the EBM Alloy 718 [112]. Karimi et al. 
[113] found gas porosity to be only ~0.1% in EBM build produced using plasma
atomized Alloy 718 powder, and the majority of the defects were process-
induced. Shrinkage porosity is reportedly created by the interdendritic shrinkage
and incomplete flow of the metal in the formed voids, whereas lack-of-fusion
can result due to the following [82], [99]:

• Insufficient energy input to region of the powder layer to be melted,
thus resulting in incomplete fusion between successive layers

• High energy input applied to a region of the powder layer causing
spattering of material, known as spatter ejection.

In addition to the above, the extent of sphericity of the powder has been shown 
to influence formation of lack-of fusion defects [114]. It should also be 
mentioned that cracks are not typically observed in EBM Alloy 718. However, 
the above mentioned defects which are typically present in EBM Alloy 718 can 
be detrimental to the mechanical behaviour of an EBM-built component [115] 
and, this has inspired various reported studies on optimizing the processing 
parameters and improving the quality of the powder feedstock to reduce the 
defect content. For instance, Ding et al. [110] have studied an adaptive scanning 
line offset method to reduce defects in the EBM Alloy 718. Gruber et al. [94] 
found increased amount of defects filled with Al-rich oxide inclusions in an 
EBM Alloy 718 build produced using 14-times recycled powder. However, it 
should be noted that defects to some degree are inherent to the EBM process 
which motivate application and investigation of thermal post-treatments, 
specifically involving HIPing, to close them, as elaborated later in Section 4.1.  

3.4 Phase composition 

The as-built material consists of a γ matrix. The secondary phases typically 
found in the as-built material include: δ, γ", γ', and small amount of (Nb, Ti) (C, 
B, N) precipitates are often stringed along the build direction [27], [52], [63]. 
Laves phase has also been observed in the interdendritic region, although 
restricted to only the very top region, i.e. less than 2 mm from the end of the 
build [52], [102]. It is believed to have been caused by interdendritic solute 
segregation during solidification of Alloy 718 [52]. Absence of Laves phase in 
the rest of the material was attributed to homogenization of the material in the 
heated powder bed. Moreover, this dissolution of Laves phase is expected to be 
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responsible for subsequent formation of δ phase [52]. However, the δ phase 
could have also formed at the expense of γ" phase. The γ"/γ' phases observed in 
EBM Alloy 718 are expected to have precipitated during the end-of-build 
cooling from the typical powder bed temperature of ~1000°C, which is above 
the solvus temperature of γ" (900°C) and γ' (850°C) phase [102].  

The thermal gradient along the build direction and high powder bed 
temperature can give induce microstructural variation along the build direction. 
Unocic et al. [116] reported coarser δ phase near the top of a 97 mm tall EBM 
Alloy 718 rod (built standing up), whereas finer δ phase was noted at the 
bottom of the build. They expected that this difference in δ phase along the 
build direction may have arisen due to differences in cooling rate as the bottom 
region, being closer to the base plate serving as a heat sink, could have cooled at 
a faster rate. In another study [52], a gradient in γ" phase content along the build 
direction was suspected, due to the observed variation in tensile strength at 
different build heights of the material. Therefore, to achieve the desired phase 
composition, the EBM material is typically subjected to HTs (ST and aging) as 
elaborated in Section 4.2. The phase constitution, apart from the previously 
mentioned microstructural characteristics of EBM Alloy 718, significantly 
influence its mechanical behaviour as described later in Section 4.4. 
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4 Post-treatment of EBM Alloy 718 

EBM Alloy 718 is typically characterized by presence of defects, rough surface 
finish, heterogeneities in phase constitution, etc. Consequently, a set of post-
treatments are typically considered to enhance the properties of the as-built 
material. These are deemed particularly necessary in case of demanding 
structural applications that Alloy 718 is routinely employed for. These post-
treatments involve both thermal (to improve microstructure) and mechanical (to 
improve surface finish) treatments [85]. However, in the present study, the term 
‘post-treatment’ will only imply the former and these are described in detail in 
this chapter.  

Thermal post-treatments are applied to EBM Alloy 718 to close defects, achieve 
desired phase composition and distribution, and consequently achieve the 
mechanical performance that is required in service [82], [117]. A typical set of 
post-treatments which an EBM Alloy 718 is commonly subjected to involve 
HIPing, ST, and two-step aging [17], [118]. These steps, illustrated in Fig. 6, are 
also specified in the ASTM F3055 standard [8], which provides a generic 
protocol for post-treatment of PBF Alloy 718, i.e., common for both EBM and 
LPBF, as given in Fig. 6. As stated in the figure, a range of HIP temperatures is 
specified, while the HT (ST and aging) parameters are taken from the existing 
AMS 2774  standard for wrought Alloy 718 [119]. However, it is evident from 
published literature that the microstructure of wrought Alloy 718 is very 
different from that of the EBM or LPBF Alloy 718 [55], [120], [121]. Thus, use 
of standard wrought Alloy 718 HT procedures may not necessarily be ideal for 
EBM-built component. A detailed understanding of the effect of each of the 
post-treatment steps (and the associated parameters) on the build microstructure 
is required to arrive at an optimal post-treatment protocol, that will be dictated 
by the intended application and desired properties of the EBM Alloy 718 
component. 
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Fig. 6. Schematic of post-treatment steps typically employed for EBM Alloy 
718 and the parameter details as suggested in ASTM F3055 [8]. 

4.1 Hot isostatic pressing 

The defects in EBM Alloy 718 can be a major issue for many critical 
applications that employ Alloy 718 components. HIPing has been proposed to 
heal defects in AM components [85], [122], [123], as in the case of castings 
[124]. During HIPing, the component is simultaneously subjected to elevated 
temperature (usually >0.7 Tm) and isostatic gas pressure via an inert gas, inside a 
high-pressure containment vessel. Through HIPing, nearly full densification of 
the component can be achieved [125], [126]. However, it is important to note 
that HIPing can only address internal defects and it virtually leaves the surface 
connected defects (also known as ‘open’ defects) unaffected. Barring the 
unhealed ‘open’ defects after HIPing, virtually complete densification has been 
previously observed in case of HIPed EBM Alloy 718 [127]. The surface 
connected ‘open’ defects can also be reportedly closed during HIPing by prior 
encapsulation of the defects through deposition of a coating on the as-built 
material [128], [129].  

A relatively less reported concern relates to defects filled with inclusions, such as 
oxides, which cannot be completely closed by HIPing [95]. These remnant 
oxides after HIPing can act as crack initiation sites during fatigue loading of 
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EBM Alloy 718 [130]. Another less investigated aspect related to HIPing is the 
possibility of TIP, i.e. regrowth of apparently “closed” defects during 
subsequent thermal exposure [131]. A study on HIPed Ti-6Al-4V built using 
argon atomized powder in EBM has shown regrowth of defects during 
subsequent thermal exposure. Defect regrowth at high temperature has been 
attributed to increased pressure of gas inside the defects and reduced resistance 
of material to deformation [132]. In case of Alloy 718, there have been reported 
concerns with regrowth of defects in LPBF material [133]. However, for EBM 
Alloy 718, there is no such reported study. 

To the best of the author’s knowledge, majority of reported efforts on HIPing 
of EBM Alloy 718 have been carried out outside the recommended HIP 
parameter window stated in ASTM F3055 standard (refer Fig. 6). The reported 
effort on HIPing of EBM Alloy 718 for lower time and/or temperature 
(compared to that stated in Fig. 6) by offsetting with increased pressure, has 
been found to be ineffective in completely closing defects [85]. This could have 
been due to inappropriate combination of temperature-time-pressure protocols. 
Since a study on a nickel based superalloy has shown possibility to reduce the 
standard HIPing time by offsetting with increased pressure [134]. Although 
limited work has been done on optimization of HIPing parameters for EBM, in 
case of LPBF Alloy 718, HIPing at 1150°C for 4h and 100 MPa was found 
adequate for densification by Tillmann et al. [135] who studied various 
temperature and pressure protocols for HIPing. This could explain the choice of 
HIPing conditions close to the specified values, commonly employed for LPBF 
Alloy 718 as seen in several studies [136]–[140]. On the contrary, EBM Alloy 
718 is often subjected to HIPing at higher temperature, i.e. 1200°C which can 
cause grain coarsening [56], [116], [141]. It is worth mentioning that a limit of 
HIPing at 1200°C had been chosen for Alloy 718 possibly because exceeding 
this temperature caused significant grain growth as observed in Alloy 718 
produced through powder metallurgy route [142]. In addition, such high 
temperatures are also employed for casting containing large defects and gross 
levels of elemental segregation [47]. 

Grain growth after HIPing, in case of LPBF Alloy 718, with associated 
formation of annealing twins, reportedly leads to reduced high cycle fatigue life 
of the material [45]. In this context, it is worth mentioning that commonly the 
typical LPBF Alloy 718 microstructure, consisting of relatively fine grains with 
weak/random texture, is more susceptible to recrystallization and grain growth 
during HIPing compared to the typical EBM microstructure with strongly 
textured columnar grains [56], [138], [141], [143]. The grain stability during 
HIPing could depend on the starting grain size, texture, precipitates, 
dislocations, residual stresses, etc. in the material. Therefore, there are 
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levels of elemental segregation [47]. 

Grain growth after HIPing, in case of LPBF Alloy 718, with associated 
formation of annealing twins, reportedly leads to reduced high cycle fatigue life 
of the material [45]. In this context, it is worth mentioning that commonly the 
typical LPBF Alloy 718 microstructure, consisting of relatively fine grains with 
weak/random texture, is more susceptible to recrystallization and grain growth 
during HIPing compared to the typical EBM microstructure with strongly 
textured columnar grains [56], [138], [141], [143]. The grain stability during 
HIPing could depend on the starting grain size, texture, precipitates, 
dislocations, residual stresses, etc. in the material. Therefore, there are 
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differences in the driving force for grain growth among components produced 
by various AM technologies, which yield materials with different 
microstructures due to the different thermal signatures during processing. 
Moreover, these differences also exist between AM material and those 
manufactured by traditional routes such as casting/forging [19].  

The reason for grain coarsening during HIPing of EBM Alloy 718 at 1200ºC has 
been attributed to the lack of carbides and/or δ phase at the grain boundaries 
which are otherwise known pin the grain boundaries and hinder grain growth at 
high temperature [141]. The δ phase is noted to have been dissolved during 
HIPing (1200°C, 2-4h), as it is carried out above the solvus temperature of δ 
phase (~1010°C) with possibly long enough holding time to cause complete 
dissolution [144]. Though not yet widely investigated for EBM Alloy 718, grain 
growth in HIPed LPBF Alloy 718 has also been attributed also to Ostwald 
ripening of carbides [58]. However, in case of EBM Alloy 718, effect of HIPing 
on carbides is rarely reported as the carbides are expected to be stable [141]. 

Aside from δ phase and carbide, the γ"/γ' phases can be highly influenced by 
HIPing. HIPing can cause complete dissolution of γ"/γ' phases, since HIPing is 
usually carried out above the solvus temperature of these phases (see Table 2). 
Recently, for EBM Alloy 718, Kumara et al. [145] showed feasibility of 
precipitating strengthening phases by controlling cooling rate after holding at 
HIPing temperature. However, cooling rates during HIPing of EBM Alloy 718 
are often not clearly stated, but reported using indefinite terms, such as fast and 
slow cooling [17], [141], [146]–[148]. For instance, in one study small amounts of 
γ"/γ' phases were found in HIPed EBM Alloy 718, and this was attributed to 
the slow cooling employed during HIPing [116]. In another study, employing fast 
cooling during HIPing, although detailed microstructure characterization was not 
carried out, reduced yield and tensile strength after HIPing was reported and it 
could have resulted from the lack of strengthening precipitates [146]. 

A systematic detailed study of effect of HIPing as well as investigation of how 
the HIPing parameters (temperature, time, pressure, and cooling rate) influence 
properties of EBM-Alloy 718 has not yet been carried out. This is essential for 
optimal utilization of the capability of HIPing to obtain the desired 
microstructure and mechanical properties of EBM Alloy 718. After applying 
HIPing treatment, EBM Alloy 718 is typically subjected to HTs to mainly tailor 
its phase distribution as described in the following section. However, before 
describing HTs, it is worthwhile to note that a stress relieving HT can be applied 
prior to HIPing, as recommended in the ASTM F3055 standard specification 
for PBF Alloy 718 (see Fig. 6). However, previous studies have shown 
substantially lower residual stresses in EBM Alloy 718 compared to LPBF Alloy 
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718 [149]–[152]. Hence, stress relief is typically not carried out for EBM Alloy 
718 [85].  

4.2 Heat treatment 

Alloy 718 built by EBM, with or without prior HIPing, is usually subjected to 
HT typically involving ST and aging. The ST is employed to dissolve the 
strengthening phases (γ" and γ') to prepare the material for subsequent aging, 
and to precipitate grain boundary δ phase. Previous reports have shown 
precipitation of δ phase in EBM Alloy 718 after ST between 930°C to 1000°C 
[63], [120]. Although the influence of δ phase on the mechanical behaviour of 
EBM Alloy 718 has not been conclusively studied, in case of DED Alloy 718, 
presence of δ phase has been found to reduce notch sensitivity of the material 
[153]. Also, improvement in notched stress rupture properties by ensuring an 
optimum amount, morphology, and distribution of δ phase has been reported 
for wrought/cast Alloy 718 [144], [154], [155]. It should also be mentioned that 
the response of δ phase during mechanical loading could depend on the nature 
of fracture. During mechanical loading at room temperature or 650°C, when 
fracture occurred through transgranular mode, Gopikrishna et al. [156] found 
that the δ phase present at the grain boundaries did not have any evident effect. 
On the other hand, when fracture happened through intergranular mode at high 
temperature, Deng et al. [157] found the grain boundary δ phase to contribute 
to increasing crack growth rate apparently because, at high temperature Ni3Nb is 
reported to readily oxidize to form brittle Nb2O5 [158]. The effect of 
intragranular δ phase on mechanical behaviour of both PBF and conventionally 
produced Alloy 718 is even less investigated, and overall the findings are 
inconclusive [39], [159]–[161].  

Regardless of the influence of δ phase on the mechanical properties of EBM 
Alloy 718, its precipitation during ST should be limited as it depletes the matrix 
of Nb, which is required for formation of the major strengthening phase (γ") 
during aging [144]. The effect of ST on the microstructure can be very sensitive 
to the starting microstructure. For instance, ST at 930°C for 1 hour on as-built 
EBM 718 showed only intergranular δ phase precipitation [63] whereas the same 
treatment applied to LPBF material caused extensive intergranular and 
intragranular δ phase precipitation [162]. In addition, variation in δ phase 
precipitation with grain size has also been reported for Alloy 718 [163]. It is well 
known that time and temperature are critical factors during ST. Apart from time 
and temperature, the cooling rate after ST can also have significant effect on the 
resultant microstructure; although commonly water cooling or air cooling are 
employed. In LPBF Alloy 718, application of different cooling modes after ST 
influenced the resultant hardness of the material [71]. Typically ST renders the 
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differences in the driving force for grain growth among components produced 
by various AM technologies, which yield materials with different 
microstructures due to the different thermal signatures during processing. 
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manufactured by traditional routes such as casting/forging [19].  

The reason for grain coarsening during HIPing of EBM Alloy 718 at 1200ºC has 
been attributed to the lack of carbides and/or δ phase at the grain boundaries 
which are otherwise known pin the grain boundaries and hinder grain growth at 
high temperature [141]. The δ phase is noted to have been dissolved during 
HIPing (1200°C, 2-4h), as it is carried out above the solvus temperature of δ 
phase (~1010°C) with possibly long enough holding time to cause complete 
dissolution [144]. Though not yet widely investigated for EBM Alloy 718, grain 
growth in HIPed LPBF Alloy 718 has also been attributed also to Ostwald 
ripening of carbides [58]. However, in case of EBM Alloy 718, effect of HIPing 
on carbides is rarely reported as the carbides are expected to be stable [141]. 

Aside from δ phase and carbide, the γ"/γ' phases can be highly influenced by 
HIPing. HIPing can cause complete dissolution of γ"/γ' phases, since HIPing is 
usually carried out above the solvus temperature of these phases (see Table 2). 
Recently, for EBM Alloy 718, Kumara et al. [145] showed feasibility of 
precipitating strengthening phases by controlling cooling rate after holding at 
HIPing temperature. However, cooling rates during HIPing of EBM Alloy 718 
are often not clearly stated, but reported using indefinite terms, such as fast and 
slow cooling [17], [141], [146]–[148]. For instance, in one study small amounts of 
γ"/γ' phases were found in HIPed EBM Alloy 718, and this was attributed to 
the slow cooling employed during HIPing [116]. In another study, employing fast 
cooling during HIPing, although detailed microstructure characterization was not 
carried out, reduced yield and tensile strength after HIPing was reported and it 
could have resulted from the lack of strengthening precipitates [146]. 

A systematic detailed study of effect of HIPing as well as investigation of how 
the HIPing parameters (temperature, time, pressure, and cooling rate) influence 
properties of EBM-Alloy 718 has not yet been carried out. This is essential for 
optimal utilization of the capability of HIPing to obtain the desired 
microstructure and mechanical properties of EBM Alloy 718. After applying 
HIPing treatment, EBM Alloy 718 is typically subjected to HTs to mainly tailor 
its phase distribution as described in the following section. However, before 
describing HTs, it is worthwhile to note that a stress relieving HT can be applied 
prior to HIPing, as recommended in the ASTM F3055 standard specification 
for PBF Alloy 718 (see Fig. 6). However, previous studies have shown 
substantially lower residual stresses in EBM Alloy 718 compared to LPBF Alloy 
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718 [149]–[152]. Hence, stress relief is typically not carried out for EBM Alloy 
718 [85].  

4.2 Heat treatment 

Alloy 718 built by EBM, with or without prior HIPing, is usually subjected to 
HT typically involving ST and aging. The ST is employed to dissolve the 
strengthening phases (γ" and γ') to prepare the material for subsequent aging, 
and to precipitate grain boundary δ phase. Previous reports have shown 
precipitation of δ phase in EBM Alloy 718 after ST between 930°C to 1000°C 
[63], [120]. Although the influence of δ phase on the mechanical behaviour of 
EBM Alloy 718 has not been conclusively studied, in case of DED Alloy 718, 
presence of δ phase has been found to reduce notch sensitivity of the material 
[153]. Also, improvement in notched stress rupture properties by ensuring an 
optimum amount, morphology, and distribution of δ phase has been reported 
for wrought/cast Alloy 718 [144], [154], [155]. It should also be mentioned that 
the response of δ phase during mechanical loading could depend on the nature 
of fracture. During mechanical loading at room temperature or 650°C, when 
fracture occurred through transgranular mode, Gopikrishna et al. [156] found 
that the δ phase present at the grain boundaries did not have any evident effect. 
On the other hand, when fracture happened through intergranular mode at high 
temperature, Deng et al. [157] found the grain boundary δ phase to contribute 
to increasing crack growth rate apparently because, at high temperature Ni3Nb is 
reported to readily oxidize to form brittle Nb2O5 [158]. The effect of 
intragranular δ phase on mechanical behaviour of both PBF and conventionally 
produced Alloy 718 is even less investigated, and overall the findings are 
inconclusive [39], [159]–[161].  

Regardless of the influence of δ phase on the mechanical properties of EBM 
Alloy 718, its precipitation during ST should be limited as it depletes the matrix 
of Nb, which is required for formation of the major strengthening phase (γ") 
during aging [144]. The effect of ST on the microstructure can be very sensitive 
to the starting microstructure. For instance, ST at 930°C for 1 hour on as-built 
EBM 718 showed only intergranular δ phase precipitation [63] whereas the same 
treatment applied to LPBF material caused extensive intergranular and 
intragranular δ phase precipitation [162]. In addition, variation in δ phase 
precipitation with grain size has also been reported for Alloy 718 [163]. It is well 
known that time and temperature are critical factors during ST. Apart from time 
and temperature, the cooling rate after ST can also have significant effect on the 
resultant microstructure; although commonly water cooling or air cooling are 
employed. In LPBF Alloy 718, application of different cooling modes after ST 
influenced the resultant hardness of the material [71]. Typically ST renders the 
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material soft, since it is carried out above the solvus temperature of the 
strengthening phases (see Table 2), therefore, it is always followed by aging to 
strike a balance between strength and ductility of the material. 

Aging of EBM Alloy 718 is employed to promote precipitation and growth of 
the strengthening phases, γ"/γ' [164], [165]. The standard aging treatment 
typically involves two steps as shown in Fig. 6 and is, therefore, referred to as 
two-step aging. Step 1 of aging involves holding at a temperature which is within 
the temperature range for precipitation of γ"/γ' phases (refer TTT diagram 
shown in Fig. 3) to precipitate these phases. This is followed by step 2, which is 
typically carried out at a lower temperature to promote and control growth of 
the strengthening phases [85]. The control of size and amount of γ"/γ' phases 
formed during aging is crucial, as this governs the properties of Alloy 718. 
Moreover, in the context of aging, there have been reports on possibility and 
interest in shortening the typical 18-20 hour long aging time for cast Alloy 718, 
which also depends on the starting microstructure [25], [166].  

To the best of the author’s knowledge, there is very little literature available on 
this aspect of shortening the aging time for AM built Alloy 718 [71]. A recent 
study on LPBF Alloy 718 by Huang et al. [71] suggested possibility of 
shortening time for aging by studying microstructure evolution, but it was 
limited to single-step aging. It is also relevant to mention that a recent study on 
a LPBF built nickel based superalloy has shown possibility for significant 
reduction in time for two-step aging [167]. In this study, the first step of aging 
was shortened through study of microstructure evolution, while the procedure 
for shortening the second step of aging is unclear. Majority of earlier reported 
studies on conventionally produced Alloy 718 were limited to microstructure 
evolution only during single-step of aging [33], [168]–[173]. 

The aging treatment specified in ASTM F3055 standard for PBF Alloy 718, 
which is also commonly applied to EBM material, appears to have been directly 
taken from the aging protocol that is adopted for wrought Alloy 718 [119], with 
independent efforts to ‘optimize’ the treatment specifically for EBM material 
being unavailable in literature. However, due to the differences in the starting 
microstructure of wrought and EBM Alloy 718, this might not be the optimal 
solution. For instance, previous studies have shown variation in precipitation 
kinetics of γ" and δ phase with difference in the initial strain in the material 
[163]. Thus, there is a need for systematically investigating evolution of the 
strengthening phases during two-step aging of EBM Alloy 718 as it can lead to 
identification of an appropriate protocol for peak aging to avoid over/under 
aging. Moreover, it can provide an opportunity to shorten the two-step aging 
treatment from an 18-20 hour long cycle which is perhaps ‘borrowed’ from 
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what has been the practise with wrought Alloy 718 and also carried out for 
EBM Alloy 718 (see Fig. 6) as reported in several studies [17], [63], [116], [120].  

An alternate promising HT route called ‘direct aging’ was introduced by Kruger 
in 1989 for wrought Alloy 718 [174]. This approach was of interest not only 
because of the improved economies by omitting solution treatment step but it 
also improved yield strength of the material [174], [175]. This so-called ‘direct 
aging effect’ was attributed to several contributing factors such as, small 
recrystallized grain size (avoiding grain growth during ST), lower amount of δ 
phase (leaving higher amount of Nb in the solid solution), retained work 
hardening, increased volume fraction of γ" phase, change in co-precipitation 
sequence of stacked γ" and γ' phases [175], [176]. Although these studies were 
undertaken for wrought Alloy 718, the above-mentioned factors are also 
relevant to EBM material. For instance, co-precipitation of γ" and γ' phases has 
been reported to occur in LPBF Alloy 718 [177]. 

4.3 Integrating HIPing and heat treatment 

A systematic holistic study of the effect of HIPing parameters and the evolution 
of microstructure during HT can help in identifying optimal (depending on user, 
application, and desired properties) and possibly shortened post-treatment 
protocol(s) for EBM Alloy 718. Another approach to shorten the overall post-
treatment duration is to combine HIPing and HT as a one cycle approach. This 
can help reduce lead time as well as capital investment, by eliminating need for 
an additional furnace for HT. Some modern HIP machines provide the 
opportunity to carry out HT inside the HIP vessel [138], [178], [179]. Such 
approach of combined HIPing and HT has been previously reported for 
aluminium castings and, has shown nearly thirty-percent time saving on post-
treatment [180]. In addition, the higher flexibility of HT parameters inside the 
HIP vessel can provide a larger window to optimize the overall post-treatment 
protocol(s) for EBM Alloy 718. For instance, cooling directly after HIPing to 
HT temperature, without the need for in-between cooling to room temperature, 
which can save energy consumption [134]. Moreover, through possibility of 
quenching in modern HIP machines to retain supersaturated matrix after 
HIPing, aging can be performed directly afterwards without the needed of in-
between ST [181]–[183]. In the context of aging inside the HIP vessel, it is 
worth mentioning that, the considerably high pressure maintained during the 
integrated post-treatment can influence precipitation as previously noted for γ' 
strengthened nickel based superalloys [134], [184]. The pressure could 
theoretically cause decrease in diffusion coefficient of the solute atoms, but it 
was eventually found to have only minor influence. Depending on the kind of 
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material soft, since it is carried out above the solvus temperature of the 
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what has been the practise with wrought Alloy 718 and also carried out for 
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An alternate promising HT route called ‘direct aging’ was introduced by Kruger 
in 1989 for wrought Alloy 718 [174]. This approach was of interest not only 
because of the improved economies by omitting solution treatment step but it 
also improved yield strength of the material [174], [175]. This so-called ‘direct 
aging effect’ was attributed to several contributing factors such as, small 
recrystallized grain size (avoiding grain growth during ST), lower amount of δ 
phase (leaving higher amount of Nb in the solid solution), retained work 
hardening, increased volume fraction of γ" phase, change in co-precipitation 
sequence of stacked γ" and γ' phases [175], [176]. Although these studies were 
undertaken for wrought Alloy 718, the above-mentioned factors are also 
relevant to EBM material. For instance, co-precipitation of γ" and γ' phases has 
been reported to occur in LPBF Alloy 718 [177]. 
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of microstructure during HT can help in identifying optimal (depending on user, 
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protocol(s) for EBM Alloy 718. Another approach to shorten the overall post-
treatment duration is to combine HIPing and HT as a one cycle approach. This 
can help reduce lead time as well as capital investment, by eliminating need for 
an additional furnace for HT. Some modern HIP machines provide the 
opportunity to carry out HT inside the HIP vessel [138], [178], [179]. Such 
approach of combined HIPing and HT has been previously reported for 
aluminium castings and, has shown nearly thirty-percent time saving on post-
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which can save energy consumption [134]. Moreover, through possibility of 
quenching in modern HIP machines to retain supersaturated matrix after 
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precipitate, the applied pressure could also influence Gibbs free energy of 
transformation for precipitate formation [134], [145]. 

All the aforementioned ways of post-treatment are intended to improve the 
microstructure and mechanical behaviour of EBM Alloy 718. Therefore, it is 
important to investigate the microstructure and mechanical behaviour of EBM 
Alloy 718 after subjecting to post-treatment. While the microstructural aspects 
have already been described above and in Sections 4.1 and 4.2, the effect of 
various post-treatment steps on the mechanical behaviour of EBM as well as 
LPBF Alloy 718 is reviewed below.  

4.4 Influence of post-treatments on mechanical behaviour  

EBM Alloy 718 is typically characterized by presence of defects and columnar 
grains with strong crystallographic texture. Possibly as a result of these 
microstructural attributes, anisotropy in mechanical behaviour of EBM Alloy 
718 components has been consistently reported [17], [185], [186]. Although, the 
epitaxial grain structure can enhance mechanical properties of EBM Alloy 718, 
as in case of directionally solidified alloys tested along the direction of 
solidification [56], the anisotropy in the material can limit the mechanical 
performance of the component exposed to complex stress states [91], [115], 
[139]. Therefore, from an application standpoint, anisotropy in the EBM Alloy 
718 is a key concern. To address this issue, two approaches are being 
simultaneously investigated, (a) tailoring of grain structure and (b) adoption of 
suitable post-treatment. The former approach was described in Section 3.2, that 
in builds with equiaxed grain morphology the reported monotonic tensile 
strength, yield strength, and modulus of elasticity also support the possibility of 
obtaining isotropic properties [148]. However, the scatter observed in 
mechanical behaviour of EBM Alloy 718 is still a lingering issue, which can be 
attributed to the previously mentioned features of the as-built material (refer 
Section 3.3 and 3.4) [63]. In view of the above, post-treatment of the 
component would be required to reduce the scatter, anisotropy, and improve 
the mechanical behaviour of the component to make it suited for the 
demanding applications for which Alloy 718 components are usually employed. 

After post-treatment, depending upon whether the HIPing step is carried out 
prior to ST and aging or not, distinct properties can result in post-treated EBM 
Alloy 718. When EBM Alloy 718 was subjected to both ST and aging without 
prior HIP, improvement in tensile strength was observed but the anisotropy in 
the material, tested along the build direction and transverse direction, still 
persisted [63], [120]. Both the studies have attributed the observed anisotropy to 
the remnant defects after HT of EBM Alloy 718. Balachandramurthi et al. [187] 
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have observed reduced tensile ductility after subjecting the material to HT; 
however, ductility was increased after HT with prior HIPing, due to defect 
reduction. In another study, when HT was preceded by HIPing, the anisotropy 
in the EBM Alloy 718 was found to have almost disappeared, and improvement 
in tensile strength as well as in ductility was observed [17]. This study had also 
noted gradients in strength and elongation in the as-built condition and 
attributed it to the decomposition of γ" and formation of δ phase [17]. 
However, after HIPing and HT, such gradients were found to have almost 
disappeared [17]. The improvement in tensile behaviour after post-treatment is 
evident from comparison of Table 3 and Table 4 which summarize tensile 
property values of EBM as well as LPBF Alloy 718, the two leading PBF 
techniques, in as-built and post-treated conditions, respectively. It is readily 
evident from Table 4 that considerable efforts have been made on evaluating 
the influence of post-treatments in case of LPBF Alloy 718. This is also seen 
from a recent review of mechanical behaviour of AM Alloy 718 [188]. 

A comparison of yield/tensile strength values for EBM and LPBF Alloy 718 
tested after post-treatment (refer Table 4) reveals higher strength in case of the 
latter. This can be understood as follows. The LPBF built Alloy 718 typically 
exhibits finer grain structure compared to EBM produced material due to the 
faster cooling rates during solidification in case of the former [164]. The cooling 
rates are lower during EBM processing because of the preheating of the build 
plate as well as the powder-bed [149]. In contrast, during LPBF processing, the 
build plate is usually relatively cold and commonly only little preheating is 
employed [76]. Therefore, due to the typically smaller grain size in LPBF Alloy 
718 even after post-treatment, it exhibits higher strength than EBM Alloy 718. 
Moreover, the presence of sub-grain structure in LPBF Alloy 718 can further 
enhance strength of the material [177], [189]. 

EBM Alloy 718 typically exhibits anisotropic elastic properties due to the strong 
<100>//build direction texture [89], as observed for directionally solidified 
[190] or cold rolled sheet materials [191]. In EBM Alloy 718, Körner et al. [89]
reported anisotropic Young’s modulus of 127 GPa along the build direction and
159 GPa when loaded in transverse direction. In Alloy 718, with a FCC
structure, the <100> direction is crystallographically compliant whereas it is
highly stiff along <111> direction [12]. This explains why the Young’s modulus
for textured EBM Alloy 718 is low when tested parallel to the build direction.
Modelling of Young’s modulus showed such material to exhibit highest value
when loaded at an angle of ~55° with respect to the build direction [118].
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precipitate, the applied pressure could also influence Gibbs free energy of 
transformation for precipitate formation [134], [145]. 

All the aforementioned ways of post-treatment are intended to improve the 
microstructure and mechanical behaviour of EBM Alloy 718. Therefore, it is 
important to investigate the microstructure and mechanical behaviour of EBM 
Alloy 718 after subjecting to post-treatment. While the microstructural aspects 
have already been described above and in Sections 4.1 and 4.2, the effect of 
various post-treatment steps on the mechanical behaviour of EBM as well as 
LPBF Alloy 718 is reviewed below.  

4.4 Influence of post-treatments on mechanical behaviour  

EBM Alloy 718 is typically characterized by presence of defects and columnar 
grains with strong crystallographic texture. Possibly as a result of these 
microstructural attributes, anisotropy in mechanical behaviour of EBM Alloy 
718 components has been consistently reported [17], [185], [186]. Although, the 
epitaxial grain structure can enhance mechanical properties of EBM Alloy 718, 
as in case of directionally solidified alloys tested along the direction of 
solidification [56], the anisotropy in the material can limit the mechanical 
performance of the component exposed to complex stress states [91], [115], 
[139]. Therefore, from an application standpoint, anisotropy in the EBM Alloy 
718 is a key concern. To address this issue, two approaches are being 
simultaneously investigated, (a) tailoring of grain structure and (b) adoption of 
suitable post-treatment. The former approach was described in Section 3.2, that 
in builds with equiaxed grain morphology the reported monotonic tensile 
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the remnant defects after HT of EBM Alloy 718. Balachandramurthi et al. [187] 
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have observed reduced tensile ductility after subjecting the material to HT; 
however, ductility was increased after HT with prior HIPing, due to defect 
reduction. In another study, when HT was preceded by HIPing, the anisotropy 
in the EBM Alloy 718 was found to have almost disappeared, and improvement 
in tensile strength as well as in ductility was observed [17]. This study had also 
noted gradients in strength and elongation in the as-built condition and 
attributed it to the decomposition of γ" and formation of δ phase [17]. 
However, after HIPing and HT, such gradients were found to have almost 
disappeared [17]. The improvement in tensile behaviour after post-treatment is 
evident from comparison of Table 3 and Table 4 which summarize tensile 
property values of EBM as well as LPBF Alloy 718, the two leading PBF 
techniques, in as-built and post-treated conditions, respectively. It is readily 
evident from Table 4 that considerable efforts have been made on evaluating 
the influence of post-treatments in case of LPBF Alloy 718. This is also seen 
from a recent review of mechanical behaviour of AM Alloy 718 [188]. 

A comparison of yield/tensile strength values for EBM and LPBF Alloy 718 
tested after post-treatment (refer Table 4) reveals higher strength in case of the 
latter. This can be understood as follows. The LPBF built Alloy 718 typically 
exhibits finer grain structure compared to EBM produced material due to the 
faster cooling rates during solidification in case of the former [164]. The cooling 
rates are lower during EBM processing because of the preheating of the build 
plate as well as the powder-bed [149]. In contrast, during LPBF processing, the 
build plate is usually relatively cold and commonly only little preheating is 
employed [76]. Therefore, due to the typically smaller grain size in LPBF Alloy 
718 even after post-treatment, it exhibits higher strength than EBM Alloy 718. 
Moreover, the presence of sub-grain structure in LPBF Alloy 718 can further 
enhance strength of the material [177], [189]. 

EBM Alloy 718 typically exhibits anisotropic elastic properties due to the strong 
<100>//build direction texture [89], as observed for directionally solidified 
[190] or cold rolled sheet materials [191]. In EBM Alloy 718, Körner et al. [89]
reported anisotropic Young’s modulus of 127 GPa along the build direction and
159 GPa when loaded in transverse direction. In Alloy 718, with a FCC
structure, the <100> direction is crystallographically compliant whereas it is
highly stiff along <111> direction [12]. This explains why the Young’s modulus
for textured EBM Alloy 718 is low when tested parallel to the build direction.
Modelling of Young’s modulus showed such material to exhibit highest value
when loaded at an angle of ~55° with respect to the build direction [118].
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 Table 3. Summary of tensile behaviour of as-built PBF Alloy 718 at room 
temperature. 

Process/Reference Orientation Yield 
Strength 
(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Elongation 
(%) 

EBM 
[120] BD 744 ±44 929 ±20 5.5 
[116] BD 669 1207 19.8 
[17] BD 925 ±20 1138 ±24 15.7 ±4.3 
[63]* BD 922 ±10 1113 ±5 31.4 ±8.8 
[187] BD 920 ±16 1075 ±46 10 ±3 

LPBF 
[121]* BD 623 ±25 989 ±2 36.0 ±1.3 
[192] BD 737 ±4 1010 ±10 20.6 ±2.1 
[19] BD 572 ±44 904 ±22 19 ±4 

[193]* BD 574 ±6 873 ±14 13 ±2 
EBM 
[120] TD 822 ±25 1060 ±26 22 
[17] TD 894 ±24 1061 ±83 11.5 ±6.9 
[63]* TD 771 ±10 1002 ±15 40.1 ±4.0 

LPBF 
[121]* TD 785 ±2 1069 ±4 31.1 ±0.9 
[192] TD 816 ±24 1085 ±11 19.1 ±0.7 
[137] TD 830 1120 25 
[19] TD 643 ±63 991 ±62 13 ±6 
[194] TD 889-907 1137-1148 19.2-25.9 
[195] TD 849 1126 22.8 
[196] TD 847 ±15 1120 ±11 30.9 ±0.9 
[71] TD 873 ±9 1126 ±8 28.6 ±0.7 

*Flat samples tested, remaining all with cylindrical samples.
BD and TD stand for build direction and transverse direction, respectively.
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Table 4. Summary of tensile behaviour of post-treated PBF Alloy 718 at room 
temperature. 

Process/Condition/ 
Reference 

Orientation Yield 
Strength 
(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Elongation 
(%) 

EBM 
ST+Age [120] BD 1187 ±27 1232 ±16 1.1 

HIP [116] BD 476 765 50.9 
HIP+Age [116] BD 1034 1151 3.5 

HIP+ST+Age [17] BD 1061 ±16 1266 ±44 21.1 ±1.1 
ST+Age [63]* BD 1131 ±27 1217 ±20 25.0 ±2.4 
ST+Age [63]* BD 1090 ±33 1179 ±12 22.0 ±2.6 
ST+Age [63]* BD 1120 ±66 1199 ±3 28.1 ±7.0 

Age [63]* BD 1126 ±9 1268 ±3 22.3 ±1.8 
ST+Age [187] BD 1096 ±6 1172 ±30 6 ±1 

HIP+ST+Age [187] BD 1100 ±13 1190 ±33 14 ±1 
ST+Age [110]* BD ~1100 ~1200 ~20 

LPBF 
Hom.+ST+Age 

[121]* 
BD 1197 ±6 1374 ±2 23.9 ±0.4 

Hom.+Age [121]* BD 1174 ±22 1368 ±2 25.3 ±0.6 
ST+Age [121]* BD 1160 ±30 1393 ±2 23.6 ±1.3 

Age [121]* BD 1191 ±60 1419 ±23 15.4 ±3.6 
ST+Age [192] BD 1136 ±16 1357 ±5 13.6 ±0.2 

Hom. +ST+Age 
[192] 

BD 1186 ±23 1387 ±12 17.4 ±0.4 

Anneal + HIP [137] BD 880 1140 30 
Anneal + HIP [137] BD 850 1140 28 

ST+Age [19] BD 1074 ±42 1320 ±6 19 ±2 
ST+Age [197] BD 1215 -- -- 

HIP+ST+Age [136] BD 1084-1124 1334-1375 17.5-20 
Anneal [193]* BD 704 ±8 920 ±53 4 ±2 

HIP [193]* BD 500 ±6 817 ±16 21 ±1 
HIP+Hom.+Age 

[193]* 
BD 1041 ±47 1154 ±68 7 ±1 

EBM 
HT [120] TD 1154 ±46 1238 ±22 7 

HIP+ST+Age [17] TD 1035 ±17 1240 ±19 21.8 ±2.4 
ST+Age [63]* TD 940 ±45 1029 ±50 14.1 ±10.1 
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ST+Age [63]* TD 868 ±14 1094 ±60 38.3 ±2.8 
ST+Age [63]* TD 934 ±6 1072 ±2 35.2 ±2.2 

Age [63]* TD 1042 ±74 1200 ±61 31.3 ±7.7 
LPBF 

Hom.+ST+Age 
[121]* 

TD 1245 ±15 1436 ±5 19.8 ±0.8 

Hom.+Age [121]* TD 1246 ±19 1442 ±10 19.7 ±1.5 
ST+Age [121]* TD 1227 ±14 1485 ±17 18.9 ±0.4 

Age [121]* TD 1352 ±28 1513 ±3 15.3 ±0.6 
ST+ Age [192] TD 1227 ±1 1447 ±10 10.1 ±0.6 

Hom.+ST+Age [192] TD 1222 ±26 1417 ±4 15.9 ±1.0 
Anneal + HIP [137] TD 930 1200 27 
Anneal + HIP [137] TD 890 1200 28 

Hom.+ST+Age [22]* TD 1211 ±24 1406 ±21 13.6 ±4.0 
ST+Age [19] TD 1159 ±32 1377 ±66 8 ±6 

ST+Age [197]* TD 1290 -- -- 
HIP+ST+Age [136] TD 1110-1136 1376-1392 18-25

ST+Age [194]* TD 1102-1161 1280-1358 10-22
ST+Age [195] TD 1084 1371 10.1 

Hom.+ST+Age [195] TD 1046 1371 12.3 
ST+Age [196] TD 1369 ±17 1529 ±19 18.6 ±0.9 
ST+Age [71]* TD 1207 ±12 1471 ±4 18.9 ±1.3 
ST+Age [71]* TD 1369 ±17 1529 ±19 18.6 ±0.9 
ST+Age [71]* TD 1337 ±2 1500 ±1 19.8 ±1.2 

Age [71]* TD 1374 ±14 1545 ±10 14.1 ±0.2 

*Flat samples tested, remaining all with cylindrical samples.
Note: BD and TD stand for build direction and transverse direction,
respectively.
‘Anneal’ and ‘Hom.’ stand for annealing and homogenization HTs.

The static mechanical behaviour of EBM Alloy 718 is more often investigated. 
However, studies by Balachandramurthi et al. [95], [186], [187], [198], Deng et 
al. [157], Kirka et al. [148], Kuo et al. [164], Im et al. [199] and Shassere et al. 
[147] reported dynamic mechanical behaviour of EBM Alloy 718, such as
fatigue and creep properties usually after subjecting the material to post-
treatments. After post-treatment, the EBM Alloy 718 has been reported to yield
dynamic properties comparable to wrought material [147]. Notwithstanding the
above potential of improving mechanical integrity of EBM Alloy 718 through
post-treatment, there is lack of detailed investigation on the influence of post-
treatments on the material to tailor post-treatment protocols suited for EBM
produced material.
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5 Experimental methods 

The work presented in this thesis was carried out through experimental 
investigations. The tools and techniques used are described in this chapter. 

5.1 Alloy 718 powder feedstock 

The plasma wire atomized feedstock powder used in the present study was 
supplied by AP&C (Québec, Canada). The chemical composition of the powder 
is given in Table 5 and the nominal particle size range was 45 to 105 µm, as 
provided by the supplier. Cross-section of the powder was analysed using 
optical microscopy (OM) and scanning electron microscopy (SEM) with energy-
dispersive X-ray spectroscopy (EDS) capabilities, and the results are provided in 
Fig. 7. The powder cross-sections appeared circular with presence of few 
satellites, as seen in Figs. 7 (a), (b). In some powder particles, presence of 
circular cavities was noted, which could be rationalised as gas pores inherited 
from the powder. The source of gas pores is primarily expected to be the argon 
gas used during the powder atomization process [200]. Moreover, presence of 
any residual oxygen or nitrogen (in ppm) in the atomization chamber could 
potentially find its way into the powder as seen from the nominal chemical 
composition of the powder. Given that the nitrogen and oxygen content in the 
powder exceeds the solubility limit in Alloy 718 [201], some amount of TiN and 
Al2O3 inclusions, respectively, were also expectedly found. These inclusions 
could have formed during powder production and could also be traceable to the 
wire used for powder production [93]. Moreover, due to recycling, the powder 
could have undergone further oxidation due to prior exposure to EBM 
processing [202], [203]. Phases rich in Nb, presumably blocky carbides and 
irregular Laves phase, were also observed as shown in Fig. 7 (c), where the 
latter is also rich in Mo. 

Table 5. Nominal chemical composition of the feedstock Alloy 718 powder. 

Element Ni Cr Fe Nb+Ta Mo 

wt.% 51.67 19.09 Bal. 5.31 3.12 

Element Ti Al C N O 

wt.% 0.89 0.53 0.04 0.02 0.02 
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Fig. 7 OM (a) and (b)-(c) SEM micrographs with EDS maps (insets) of the 
cross-section of the typical Alloy 718 powder particles. A higher resolution SEM 
micrograph of Nb and Mo rich phase also shown in the inset. 

5.2 EBM processing of Alloy 718 

Five different kinds of EBM Alloy 718 builds constructed in Arcam A2X 
machines (Arcam AB, Mölndal, Sweden) were investigated in this study. All the 
builds were produced using stainless steel base plates. The EBM processing 
conditions and the purpose for each of the builds is described below. 

Build I: ‘Standard’ Arcam build 

Build I was a process verification build supplied by Arcam AB. The purpose of 
the build was to extract samples to systematically investigate the effect of 
different post-treatments on the microstructure of the material. The build 
comprised of rods (100 x15 mm) and cuboids (100 x100 x15 mm) as observed 
from the illustration of its CAD model shown in Fig. 8, with the build direction 
also being indicated. The build was processed using the ‘standard’ EBM 
processing parameters for Alloy 718 as suggested by Arcam AB. Some of the 
key process parameters are listed in Table 6. It should be mentioned that since 
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the present study focuses particularly on the hatch region, only the hatch 
melting parameters have been specified. A copy of this build, named Build II, 
was also produced at University West (Trollhättan, Sweden), i.e., using similar 
process parameter settings and geometry, to generate more mechanical test 
specimens. This build was found to eventually exhibit similar microstructure and 
mechanical behaviour as the above build. In addition, another build, Build III, 
similar in geometry as Build I and constructed using modified EBM process 
parameters (refer Table 6) was supplied by Arcam AB. This build was used to 
study the influence of a different starting microstructure and to also investigate 
the robustness of the shortened post-treatment protocol developed as an 
outcome of the microstructure evolution investigation carried out as part of this 
work. 

Fig. 8. Illustration of the CAD model of Build I/II/III. The arrow indicates the 
build direction (BD). 

Table 6. Hatch process parameters used for the EBM Alloy 718 builds. 

Parameters 
Settings for the EBM builds 

BBuuiilldd  II//IIII  BBuuiilldd  IIIIII  
Melting strategy bi-directional raster Uni-directional raster 
Melt current range (mA) 3.5 - 18 2.5 - 15 
Speed function 63 94 
Focus offset (mA) 15 7.5 
Layer thickness (µm) 75 70 
Hatch rotation (°) 72 63 
Line offset (µm) 125 120 
Voltage (kV) 60 60 
Pre-heat temperature (°C) 1020 1000 
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Build IV: Build with variable defect content 

Build IV was made to specifically realize specimens with varying defect content 
to assess their response to identical post-treatments, particularly HIPing. To 
achieve this, six cubic samples (15x15x15 mm3) were built with different line 
offset settings, which is the distance between adjacent hatch scanning lines, as 
stated in Table 7. All the remaining process parameters were the same as those 
used for producing Build I. Moreover, each of the cubes was enclosed in a 
relatively dense shell, built with Arcam AB recommended offset value, as shown 
in Fig. 9. This was done to ensure that none of the defects in the cube samples 
are surface connected, to effectively close them during HIPing. 

Table 7. Line offset values used for Build IV. 

Sample 
nomenclature 

Line offset 
(µm) 

#1 75 
#2 125* 
#3 175 
#4 225 
#5 275 
#6 325 

*Arcam AB recommended offset value

Fig. 9. Schematic of the CAD model of one of the multiple identical blocks 
comprising Build IV (a), and cross-section view of the block revealing the shell 
around the cubes (marked by hatched lines) processed with different line offsets 
(b). The arrow indicates the build direction. 
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Build V: Build with distinct grain structures 

Build V comprised of different individual cubic samples with dimensions 
20x20x20 mm3 (refer Fig. 10) that were part of an elaborate design of 
experiments (DOE) study aimed at investigating the influence of process 
conditions on grain structure. Detailed specifications of the DOE in relation to 
the process parameter window and scanning strategies have been earlier 
reported elsewhere by the author’s group [103]. Four specific specimens that 
yielded the following distinct grain structures were selected from this build for 
post-treatment studies: (a) fully columnar (with higher aspect ratio), (b) 
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Build IV: Build with variable defect content 
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Fig. 9. Schematic of the CAD model of one of the multiple identical blocks 
comprising Build IV (a), and cross-section view of the block revealing the shell 
around the cubes (marked by hatched lines) processed with different line offsets 
(b). The arrow indicates the build direction. 
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MPa, respectively. Argon was used as the inert process gas. Four HIP 
treatments (designated HIP1, HIP2, HIP3 and HIP4) were carried out and the 
respective process conditions used are indicated in Table 8. In addition, the 
process graphs pertaining to these treatments are shown in Fig. 11 (a)-(d). The 
choice of parameters for HIP1 (1120°C/100 MPa/4 h/rapid cooling) and HIP2 
(1185°C/100 MPa/4 h/rapid cooling) was based on recommendations of the 
ASTM (F3055) standard for post-treatment of PBF Alloy 718 (refer Fig. 6) [8]. 
For completeness, it should be mentioned that an additional HIPing treatment 
at higher temperature (1200°C) was also carried out and the details and ensuing 
results from this treatment are specified in Paper A and Paper C. 

Table 8. Details of the performed post-treatments. 

Post-treatment 
nomenclature 

Parameters 

HIP1 1120°C/ 100 MPa/ 4 h/ RC 

HIP2 1185°C/ 100 MPa/ 4 h/ RC 
HIP3 1120°C/ 200 MPa/ 2 h/ RC 
HIP4 1120°C/ 200 MPa/ 1 h/ RC 
ST1 954°C/ varying duration (15 min, 30 min, 45 min, 60 

min)/ WC 

ST2 980°C/ varying duration (15 min, 30 min, 45 min, 60 
min)/ WC 

Age1 740°C/ varying duration (1 h, 4 h, 8 h)/ AC 
Age1+Age2 740°C/ 8 h/ FC at 55°C/h to 635°C then held at 635°C 

for varying duration (1 h, 4 h, 8 h); followed by AC 

Age (8+8) 740°C, 8 h, FC at 55°C/h to 635°C, held at 635°C for 8 h, 
AC 

Age (4+1) 740°C, 4 h, FC at 55°C/h to 635°C, held at 635°C for 1 h, 
AC 

HIP+HT* 1120°C, 100 MPa, 4 h, RC to 160°C; 954°C, 100 MPa, 1h, 
RC to 160°C; 740°C, 85 MPa, 4 h, cool at 55 °C/h to 
635°C, held at 635°C, 80 MPa for 1 h, followed by RC  

Note: RC, FC, AC, and WC denote rapid cooling (>300°C/min), furnace 
cooling, air cooling (~100°C/min), and water cooling (of the order of 
1000°C/min), respectively. 
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Fig. 11. Time-temperature-pressure graphs of the (a) HIP1, (b) HIP2, (c) HIP3, 
(d) HIP4 and (e) integrated HIP+HT* treatments investigated. More details are
given in Table 8.

5.3.2 Heat treatments 

All the HTs (ST and aging) were carried out in an alumina tube furnace (model 
R120/500/13, Nabertherm GmbH, Lilienthal, Germany) in inert argon 
atmosphere. For each HT, the furnace was first heated to the required holding 
temperature, after which the samples were inserted into the furnace. The 
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holding time was counted immediately after inserting the samples into the hot 
furnace. The different HTs carried out in the present study and the 
corresponding process parameters are provided in Table 8. The choice of 
temperature and time for HTs was inspired from the recommendations of the 
ASTM standard (refer Fig. 6). For study of microstructure evolution during the 
recommended durations for ST and aging, the hold time during each of these 
treatments was systematically varied as given in the table. It should be noted 
that, unless stated specifically, the ST1 and ST2 represent STs performed for 60 
min each. 

5.3.3 Integrated post-treatments 

An alternate approach for performing post-treatment is to integrate the HIPing 
and HT, and carry it out as a single uninterrupted cycle inside the HIP vessel. 
Details of one such integrated cycle, designated HIP+HT*, is given in Table 8 
and illustrated in Fig. 11 (e). An additional integrated cycle was also employed 
and the details and ensuing results from this cycle are given in Paper A and 
Paper C. 

5.4 Microstructure characterization 

The different kinds of characterization techniques used in the present study are 
schematically shown in Fig. 12 and described in this section. 

5.4.1 Sample preparation 

Samples were sectioned along and perpendicular to the build direction using an 
abrasive precision cutter with an alumina blade and the sectioned specimens 
were hot mounted in PhenoCureTM resin. The mounted samples were semi-
automatically ground and polished in a Buehler PowerPro 5000 (Buehler, USA) 
system. Majority of the samples were electrolytically etched using an oxalic acid-
water solution (10 wt./vol.%). The electrolytic etching was performed using 3-5 
V DC voltage applied for 3-10 s. Some of the samples were etched through 
submersion etching using HCl-HNO3-CH3COOH (1:1:1) or waterless Kalling’s 
reagent. For characterization of γ"/γ' and δ phase using SEM, a modified 
etching procedure was developed. This involved use of a diluted solution of 
Kalling’s 2 reagent in ethanol (1:1) with 2-3 V applied for 3-5 s. Specimens for 
transmission electron microscopy (TEM) analysis were prepared by manually 
grinding 500 µm thick wafers down to a thickness of 110 to 120 µm using SiC 
papers. Discs of 3 mm diameter were punched out and were further ground to 
~100 µm thickness before subjecting to dimple grinding to ~50 µm thickness 
using a Gatan Model 656 dimple grinder. This was followed by electropolishing 
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in a 10:90 methanol:perchloric acid solution at −40 °C using a Struers Tenupol-
3 twinjet electropolisher until a hole was detected through the machine optics. 

Fig. 12. Microstructure characterization and mechanical behaviour assessment 
techniques employed in this study. 

5.4.2 Microscopy techniques 

For microstructural characterization, an Olympus BX60M OM device was used. 
Optical microscopy was mainly utilized to characterize defects, grain boundaries 
and inclusions. The samples were also subjected to SEM analysis using a 
HITACHI TM3000, a Zeiss EVO 50 equipped with EDS from Oxford 
Instruments, and a LEO 1550 Gemini with field emission gun and equipped 
with an HKL Nordlys electron backscatter diffraction (EBSD) detector from 
Oxford Instruments. For EBSD analysis 60 µm aperture was employed, 
otherwise 30 µm aperture was used. The acceleration voltage during SEM 
analysis was adjusted as per the nature of analysis. For instance, for visualizing 
grain morphology in secondary electron imaging mode 5 kV acceleration voltage 
was used, whereas visualization of nanometre-sized precipitates was done using 
15 kV voltage. Characterization of larger particles, EDS and EBSD analyses 
were performed using 20 kV acceleration voltage. Texture analysis was done 
using HKL Channel 5 software. As-built and selected aged samples were further 
characterized using a FEI Talos F200X TEM device, operated at an acceleration 
voltage of 200 kV. Brightfield and darkfield imaging, selected area electron 
diffraction (SAED) and EDS analysis were performed using the TEM device. 
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5.4.3 Quantitative metallography 

The defect content in the samples was evaluated through image analysis. Optical 
micrographs at 50 times magnification were captured on polished and un-etched 
cross-sections. For each of the analysed cross-sections, 10 micrographs were 
taken from widely dispersed locations to obtain representative defect content in 
the sample. The area fraction of the total defect content in the samples was 
calculated by use of ImageJ, and the mean as well as 95% confidence interval for 
the measured values was reported as per the guidelines of ASTM E1245-03 
automatic image analysis method [204]. 

Similar to quantification of defects, the carbide phase content was also measured 
using image analysis. Ten SEM micrographs were captured from different 
locations of the analysed (etched) sample cross-sections. Unless specified 
otherwise, all the images were processed using automatic image analysis 
technique as per the aforementioned ASTM standard. Manual point counting 
method (ASTM E562-11 [205]) was implemented in case of some samples in 
which carbides and δ phase could not be readily distinguished during automatic 
image analysis (refer Paper A). The thickness and length of γ" precipitates was 
manually measured using darkfield TEM micrographs generated using the same 
zone axis [001] and same SAED spots shown in Fig. 13 for samples in different 
conditions to enable reliable comparison. Over 50 particles were measured for 
each specimen condition as previously done in [206]. 

Fig. 13. A representative SAED pattern with the encircled (using yellow dotted 
line) superlattice reflections used for generating the darkfield micrographs . 

EXPERIMENTAL METHODS 

45 

5.5 Mechanical testing 

5.5.1 Hardness testing 

Vickers microhardness measurements were carried out on polished specimens 
using a Shimadzu HMV-2 microhardness tester. The load was set to 0.5 kgf with 
a dwell time of 15 s. The tests were performed in ambient conditions and 10-15 
hardness indents were recorded on each analysed cross-section.  

5.5.2 Tensile testing 

Tensile testing of as-built and post-treated samples was carried out along the 
build direction using a Zwick/Roell Z100 machine. Dog-bone shaped 
cylindrical samples, with a parallel length of 50 mm and a circular cross-section 
of diameter 6.3 mm, extracted from Build I, II and III were used. All the tests 
were performed at room temperature as per the ASTM E8 standard for tensile 
testing [207]. The tests were conducted using a clip-on extensometer for 
accurate determination of Young’s modulus and yield strength of the material. 
The values for percentage elongation at fracture and ultimate tensile strength 
were evaluated from global measurements. The reported results were obtained 
from no less than 3 samples for each tested as-built and post-treatment 
conditions. 

5.5.3 Fatigue testing 

Low cycle fatigue (LCF) testing of selected specimens from Build I was also 
performed along the build direction in push-pull mode. The fatigue specimens 
were machined to a round dog-bone type geometry with a parallel length of 19 
mm and a circular cross-section of diameter 6.4 mm. The tests were performed 
at GKN Aerospace AB (Sweden) in ambient room conditions using an MTS 
810 load frame (Minnesota, USA) equipped with a TestStar IIs servo-hydraulic 
closed loop control system operated in stress-controlled mode with R=0 
(Δεcompression=0). The specimens were tested at two stress amplitudes, i.e., 800 
MPa and 900 MPa, and the corresponding number of tests performed for a 
given sample condition were, two and one, respectively. 
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6 Results and discussion 

The key to obtaining required performance from EBM Alloy 718 components 
lies in understanding the materials’ properties that are dictated by both the build 
process and the subsequent post-treatments that it is subjected to. Therefore, 
details of the microstructure of as-built Alloy 718 material and the changes 
brought about by the post-treatments that follow are described in this chapter. 
As mentioned previously, an EBM Alloy 718 build is comprised of hatch and 
contour regions, and the two can be microstructurally distinct as they are 
processed differently. However, the former constitutes the bulk of the material 
and, therefore, mainly the hatch region is discussed in this section. For details 
on the contour region and its response to thermal post-treatment, the reader is 
referred to Paper F.  

This section first describes the EBM Alloy 718 in as-built condition to set the 
base line. Then the effect of each of the post-treatment steps on the 
microstructure of the as-built material is presented. This is followed by study of 
microstructure evolution during HT, which revealed opportunity to shorten this 
part of the post-treatment cycle. Further the effect of shortened post-treatment 
on mechanical properties is described. Thereafter, the response of different 
EBM Alloy 718 builds subjected to a shortened post-treatment cycle is 
provided. Lastly, other prospects for shortening of post-treatment cycle are 
discussed.  

6.1 As-built EBM Alloy 718 

6.1.1 Microstructure investigation 

Build I, described previously in Chapter 5, was most extensively investigated. 
However, the findings presented below were also largely similar in other EBM 
builds. The typical as-built material exhibited columnar grain morphology, with 
a column length of the order of mm and a width of 40-80 µm. Nearly all the 
grains were oriented along <001> with respect to the build direction, as 
revealed from the EBSD analysis. The defects observed in the as-built material 
were gas pores, shrinkage pores, and lack-of-fusions. Furthermore, the phases 
and inclusions found in a typical as-built EBM Alloy 718 specimen were γ, NbC, 
δ, γ"/γ', TiN, and traces of Al2O3. For the complete characterization results and 
discussions concerning formation of all these features, please refer to Paper A, 
Paper B and Paper C.  
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Before discussing the influence of post-treatments on the as-built material, a 
comprehensive study to determine microstructural uniformity in an EBM build 
(within a single rod as well as among different rods in Build I) is described. This 
was essential to ensure that there is no significant sample-to-sample variation, so 
that the concomitant changes in microstructure that accompany post-treatment 
are mainly attributable to the post-treatment protocols used, and not to inherent 
differences in the as-built specimens. The results showed significant build 
uniformity. Although details regarding the above are provided in Paper B, a 
short summary of the results is given below.  

6.1.2 Uniformity in EBM build 

Samples were extracted from near the top, middle, and bottom regions of a 
randomly picked rod from Build I. Specimens from the middle region of two 
other rods deliberately picked from very different locations of the same build 
were also investigated. Among all these specimens, only minor variation in 
defect content (0.7-0.9%), amount of MC type carbides (0.2-0.3%), and 
hardness values (437-443 kgf/mm2) were noted. The results are summarized in 
Fig. 14, which are clearly suggestive of substantial uniformity along the build 
direction within a rod as well as among different rods (Paper B). After 
confirming uniformity within the EBM build, different specimens were 
subjected to distinct post-treatments and the results are described in the next 
section.  

Fig. 14. Schematic of three rods from Build I showing amount of defects 
(vol.%), NbC content (vol.%), and microhardness (kgf/mm2) at various regions 
of interest. The arrow indicates the build direction. (Paper B) 
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6.2 Effect of post-treatments 

The influence of each of the post-treatments investigated (HIPing, ST and aging 
with/without prior HIPing, and combinations thereof) on the properties of EBM 
Alloy 718 is described in this section. 

6.2.1 Effect of hot isostatic pressing 

The effect of HIPing temperature was analysed by employing two HIPing 
treatments, namely (a) HIP1: 1120°C for 4 h at 100 MPa, and (b) HIP2: 1185°C 
for 4 h at 100 MPa. It may be noted that the temperatures for HIP1 and HIP2 
correspond to the two temperature bounds specified in the ASTM F3055 
standard (refer Fig. 6) [8]. It can be seen from Fig. 15 that both the above HIP 
treatments resulted in defect reduction by an order of magnitude. An earlier 
study on cast Alloy 718 has also shown similar densification after HIPing at 
1120ºC and 1190°C, both performed for 4 h with a pressure of 100 MPa [208]. 

Fig. 15. Total defect content in as-built, HIP1, and HIP2 specimens as 
determined by image analysis (Build I). 

Although both HIP1 and HIP2 treatments resulted in similar decrease in defect 
content as shown in Fig. 15, these treatments had a distinct effect on the grain 
width of the EBM Alloy 718 specimens. As observed from Fig. 16, after HIP2 
treatment, significant grain growth in the contour region (and its vicinity) was 
observed. The grain growth during HIP2 can be understood by the increased 
grain boundary mobility at higher temperature [209]; for more details regarding 
the contour region please refer Paper F. However, no noticeable change in grain 
width was seen after HIP1. In this context, it is worth mentioning that HIPing 
at even higher temperature, e.g. at 1200°C for 4 h and at 120 MPa, caused 
extensive grain growth in the contour as well as hatch region (Paper C). 
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Fig. 16. SEM micrographs showing grain morphology in the contour and hatch 
regions of (a) as-built, (b) HIP1, and (c) HIP2 specimens from Build I. The 
arrow indicates the build direction. 

The δ phase that reportedly pins the grain boundaries was found to dissolve 
during HIPing, as shown in Fig. 17 (c) and (d), because these HIPing 
temperatures were above the δ solvus temperature (commonly reported 
~1010°C [30]). Although not shown for brevity, absence of δ phase after 
HIPing was also confirmed using high resolution SEM imaging. Such complete 
dissolution of δ phase after HIPing was also noted in another set of three as-
built samples with vastly different δ phase content (Paper A). Irrespective of the 
widely different size and amount of δ phase in these samples, after HIPing all of 
them exhibited similar microstructure with no evident δ phase. Interestingly, the 
samples with higher δ phase content were associated with lower hardness; but, 
after HIPing, all the samples exhibited similar but significantly lower hardness 
values due to dissolution of strengthening precipitates, which did not re-
precipitate due to the rapid cooling employed during HIPing (refer Fig. 11). 
These results amply suggested the possibility to “equalize” the different as-built 
microstructures through homogenization during HIPing. More details of this 
study are given in the appended Paper A.  
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Fig. 17. SEM micrographs showing secondary phases in (a)-(b) as-built, (c) 
HIP1 and (d) HIP2 specimens. Carbide content in as-built and HIPed 
specimens, evaluated through image analysis with size distribution in terms of 
diameter ‘d’ in µm, depicted in (e) (Build I). The arrow indicates the build 
direction. 

The amount of Nb-rich carbide found in EBM Alloy 718 was ~0.3 vol.% as 
calculated through image analysis (refer Fig. 17 (e)) as well thermodynamic 
calculations (see Appendix). It is further interesting to note that, by considering 
a simplified composition of carbide, i.e., consisting only of equal molar fractions 
of Nb and C, the estimated fraction of carbon in the form of carbide is ~0.03 
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wt.% (for calculation details please see the Appendix) which is reasonably 
similar to the total amount of carbon content in the Alloy 718 powder 
feedstock, as given in Table 5. Therefore, it appears that majority of the carbon 
present in EBM built Alloy 718 is in the form of carbide. This is corroborated 
by the thermodynamic calculations described in the Appendix (Fig. 31 (a)). 

Furthermore, carbides in Alloy 718 are known to also nucleate on easy 
nucleation sites such as TiN [27]. This is applicable for EBM built Alloy 718, 
too, as seen from the Ti rich core noted in some carbide particles (see Fig. 17). 
The source of TiN could be traced to some of it already present in the powder 
(refer Fig. 7 (c)) and its possible formation during EBM processing. All the N 
in Alloy 718 is expected to be present in the form of TiN inclusions, as 
determined using thermodynamic calculations described in the Appendix (see 
Fig. 31 (b)). The carbides and TiN inclusions are found to be retained after 
subjecting the EBM Alloy 718 to HIPing. This is as expected, since the amount 
and composition of carbides and TiN are reasonably stable in Alloy 718 at 
temperatures below their solvus temperatures (refer Fig. 30 in the Appendix). 
Moreover, no evident change in the size of the carbide particles was observed 
after HIPing, as given in Fig. 17 (e). 

6.2.2 Effect of heat treatment 

The typical HT procedure for EBM Alloy 718, as suggested in ASTM F3055, 
involves solution treatment for 1 h followed by two-step aging (Age1+Age2) 
with a total duration of ~18h, as previously indicated in Fig. 6.  

Solution treatment 

The as-built EBM Alloy 718 was subjected to ST at two different temperatures: 
(a) 954°C (ST1), and (b) 980°C (ST2), for a constant duration of 1 h. Both the
STs caused similar drop in hardness of the material, as observed previously in
the case of HIPed samples. However, the ST1 treatment resulted in more
precipitation of δ phase at the grain boundaries of the specimens compared to
the ST2 treatment as shown in Fig. 18. The grain boundaries decorated with δ
phase are highlighted (in black) in the OM micrographs. The noted difference in
the extent of precipitation of δ phase can be attributed to the degree of
undercooling, with higher undercooling in case of ST1 increasing the driving
force for δ phase (solvus ~1010°C [30]) formation, and consequently resulting
in more δ phase precipitates. Based on simulations of Alloy 718, Kumara et al.
[145] suggest higher equilibrium volume fraction of δ phase at 954ºC compared
to 980ºC. Experimental findings by Deng et al. [63] have also shown grain
boundary precipitation of δ phase upon ST of EBM Alloy 718 at 930°C and
980°C, although the δ phase content was not quantified.
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Fig. 18. OM micrographs showing grain boundaries (appearing dark) decorated 
by δ phase precipitates after an as-built sample was subjected to ST for 60 min 
at (a) 980°C and (b) 954°C; (c) SEM micrograph corresponding to the region 
marked in (b) clearly reveals the needle-shaped morphology of δ phase (Build I). 
The arrow indicates the build direction. 

The role of prior HIP treatment on how the EBM Alloy 718 samples respond 
to ST was also investigated. When the samples were first subjected to HIP1 
followed by ST (ST1 and ST2), much lesser precipitation of δ phase was 
observed in both cases as evident from Fig. 19. This can be attributed to the 
homogenization of the matrix during HIPing. In this context, it is pertinent to 
mention that, in wrought Alloy 718, δ phase formation was found to be highly 
dependent on local segregation of Nb in the matrix [26]. The prior HIP 
treatment apparently eliminates such local elemental segregation, which has also 
been observed in LPBF Alloy 718 [193]. 



RESULTS AND DISCUSSION 

52 

wt.% (for calculation details please see the Appendix) which is reasonably 
similar to the total amount of carbon content in the Alloy 718 powder 
feedstock, as given in Table 5. Therefore, it appears that majority of the carbon 
present in EBM built Alloy 718 is in the form of carbide. This is corroborated 
by the thermodynamic calculations described in the Appendix (Fig. 31 (a)). 

Furthermore, carbides in Alloy 718 are known to also nucleate on easy 
nucleation sites such as TiN [27]. This is applicable for EBM built Alloy 718, 
too, as seen from the Ti rich core noted in some carbide particles (see Fig. 17). 
The source of TiN could be traced to some of it already present in the powder 
(refer Fig. 7 (c)) and its possible formation during EBM processing. All the N 
in Alloy 718 is expected to be present in the form of TiN inclusions, as 
determined using thermodynamic calculations described in the Appendix (see 
Fig. 31 (b)). The carbides and TiN inclusions are found to be retained after 
subjecting the EBM Alloy 718 to HIPing. This is as expected, since the amount 
and composition of carbides and TiN are reasonably stable in Alloy 718 at 
temperatures below their solvus temperatures (refer Fig. 30 in the Appendix). 
Moreover, no evident change in the size of the carbide particles was observed 
after HIPing, as given in Fig. 17 (e). 

6.2.2 Effect of heat treatment 

The typical HT procedure for EBM Alloy 718, as suggested in ASTM F3055, 
involves solution treatment for 1 h followed by two-step aging (Age1+Age2) 
with a total duration of ~18h, as previously indicated in Fig. 6.  

Solution treatment 

The as-built EBM Alloy 718 was subjected to ST at two different temperatures: 
(a) 954°C (ST1), and (b) 980°C (ST2), for a constant duration of 1 h. Both the
STs caused similar drop in hardness of the material, as observed previously in
the case of HIPed samples. However, the ST1 treatment resulted in more
precipitation of δ phase at the grain boundaries of the specimens compared to
the ST2 treatment as shown in Fig. 18. The grain boundaries decorated with δ
phase are highlighted (in black) in the OM micrographs. The noted difference in
the extent of precipitation of δ phase can be attributed to the degree of
undercooling, with higher undercooling in case of ST1 increasing the driving
force for δ phase (solvus ~1010°C [30]) formation, and consequently resulting
in more δ phase precipitates. Based on simulations of Alloy 718, Kumara et al.
[145] suggest higher equilibrium volume fraction of δ phase at 954ºC compared
to 980ºC. Experimental findings by Deng et al. [63] have also shown grain
boundary precipitation of δ phase upon ST of EBM Alloy 718 at 930°C and
980°C, although the δ phase content was not quantified.

RESULTS AND DISCUSSION 

53 
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been observed in LPBF Alloy 718 [193]. 
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Fig. 19. OM micrographs showing highlighted grain boundaries due to 
precipitation of δ phase after a HIPed (HIP1) sample was subjected to ST for 60 
min at (a) 980°C and (b) 954°C (Build I). The arrow indicates the build direction. 

Two-step aging treatment 

The as-built and HIPed (HIP1) specimens were both subjected to ST followed 
by conventional long aging treatment Age (8+8) (refer Table 8). Both the 
samples showed similar high hardness 485-490 kgf/mm2 following aging, which 
was mainly attributable to the precipitation of γ"/γ' phases during the two-step 
aging carried out. However, the defect content in the samples was distinctly 
different, depending upon whether or not the specimen was subjected to prior 
HIP treatment. The ST:ed and aged sample had similar defect content as the as-
built sample whereas the prior HIPed, ST:ed and aged sample had almost no 
visible defects as characterized by OM imaging (see Fig. 20). The above results 
clearly indicate that HIPing is necessary for defect closure as HT had no evident 
effect on defects present in the as-built material. For completeness, it should be 
mentioned that the HTs also had no evident effect on the grain size or on the 
extent of carbides present. 
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Fig. 20. OM micrographs showing extent of defects in (a) as-built, (b) ST2+Age 
(8+8), and (c) HIP1+ST2+Age (8+8) samples (Build I). The arrow indicates the 
build direction. 

6.2.3 Evolution of microstructure during post-treatment 

The HT procedure discussed above comprises a long protocol involving 1 h of 
ST and ‘8 + 8’ h of two-step aging as traditionally designed for cast or wrought 
Alloy 718 [8]. However, as explained in Section 4.2, this may not be ideal for 
EBM Alloy 718. Therefore, to investigate if it is possible to shorten the post-
treatment cycle, the evolution of microstructure during various stages of HTs 
was investigated and the prominent results are described below.  

Evolution during solution treatment 

The effect of duration of ST on the microstructure was systematically 
investigated. In addition, influence of prior HIPing on the microstructural 
evolution during ST was also studied. For this, both as-built and HIPed (HIP1) 
samples were subjected to ST at 954°C for four different durations of 15 min, 
30 min, 45 min and 60 min. Solution treatment led to precipitation of δ phase. 
As can be seen in Fig. 21 and Fig. 22, the δ phase content was observed to 
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Fig. 19. OM micrographs showing highlighted grain boundaries due to 
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build direction. 
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ST and ‘8 + 8’ h of two-step aging as traditionally designed for cast or wrought 
Alloy 718 [8]. However, as explained in Section 4.2, this may not be ideal for 
EBM Alloy 718. Therefore, to investigate if it is possible to shorten the post-
treatment cycle, the evolution of microstructure during various stages of HTs 
was investigated and the prominent results are described below.  
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The effect of duration of ST on the microstructure was systematically 
investigated. In addition, influence of prior HIPing on the microstructural 
evolution during ST was also studied. For this, both as-built and HIPed (HIP1) 
samples were subjected to ST at 954°C for four different durations of 15 min, 
30 min, 45 min and 60 min. Solution treatment led to precipitation of δ phase. 
As can be seen in Fig. 21 and Fig. 22, the δ phase content was observed to 
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grow with increase in ST time from 15 to 45 min regardless of whether or not 
the samples were subjected to a prior HIP treatment. Longer ST times did not 
lead to further noticeable growth in δ phase presence. Thus, during ST, both as-
built and HIPed samples exhibited a qualitatively similar trend for δ phase 
evolution. However, for a given ST time, say 15 min, the samples without prior 
HIP treatment (Fig. 21 (a)) exhibited more δ phase presence than a previously 
HIPed sample (Fig. 22 (a)). This can be attributed to the homogenization of the 
matrix after HIPing as explained previously in Section 6.2.2. Similar evolution of 
microstructure, with and without prior HIPing, was also seen when performing 
ST2 (980°C) (Paper G). 

Fig. 21. SEM micrographs revealing evolution of δ phase with increasing hold 
times in as-built samples subjected to ST1 at 954°C (Build I). The arrow 
indicates the build direction. 
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Fig. 22. SEM micrographs revealing evolution of δ phase with increasing hold 
times in HIPed (HIP1) samples subjected to ST1 at 954°C (Build I). The arrow 
indicates the build direction. 

Evolution during two-step aging treatment 

As discussed previously in Section 6.2.2, after HIPing and ST, the EBM Alloy 
718 specimens were subjected to aging. For studying microstructural evolution 
during aging, six as-built samples were first subjected to HIP1 followed by ST1 
for 1 h (see Table 8). Three of these samples were subjected to only Age 1 (at 
740°C) for 1 h, 4 h and 8 h, respectively. The other three samples were first 
given a common Age1 treatment for 8 h, before being subjected to Age2 (at 
635°C) for 1 h, 4 h, and 8 h, respectively. A preliminary indirect inference of the 
effect of aging duration on precipitation of the strengthening (γ"/γ') phases in 
the microstructure was drawn based on hardness measurements. Previous work 
on HT modification for cast Alloy 718 had also employed hardness as the 
response variable prior to mechanical testing [166]. Therefore, the hardness of 
all the above samples subjected to different aging durations was closely 
monitored. 

It can be seen from Fig. 23 that the hardness of the EBM Alloy 718, which was 
significantly reduced after HIP1 treatment with or without subsequent ST1, 
“recovered” during aging of the specimens. The noted drop in hardness after 
HIP1 in a typical EBM Alloy 718 can be attributed to nearly complete 
dissolution of γ"/γ' phases at 1120°C. A previous study employing HT of EBM 
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Fig. 22. SEM micrographs revealing evolution of δ phase with increasing hold 
times in HIPed (HIP1) samples subjected to ST1 at 954°C (Build I). The arrow 
indicates the build direction. 
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RESULTS AND DISCUSSION 

58 

Alloy 718 at 980°C for 1 h has also reported such decrease in hardness and 
associated the same with dissolution of γ" phase [210]. In addition, the rapid 
cooling (>300°C/min) in the HIPing cycle carried out inhibited re-precipitation 
of γ" phase. In this context, it is pertinent to mention that even in a previously 
reported study on wrought Alloy 718, when the material was cooled after a 1 
hour hold at 1100°C using an even slower cooling rate (42°C/min), no γ"/γ' 
phases were detected by TEM imaging [211]. In the course of Age1 after 
employing HIP1+ST1, it was observed that, the hardness increased with 
increasing aging duration from 1 h to 4 h and, with longer holding beyond 4 
hours, no further increase in hardness was noticed. Similarly, during Age2 (with 
prior Age1 for 8 h), the hardness was found to increase after 1 h of holding time 
and no further increase in hardness was observed thereafter with increased 
holding time. Therefore, the hardness values appeared to plateau after 4 h 
during Age1 and after 1 h during Age2. Similar behaviour was observed when 
no prior HIPing was carried out preceding ST. These results suggest the 
possibility of shortening the two-step aging treatment (Age1+Age2) from the 
usual ‘8+8’ hour aging cycle to perhaps a trimmed ‘4+1’ hour aging cycle. After 
subjecting the material to Age (4+1) aging treatment with prior HIP1+ST1, the 
hardness was in the range of 470-480 kgf/mm2 (refer Paper G). This value is 
close to 490 kgf/mm2 obtained after Age (8+8). It should also be mentioned 
that similar hardness values were obtained when material was not subjected to 
prior HIPing; more details are given in Paper G.  

Fig. 23. Microhardness values of the as-built and post-treated specimens (Build 
I). 
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This similarity in hardness was also reflected in the microstructure after Age 
(4+1) and Age (8+8) treatments with prior HIP+ST, as shown in Figs. 24 (b), 
(c). It can also be qualitatively seen from Fig. 24 that the strengthening phase 
particles are coarser and fewer in as-built condition compared to those observed 
after post-treatment. Further, quantitative comparison of the size distribution 
(length and thickness) of the typically oblate shaped γ" precipitates was 
performed using TEM darkfield micrographs employing the methodology 
previously described in Section 5.4.3.  The size distribution of the precipitates 
was observed to be similar after Age(4+1) and Age (8+8) treatments but 
different as compared to as-built condition (see Fig. 25). It can be evidently 
inferred from Fig. 24 and Fig. 25 that the precipitates are finer after post-
treatment compared to the as-built condition. 

Fig. 24. SEM secondary electron micrographs and TEM darkfield micrographs 
showing strengthening precipitates in (a) as-built, (b) HIP1+ST1+Age (4+1) 
and (c) HIP1+ST1+Age (8+8) samples (Build I). 
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Alloy 718 at 980°C for 1 h has also reported such decrease in hardness and 
associated the same with dissolution of γ" phase [210]. In addition, the rapid 
cooling (>300°C/min) in the HIPing cycle carried out inhibited re-precipitation 
of γ" phase. In this context, it is pertinent to mention that even in a previously 
reported study on wrought Alloy 718, when the material was cooled after a 1 
hour hold at 1100°C using an even slower cooling rate (42°C/min), no γ"/γ' 
phases were detected by TEM imaging [211]. In the course of Age1 after 
employing HIP1+ST1, it was observed that, the hardness increased with 
increasing aging duration from 1 h to 4 h and, with longer holding beyond 4 
hours, no further increase in hardness was noticed. Similarly, during Age2 (with 
prior Age1 for 8 h), the hardness was found to increase after 1 h of holding time 
and no further increase in hardness was observed thereafter with increased 
holding time. Therefore, the hardness values appeared to plateau after 4 h 
during Age1 and after 1 h during Age2. Similar behaviour was observed when 
no prior HIPing was carried out preceding ST. These results suggest the 
possibility of shortening the two-step aging treatment (Age1+Age2) from the 
usual ‘8+8’ hour aging cycle to perhaps a trimmed ‘4+1’ hour aging cycle. After 
subjecting the material to Age (4+1) aging treatment with prior HIP1+ST1, the 
hardness was in the range of 470-480 kgf/mm2 (refer Paper G). This value is 
close to 490 kgf/mm2 obtained after Age (8+8). It should also be mentioned 
that similar hardness values were obtained when material was not subjected to 
prior HIPing; more details are given in Paper G.  

Fig. 23. Microhardness values of the as-built and post-treated specimens (Build 
I). 
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This similarity in hardness was also reflected in the microstructure after Age 
(4+1) and Age (8+8) treatments with prior HIP+ST, as shown in Figs. 24 (b), 
(c). It can also be qualitatively seen from Fig. 24 that the strengthening phase 
particles are coarser and fewer in as-built condition compared to those observed 
after post-treatment. Further, quantitative comparison of the size distribution 
(length and thickness) of the typically oblate shaped γ" precipitates was 
performed using TEM darkfield micrographs employing the methodology 
previously described in Section 5.4.3.  The size distribution of the precipitates 
was observed to be similar after Age(4+1) and Age (8+8) treatments but 
different as compared to as-built condition (see Fig. 25). It can be evidently 
inferred from Fig. 24 and Fig. 25 that the precipitates are finer after post-
treatment compared to the as-built condition. 

Fig. 24. SEM secondary electron micrographs and TEM darkfield micrographs 
showing strengthening precipitates in (a) as-built, (b) HIP1+ST1+Age (4+1) 
and (c) HIP1+ST1+Age (8+8) samples (Build I). 
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Fig. 25. Quantitative estimation of size of γ" strengthening particles using TEM 
darkfield imaging for (a) as-built, (b) HIP1+ST1+Age (4+1) and (c) 
HIP1+ST1+Age (8+8) samples (Build I).  

6.2.4 Effect of shortened post-treatments on mechanical properties 

As a logical follow-up to the preceding microstructure evolution study that 
suggested a potential to shrink the post-treatment schedule, mechanical property 
assessment was also taken up to validate the findings. The tensile behaviour and 
fatigue response results are summarized in Table 9 and Table 10, respectively. 
The low temperature HIP treatment (HIP1) at 1120°C significantly reduced 
defect content as previously shown in Fig. 15. However, the ductility of the 
EBM Alloy 718 investigated in this study was found to be not significantly 
influenced by HIPing, i.e., the material exhibited reasonably similar ductility in 
as-built and various post-treated conditions involving or excluding HIPing, as 
given in Table 9. The remaining attributes of tensile behaviour also appear not 
to be significantly influenced by HIPing. Nevertheless, the fatigue response was 
significantly influenced by HIPing, as given in Table 10. It can be clearly seen 
that, when HIPing was employed during post-treatment, the LCF life was 
significantly and consistently improved compared to the case when no prior 
HIPing was performed. The improvement in LCF life after HIPing is 
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attributable to closure of defects during HIPing. It is worth mentioning that 
EBM Alloy 718 in as-built condition was not subjected to fatigue test because of 
its relatively poor mechanical response properties as evidenced from the tensile 
test behaviour (refer Table 9 and Fig. 26). 

As discussed previously (see Section 6.2.3), subjecting the EBM Alloy 718 to ST 
caused precipitation of δ phase at the grain boundaries whether or not prior 
HIPing was performed. Therefore, the effect of the ST step in a post-treatment 
cycle involving a subsequent aging treatment with or without prior HIPing, on 
the tensile behaviour of the material was also investigated. For this, as-built and 
HIPed samples were subjected to Age (4+1) with or without prior ST. As 
evident from Table 9, only a marginal change in yield strength and/or ultimate 
tensile strength was observed whether or not ST was employed. 

Direct aging, i.e. only Age (4+1), of EBM Alloy 718 rendered increased yield 
strength and ultimate tensile strength of the material as compared to the as-built 
condition (see Table 9), but the tensile response appeared not to be influenced 
whether or not the material was subjected to prior HIPing or ST. Further, the 
tensile response after HIP1+ST1+Age(4+1) treatment was close to that after 
HIP1+ST1+Age (8+8) treatment, as noted from Table 9. For easier 
comparison the tensile results after these short and long post-treatments are also 
illustrated in Fig. 26. It can be seen that the yield strength and ultimate tensile 
strength differed by less than 5% in the two cases. This result demonstrates that 
the shortened post-treatment protocol with Age(4+1) treatment does not 
compromise in any way the tensile properties achieved following the post-
treatment with Age (8+8) as specified in the ASTM standard (refer Fig. 6). 
Interestingly, the application of the above shortened post-treatment with Age 
(4+1) to Build III, with finer grain structure, yielded increased tensile strength 
compared to Build I/II (refer Fig. 26). This implies that the starting 
microstructure potentially also has strong influence on the mechanical 
behaviour of the post-treated material. More details on Build III are provided in 
Paper H. 

However, for Build II, given the marginal difference in tensile response after the 
above short and long treatments, the short aging treatment was further tweaked, 
and Age (5+1) and Age (6+1) treatments were performed. The hardness values 
after these treatments were ~490 kgf/mm2 which was similar to the case when 
Age (4+1) or Age (8+8) treatments were applied. Although no significant 
difference is hardness was found for these short and long aging treatments, the 
tensile strength was noted to be slightly higher after Age (6+1) compared to Age 
(4+1) treatment and nearly identical to the Age (8+8) treatment as given in 
Table 9.  
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Fig. 25. Quantitative estimation of size of γ" strengthening particles using TEM 
darkfield imaging for (a) as-built, (b) HIP1+ST1+Age (4+1) and (c) 
HIP1+ST1+Age (8+8) samples (Build I).  

6.2.4 Effect of shortened post-treatments on mechanical properties 

As a logical follow-up to the preceding microstructure evolution study that 
suggested a potential to shrink the post-treatment schedule, mechanical property 
assessment was also taken up to validate the findings. The tensile behaviour and 
fatigue response results are summarized in Table 9 and Table 10, respectively. 
The low temperature HIP treatment (HIP1) at 1120°C significantly reduced 
defect content as previously shown in Fig. 15. However, the ductility of the 
EBM Alloy 718 investigated in this study was found to be not significantly 
influenced by HIPing, i.e., the material exhibited reasonably similar ductility in 
as-built and various post-treated conditions involving or excluding HIPing, as 
given in Table 9. The remaining attributes of tensile behaviour also appear not 
to be significantly influenced by HIPing. Nevertheless, the fatigue response was 
significantly influenced by HIPing, as given in Table 10. It can be clearly seen 
that, when HIPing was employed during post-treatment, the LCF life was 
significantly and consistently improved compared to the case when no prior 
HIPing was performed. The improvement in LCF life after HIPing is 
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attributable to closure of defects during HIPing. It is worth mentioning that 
EBM Alloy 718 in as-built condition was not subjected to fatigue test because of 
its relatively poor mechanical response properties as evidenced from the tensile 
test behaviour (refer Table 9 and Fig. 26). 

As discussed previously (see Section 6.2.3), subjecting the EBM Alloy 718 to ST 
caused precipitation of δ phase at the grain boundaries whether or not prior 
HIPing was performed. Therefore, the effect of the ST step in a post-treatment 
cycle involving a subsequent aging treatment with or without prior HIPing, on 
the tensile behaviour of the material was also investigated. For this, as-built and 
HIPed samples were subjected to Age (4+1) with or without prior ST. As 
evident from Table 9, only a marginal change in yield strength and/or ultimate 
tensile strength was observed whether or not ST was employed. 

Direct aging, i.e. only Age (4+1), of EBM Alloy 718 rendered increased yield 
strength and ultimate tensile strength of the material as compared to the as-built 
condition (see Table 9), but the tensile response appeared not to be influenced 
whether or not the material was subjected to prior HIPing or ST. Further, the 
tensile response after HIP1+ST1+Age(4+1) treatment was close to that after 
HIP1+ST1+Age (8+8) treatment, as noted from Table 9. For easier 
comparison the tensile results after these short and long post-treatments are also 
illustrated in Fig. 26. It can be seen that the yield strength and ultimate tensile 
strength differed by less than 5% in the two cases. This result demonstrates that 
the shortened post-treatment protocol with Age(4+1) treatment does not 
compromise in any way the tensile properties achieved following the post-
treatment with Age (8+8) as specified in the ASTM standard (refer Fig. 6). 
Interestingly, the application of the above shortened post-treatment with Age 
(4+1) to Build III, with finer grain structure, yielded increased tensile strength 
compared to Build I/II (refer Fig. 26). This implies that the starting 
microstructure potentially also has strong influence on the mechanical 
behaviour of the post-treated material. More details on Build III are provided in 
Paper H. 

However, for Build II, given the marginal difference in tensile response after the 
above short and long treatments, the short aging treatment was further tweaked, 
and Age (5+1) and Age (6+1) treatments were performed. The hardness values 
after these treatments were ~490 kgf/mm2 which was similar to the case when 
Age (4+1) or Age (8+8) treatments were applied. Although no significant 
difference is hardness was found for these short and long aging treatments, the 
tensile strength was noted to be slightly higher after Age (6+1) compared to Age 
(4+1) treatment and nearly identical to the Age (8+8) treatment as given in 
Table 9.  
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Fig. 26. Plot of ultimate tensile strength (UTS) vs. yield strength (YS) of EBM 
Alloy 718 in as-built and selected post-treated conditions. Here UTSstd and 
YSstd represent the values obtained for the samples subjected to standard post-
treatment. Complete tensile property values for all the tested specimens is 
provided in Table 9. 

Table 10. LCF life (cycles to failure) for EBM Alloy 718 in as-built and post-
treated conditions (Build I). 

Maximum stress ST1+Age (4+1) ST1+Age (8+8) HIP1+ST+Age (8+8) 

800 MPa 3*104 – 7*104 4*104 – 7*104 7*104 

900 MPa 2*104 3*104 5*104 
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Fig. 26. Plot of ultimate tensile strength (UTS) vs. yield strength (YS) of EBM 
Alloy 718 in as-built and selected post-treated conditions. Here UTSstd and 
YSstd represent the values obtained for the samples subjected to standard post-
treatment. Complete tensile property values for all the tested specimens is 
provided in Table 9. 

Table 10. LCF life (cycles to failure) for EBM Alloy 718 in as-built and post-
treated conditions (Build I). 

Maximum stress ST1+Age (4+1) ST1+Age (8+8) HIP1+ST+Age (8+8) 

800 MPa 3*104 – 7*104 4*104 – 7*104 7*104 

900 MPa 2*104 3*104 5*104 
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All the above-mentioned observations collectively suggest that the mechanical 
property evaluation in Table 9, Table 10 and Fig. 26 clearly reaffirms the 
possibility of shortening post-treatment as previously suggested by 
microstructure evolution studies. The tensile behaviour was mainly affected by 
the distribution of strengthening phases which were controlled through aging. 
On the other hand, the fatigue life was significantly dependent on the presence 
of defects in the microstructure, as HIPing significantly improved the fatigue 
performance. Subjecting the material to HIPing treatment also reduced the 
scatter in fatigue life otherwise observed when only HT was employed. 

6.2.5 Response of distinct microstructures to post-treatments 

Build with variable defect content 

The significant decrease in defect content even after HIPing at low temperature 
(1120°C), without any discernible accompanying grain growth, motivated 
further investigation on possible limitations of the capability of HIPing to effect 
defect closure. For this, samples intentionally built with different amounts of 
defects (Build IV) were HIPed. Optical micrographs showing the defects present 
in the as-built and HIPed specimens are seen in Fig. 27. Although the defect 
content in the as-built specimens #2, #4, and #6 was 0.5%, 2.6%, and 17%, 
respectively, after HIP1 the defect content in all the three samples was observed 
to have decreased to below 0.2%. Moreover, no evident thermally regrown 
defects were observed. Application of ST and short Age (4+1) treatment on the 
three HIPed specimens resulted in similar phase precipitation and high hardness 
(~475 kgf/mm2) of the samples (Paper D). Detailed mechanical properties of 
the post-treated samples remain yet to be ascertained. However, such extensive 
reduction in defect content by orders of magnitude prima facie provides an 
opportunity to potentially increase productivity during the EBM process 
without worrying about defect content, if the entire production protocol is to 
involve HIPing of EBM-built components in any case. 

Build with variable grain structure 

The low temperature HIPing treatment was also applied to specimens with 
different microstructures (columnar, equiaxed and a combination thereof) 
produced by varying EBM processing parameters, as shown in Fig. 28 (Build 
V). These different as-built specimens exhibited defect content in the range of 
0.13 % to 0.84 %. Subjecting the specimens to HIP1 treatment resulted in 
decreased defect content by an order of magnitude (to 0.02 % - 0.05 %). The 
grain morphology in the as-built condition significantly influenced the response 
to HIPing. For instance, equiaxed and low aspect ratio columnar grains showed 
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higher gain growth tendency after HIPing, whereas high aspect ratio columnar 
grains were found to be stable during HIPing as shown in Fig. 28. After 
subsequent ST, the precipitation of δ phase was found to increase with decrease 
in grain size of the material. However, a subsequent Age (4+1) treatment 
resulted in similar precipitation of γ"/γ' phases independent of the starting 
microstructure. More details related to this study are given in Paper E. The 
forgoing comprehensive knowledge about the effect of various post-treatments, 
and associated time-temperature schedules, on various EBM builds can 
potentially serve as the basis for tailoring post-treatments for EBM Alloy 718. 

Fig. 27. OM micrographs showing defects in as-built and HIP1 specimens from 
Build IV: (a) #2, (b) #4, (c) #6. The arrow indicates the build direction. 
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to HIPing. For instance, equiaxed and low aspect ratio columnar grains showed 
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higher gain growth tendency after HIPing, whereas high aspect ratio columnar 
grains were found to be stable during HIPing as shown in Fig. 28. After 
subsequent ST, the precipitation of δ phase was found to increase with decrease 
in grain size of the material. However, a subsequent Age (4+1) treatment 
resulted in similar precipitation of γ"/γ' phases independent of the starting 
microstructure. More details related to this study are given in Paper E. The 
forgoing comprehensive knowledge about the effect of various post-treatments, 
and associated time-temperature schedules, on various EBM builds can 
potentially serve as the basis for tailoring post-treatments for EBM Alloy 718. 

Fig. 27. OM micrographs showing defects in as-built and HIP1 specimens from 
Build IV: (a) #2, (b) #4, (c) #6. The arrow indicates the build direction. 
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Fig. 28. EBSD orientation maps of the samples from Build V with varying grain 
structure in (a) as-built and (b) HIP1 condition. High resolution SEM 
micrographs after HIP1+ST1+Age (4+1) showing strengthening precipitates 
(c). The arrow indicates the build direction. 
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6.2.6 Integrating heat treatment with HIPing 

The above sections showed possibility of reducing time for aging and its 
robustness across several builds. Apart from reducing the time for aging, the 
post-treatment, involving HIP, ST and aging, can also be shortened by 
integrating the various steps as a single uninterrupted cycle inside the HIP 
vessel. Additional benefits of integrating HIPing and HT, such as reduced lead 
time, capital investment etc., were previously described in Sec. 4.3. One such 
integrated cycle HIP+HT*, involving HIP, ST, and Age (4+1), as stated in 
Table 8 and schematically shown in Fig. 11 (e) was performed and the resultant 
tensile behaviour was similar to the material subjected to similar post-treatment 
cycles performed with conventional procedure of separate HIPing and HT, as 
shown in Fig. 26. 

6.2.7 Further prospects for shortening of post-treatment protocols 

Reduction in duration of HIPing 

Hot isostatic pressing at low temperature, i.e. 1120°C (HIP1) was found to 
significantly reduce defect content in various EBM builds, refer Fig. 15 and Fig. 
27. Therefore, an effort was made to possibly shorten the HIPing duration by
offsetting with increased pressure. For instance, HIP3: 1120°C, 2 h, 200 MPa or
HIP4: 1120°C, 1 h, 200 MPa, i.e., with reduced time and doubled pressure (refer
Figs. 11 (c), (d)). When applied to Build I, the resultant defect content after
HIP3/HIP4 was 0.03 ±0.01% which was similar to the result after HIP1 (0.02
±0.01%) performed for 4 h. This idea was further investigated by subjecting the
samples with intentionally introduced high defect contents to HIP3 and HIP4
treatments (see Fig. 27, Build IV). After both these treatments, the defect
content in all the samples was below 0.2% similar to the observation after HIP1
treatment. Moreover, for Build II, the tensile behaviour after a given HT with
prior HIP1 or HIP3 treatment was similar (refer Table 9). Therefore, it appears
that the HIPing time can be possibly shortened.

Possible elimination of solution treatment step 

The sub-solvus ST applied in this study only caused precipitation of δ phase at 
the grain boundaries specifically when the EBM Alloy 718 was subjected to 
prior HIPing (see Fig. 22). Further, the tensile behaviour of EBM Alloy 718 
was only marginal influenced by ST (refer Table 9). Therefore, in the context of 
shortening of post-treatment, a relevant concern could be the utility of ST in the 
entire post-treatment protocol consisting of HIPing and aging, as HIPing was 
also found to promote homogenization of the matrix. 
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7 Summary and Conclusions 

The research presented in this study examined the responses of various EBM 
Alloy 718 specimens to different post-treatments. The various key aspects 
investigated are summarized in Fig. 29, which also illustrates the approach 
followed in the present study. The relevance of the resulting publications to the 
various RQs that the thesis sought to address has also been indicated.  

Fig. 29. Outline of the research approach used in this study with relevance to 
the various RQs addressed in the appended publications. 

A summary of results and the consequent conclusions drawn from this work, 
corresponding to the RQs mentioned earlier in Chapter 1, are stated below. 

The EBM build produced using the standard process conditions was shown to 
be microstructurally uniform. The as-built EBM Alloy 718 was typically 
characterized by the presence of defects, strongly textured columnar grains 
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along the build direction, and the following phases and inclusions: γ, NbC, δ, 
γ"/γ', TiN, and traces of Al2O3.   

Hot isostatic pressing was found to significantly reduce the defect content, 
typically by more than an order of magnitude. During subsequent high 
temperature exposure, defects were found to not regrow, thus negating 
concerns regarding TIP. When prior HIPing was not employed, the 
conventional HT stages involving ST and aging were found to have no 
discernible effect on defects. 

The temperature used during HIPing significantly influenced the grain size in 
the build microstructure. HIPing at 1185°C was found to cause abnormal grain 
growth in and around the contour region. In contrast, after HIPing at 1120°C 
for 4 h and 100 MPa, no effect on the grain size of a typical EBM build was 
observed. However, the extent of defect reduction during HIPing was found to 
be comparable in both cases. Therefore, it can be concluded that the grain size 
can be preserved during post-treatment, while achieving the desired defect 
closure.  

HIPing was shown to also promote homogenization of the material. Complete 
dissolution of δ phase into the matrix was observed after HIPing, regardless of 
the δ phase content in the as-built material. In addition, after HIPing complete 
dissolution of γ"/γ' phases and a consequent drop in hardness of the material 
also noted. The above secondary phases were dissolved due to their solvus 
temperatures being lower than the HIPing temperature, and their re-
precipitation could be inhibited by employing rapid cooling (>300°C/min) 
during HIPing. On the other hand, the carbide particles and inclusions were 
retained after HIPing. 

Solution treatment, with or without prior HIPing, resulted in precipitation of δ 
phase at the grain boundaries. Due to homogenization during HIPing, lesser 
precipitation of δ phase was observed in specimens exposed to ST after prior 
HIPing. Moreover, temperature during ST influenced the resulting extent of δ 
phase precipitation. Lowering the ST temperature from 980°C to 954°C, and 
performing both for 1 h, resulted in increased precipitation of δ phase due to 
increase undercooling.  

Investigation of microstructural evolution during the two-step aging revealed 
prospects for a significantly shortened aging protocol. The hardness was found 
to plateau after 4 h of first step of aging and after 1 h of second aging. This is 
suggestive of a possibility to shorten the typical Age (8+8) treatment to a 
trimmed Age (4+1) treatment when the samples are subjected to prior HIPing 
and ST treatment 
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Mechanical property assessment reaffirms the above prospect and demonstrates 
that mechanical properties are not compromised by the shortened post-
treatment protocol. Moreover, control of as-built microstructure followed by 
application of shortened post-treatment can further enhance mechanical 
response of EBM Alloy 718. 

Overall, the tensile behaviour of EBM Alloy 718 was found to be significantly 
influenced by the distribution of strengthening precipitates, which were 
controlled through aging. On the other hand, the fatigue life was observed to be 
substantially dependent on the presence of defects in the material, as samples 
subjected to both HIPing and HT exhibited greater fatigue life with reduced 
scatter in values compared to the case when only HTs were applied. 

An alternate approach to shorten post-treatment by integrating the HIPing and 
HT inside the HIP vessel was successfully implemented, as the EBM Alloy 718 
subjected to the integrated cycle or conventional cycle exhibited similar tensile 
behaviour. 

Following on the idea of shortening the post-treatment, there appears to be a 
potential for the HIPing time also to be reduced from 4 h to 1 h, while 
employing increased pressure from 100 MPa to 200 MPa. Such shortened 
HIPing was also found to be effective in reducing extreme defect contents 
(ranging between 0.5 to 17%) deliberately introduced in the EBM builds to 
<0.2%. Moreover, there appears to be a possibility of skipping ST particularly 
when the post-treatment protocol for EBM Alloy 718 is to involve HIPing 
treatment.  
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8 Recommendations for future work 

Investigation of dynamic mechanical behaviour such as, fatigue, notch stress-
rupture behaviour particularly at high temperature could give further insight into 
the role of different post-treatments on material properties. 

The present study revealed the effectiveness and benefit of HIPing at reduced 
temperature (1120°C) than the commonly employed 1200°C. However, builds 
with equiaxed microstructure exhibited significant grain growth after HIPing at 
1120°C. Therefore, further reduction of HIPing temperature is an exciting area 
for future investigation because preliminary results with the HIPing conditions 
of 980°C/4 h/200 MPa showed comparable densification of the material.  

More work is needed to understand the reason for plateauing of hardness during 
aging, for instance with regards to number density of precipitates [170]. In 
addition, study of stability of strengthening phases during long term thermal 
exposure [15] can be valuable for post-treated EBM Alloy 718. 

The work presented in this thesis was limited to EBM Alloy 718, and can be 
perhaps extended to LPBF Alloy 718 to gain better understanding of the 
similarities and differences in the influence of post-treatments on Alloy 718 
manufactured by these two leading PBF technologies. 

The shortened post-treatment schedules developed in this work might require 
further investigation before applying them to large scale components. For 
instance, depending on the component thickness the post-treatment durations 
might require appropriate adjustments. 
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Appendix 

Calculation of carbide and nitride content in Alloy 718 

The amount of carbides and TiN inclusions in Alloy 718 evaluated through 
thermodynamic calculations using ThermoCalc software [214] and TCNI9 
database [215] is presented in Fig. 30 (a). The maximum amount of carbide was 
evaluated to be ~0.35%, which is reasonably similar to the value obtained using 
image analysis (0.3 ±0.1%). The maximum amount of TiN in EBM Alloy 718 is 
expected to be 0.17%, as seen from Fig. 30 (a). Moreover, the amount and 
chemical composition of carbides and TiN are predicted to be reasonably stable 
at temperatures below their solvus temperatures (refer Figs. 30 (b), (c)). It is 
important to mention that all the presented thermodynamic calculations (Fig. 
30 and Fig. 31) were performed at Ruhr University Bochum (Germany). 

Fig. 30. Amount of carbides and TiN inclusions in Alloy 718 (a), and evolution 
of phase composition of carbide (b) and TiN (c) evaluated using thermodynamic 
calculations in equilibrium conditions, with the indicated solvus temperatures. 
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Calculation of carbon solubility in Alloy 718 

The mass fraction of NbC (MNbC) in Alloy 718 can be calculated as follows: 

and considering mass density of NbC, , as 7.73-7.8  g/cm3 from [216], 
volume fraction of NbC in Alloy 718, , as 0.3% estimated by 
thermodynamic calculation (Fig. 30 (a)) and confirmed through experimental 
measurement (see Fig. 17 (e)), and density of matrix, , same as density 
of Alloy 718 i.e. ~8.2 g/cm3 [217], the mass percentage of NbC is evaluated to 
be ~0.3%. Further considering stoichiometric composition of NbC, i.e., equal 
molar fraction of Nb and C, the mass fraction of C in NbC is ~0.11; using 
molar mass of C and Nb to be 12 g/mol and 92.9 g/mol, respectively. Thus, the 
total mass percentage of C in Alloy 718 present in the form of NbC is 
0.11*0.3%, i.e. ~0.03% which is reasonably similar to the total amount of 
carbon present in the feedstock powder (~0.04%, Table 5). Therefore, carbon 
present in Alloy 718 is mainly in the form of carbides. This observation is also 
supported by the carbon solubility expected through thermodynamic 
calculations (refer Fig. 31 (a)).  

Calculation of nitrogen solubility in Alloy 718 

The solubility of nitrogen in Alloy 718 is expected to be negligible as evident 
through the results of thermodynamic calculations given in Fig. 31 (b). 
Therefore, given the N content of the powder, i.e., 200 ppm (refer Table 5) the 
nitrogen in EBM Alloy 718 is expected to be present in the form of TiN 
inclusions. From Fig. 31 (b) it is also worth noting that the solubility of nitrogen 
in the matrix is rapidly increased, though to a limited extent, close to the 
liquidus temperature of Alloy 718. 
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Fig. 31. Calculated amount of (a) carbon and (b) nitrogen in the Alloy 718 
matrix using equilibrium and Scheil solidification conditions. 
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Electron beam melting (EBM) of Alloy 718 is of rapidly growing interest as it allows cost-effective pro-
duction of complex components. However, the inherent flaws in the component in as-built state are of
concern in view of the severe working conditions in which Alloy 718 components typically operate. The
present work entails an investigation of changes in microstructure that accompany some post-treatments
that are being widely considered to address defects in EBM processed Alloy 718. The effect of two different
post-treatments, namely hot isostatic pressing (HIP) and a combined HIP + heat treatment (HT) carried
out inside the HIP vessel, have been studied and results from as-built and post-treated specimens were
compared in terms of porosity/lack-of-fusion, microstructure, phase constitution (NbC content, d-phase)
and micro-hardness. Post-treatment resulted in reduction in defect content by more than an order of
magnitude. HIPing led to complete dissolution of d phase. In comparison to as-built material, HIPed
specimens exhibited significant drop in hardness. However, a sharp �recovery� of hardness to yield values
higher than in as-built condition was observed after HIP + HT and can be attributed to precipitation of c¢¢
phase.

Keywords additive manufacturing, alloy 718, electron beam
melting, hardness, heat treatment, HIP, microstructure

1. Introduction

Additive manufacturing (AM) is the process of fabrication
of parts through layer-by-layer addition of material. This allows
manufacture of extremely complex parts intended for structural
and functional applications, such as turbine blades with unique
cooling channels. There is a growing interest in production
through AM of components from high temperature materials
like Alloy 718, a Ni–Fe based superalloy widely used in the
aerospace industry. Although Alloy 718 (also known as Inconel
718) in wrought and cast form has been widely studied, there is
a need for a detailed analysis of AM built material as the latter
exhibits different microstructures and properties in comparison
to those manufactured through the conventional manufacturing
routes. AM processes commonly used for fabrication of Alloy
718 components are directed metal deposition (DMD), which
uses a laser source with wire or powder as the feedstock, and
powder-bed fusion techniques such as selective laser melting
(SLM) and electron beam melting (EBM). This study examined
EBM fabrication of Alloy 718.

Thermal post-treatment of AM-builds is actively considered
to enhance mechanical integrity. Hence, changes in microstruc-
ture during such treatments are also pertinent to monitor.
Generally, thermal post-treatment involves hot isostatic press-
ing (HIP) for closure and healing of defects, solution treatment
for homogenization of the microstructure, and aging for
precipitation of strengthening phase (c¢¢, Ni3Nb and c¢, Ni3(Al,
Ti)). The specific interest in thermal post-treatment of EBM-
built Alloy 718 is motivated by published results showing
substantial improvement in mechanical performance after post-
treatment (Ref 1-3).

The present study comprehensively investigates the influ-
ence of two different post-treatments, namely HIP and HIP +
heat treatment (HT). The latter involved HIP, solution
treatment, and aging carried out as a single cycle within the
HIP vessel. The influence of post-treatment on grain structure,
defect concentration, phase constitution, and micro-hardness
have been investigated.

2. Experiment

2.1 EBM Build

The EBM build utilized for the present study was con-
structed at Arcam AB (Mölndal, Sweden). A plasma atomized
powder (nominal size range: 45-106 lm) supplied by AP&C
(Montréal, Canada) was used. The chemical composition of the
powder is given in Table 1. A high temperature steel base plate
was preheated to � 1000 �C before initiating the EBM build-
ing process. The deposition cycle for each layer consisted of 6
stages: (1) pre-heating of the powder layer being processed, (2)
localized pre-heating of regions to be melted, (3) contour
melting of the frame of the parts, (4) hatch melting of the
interior of the parts, (5) post-heating of the layer being
processed, and (6) lowering of powder bed and powder raking
to form a uniform layer of 75 lm for next cycle. An EBM
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Technologies AB, Västerås, Sweden; Fouzi Bahbou, ARCAM AB,
Mölndal, Sweden. Contact e-mails: sneha.goel@hv.se,
snehagoel27@gmail.com.

JMEPEG (2019) 28:673–680 �The Author(s)
https://doi.org/10.1007/s11665-018-3712-0 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 28(2) February 2019—673



Effect of Different Post-treatments on the Microstructure
of EBM-Built Alloy 718

Sneha Goel , Magnus Ahlfors, Fouzi Bahbou, and Shrikant Joshi

(Submitted March 23, 2018; in revised form August 30, 2018; published online October 29, 2018)

Electron beam melting (EBM) of Alloy 718 is of rapidly growing interest as it allows cost-effective pro-
duction of complex components. However, the inherent flaws in the component in as-built state are of
concern in view of the severe working conditions in which Alloy 718 components typically operate. The
present work entails an investigation of changes in microstructure that accompany some post-treatments
that are being widely considered to address defects in EBM processed Alloy 718. The effect of two different
post-treatments, namely hot isostatic pressing (HIP) and a combined HIP + heat treatment (HT) carried
out inside the HIP vessel, have been studied and results from as-built and post-treated specimens were
compared in terms of porosity/lack-of-fusion, microstructure, phase constitution (NbC content, d-phase)
and micro-hardness. Post-treatment resulted in reduction in defect content by more than an order of
magnitude. HIPing led to complete dissolution of d phase. In comparison to as-built material, HIPed
specimens exhibited significant drop in hardness. However, a sharp �recovery� of hardness to yield values
higher than in as-built condition was observed after HIP + HT and can be attributed to precipitation of c¢¢
phase.
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built Alloy 718 is motivated by published results showing
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treatment, and aging carried out as a single cycle within the
HIP vessel. The influence of post-treatment on grain structure,
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have been investigated.
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was preheated to � 1000 �C before initiating the EBM build-
ing process. The deposition cycle for each layer consisted of 6
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localized pre-heating of regions to be melted, (3) contour
melting of the frame of the parts, (4) hatch melting of the
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Control software version 4.2.76 (ARCAM AB, Mölndal,
Sweden) and an accelerating voltage of 60 kV were used for
production. Figure 1 shows the EBM build used in the present
study and the rod structures (100 mm length 9 15 mm diam-
eter) observed therein were the subject of the present study. The
rods labelled 1-3 were extensively characterized both to
ascertain microstructural uniformity within a single rod, as
well as between rods. This was done before subjecting parts of
different rod specimens to post-treatments described below, to
ensure that differences noted during subsequent comparisons
between as-built and post-treated specimens would be
attributable to the post-treatment protocols alone.

2.2 Post-treatment

Two of the rods were subjected to two different post
treatments, one involving HIP and the other including HIP +
HT combined in a single cycle inside the HIP vessel. The
time–temperature-pressure protocols associated with the two
post-treatments studied, with the process graphs shown in
Fig. 2, were: (a) HIP: 1200 �C for 4 h at 120 MPa, followed by
rapid cooling to room temperature, and (b) HIP + HT: 1185 �C
for 3 h at 170 MPa, followed by furnace cooling to solution
treatment temperature of 980 �C and holding for 1 h, followed
by rapid cooling to room temperature, thereafter 1st age
hardening by heating to 740 �C, holding for 8 h, rapid cooling
to 635 �C for 2nd age-hardening, holding for 10 h and
followed by rapid cooling to room temperature. It may be
noted that the HIP conditions in the above HIP and HIP + HT
are slightly different since, given the high cost of conducting
dedicated runs in an industrial large-volume HIP furnace, two
already planned customer runs for additively manufactured
Alloy 718 builds were utilized for this initial study. In this
context, it is relevant to point out that, previously reported work
on Alloy 718 has shown that change in time from 3 h to 4 h
(Ref 4) and increase in pressure by 50 MPa (Ref 5) resulted in
only modest change in porosity content. Consequently, the
temperature–time-pressure schedules utilized herein were
deemed reasonable for a preliminary investigation.

2.3 Characterization

As mentioned elsewhere in this paper, microstructural
uniformity within a built rod, as well as between rods located
at different positions within the build, was first assessed using
rods labelled 1, 2, and 3 in Fig. 1. For microstructure analysis
to examine uniformity within a rod, 7-10 mm long sections
along the build direction were taken from near the top, middle,
and bottom regions of rod 2 using precision cutting. All the
specimens were hot mounted and semi-automatically polished
using Buehler PowerPro 5000 (Buehler, USA) system. The
polished specimens were etched via electrolytic (2-4 V) etching
using oxalic acid and examined under an optical microscope
(OM) (Olympus BX60 M, HOFSTRAgroup�, US) and scan-
ning electron microscopes (SEMs) (HITACHI TM3000, Zeiss
EVO 50). Image analysis was employed for quantification of

porosity and carbide content (using ASTM E1245-03 automatic
image analysis method (Ref 6) and the open source ImageJ
software) using at least 10 images in each case, and the average
value ± the confidence interval has been reported herein as
recommended in the above ASTM standard. An energy
dispersive spectroscopy (EDS) (Oxford instruments, UK)
detector mounted on the Zeiss EVO 50 SEM was used for
elemental analysis. Vickers micro-hardness testing (HMV-2,
Shimadzu Corp., Japan) on the polished cross-sections was
performed using 500 g load applied for 15 s in ambient
conditions. For each of the specimens tested, 8-12 indents were
recorded.

3. Results and Discussion

A detailed investigation of the role of post-treatment was
preceded by a comprehensive study to assess microstructural
uniformity not only within a rod but also among different rods
constituting the build. This was crucial to ensure that the
microstructural changes noticed during post-treatment were
mainly attributable to the HIP and HIP + HT protocols used
and not to any significant inherent differences in the different
specimens used. It should be noted that, for characterization of
a rod along the build direction, 5 mm of the very top and very
bottom of the rod (representing regions near end-of-build and in
immediate vicinity of the base plate, respectively) have been

Table 1 Chemical composition of the Alloy 718 powder used in the present study

Element, wt.% Ni Cr Fe Nb + Ta Mo Ti Al C N

Powder alloy 718 51.67 19.09 � 19.33 5.31 3.12 0.89 0.53 0.04 0.02

Fig. 1 Photograph of the EBM build. Rods from different positions
within the build and labelled 1, 2, and 3 were investigated. Build
direction is out of the plane of the paper
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excluded for the limited scope of this study. At the beginning of
part production the energy input is lowered, which could
potentially lead to excessive defects in the very bottom region
of the build. Previously published work has shown presence of
Laves phase and microstructural gradients in the very top part
of a build (Ref 7).

3.1 Microstructure of As-Built Specimens

For microstructure analysis along the build height, speci-
mens near the top, middle and bottom of rod 2 were studied. In
addition, uniformity in different rods within a build was
assessed using specimens near the middle of the three different
as-built rods (labelled 1, 2, and 3 in Fig. 1) along the build
direction. The different microstructural features observed are
discussed in the following sections.

3.1.1 Grain Structure. 3.1.1.1 Uniformity Within a Built
Rod. The SEM (back-scattered electron, BSE) micrographs
shown in Figs. 3 (a), (b), and (c) reveal the columnar grain
structure oriented in the build direction of rod 2. Such
directional solidification in the EBM process, resulting from
the presence of large thermal gradients in the solidifying melt
pool, has been widely reported (Ref 8, 9). Long grains up to an
order of 1 mm were observed. As evident from Fig. 3(a), (b),
and (c), no apparent difference in grain width was noticed along
the build height of rod 2. Kirka et al. (Ref 7) have also reported
such uniformity along the build height, except for the few mm
portion at the top of the build. A previously reported study on
EBM processed Ti-6Al-4 V had also found no significant
variability in grain width with build height (Ref 10). It is
pertinent to note that, in contrast to this observation, prior
published work on SLM Alloy 718 builds have indicated higher
columnar grain width near the top region of the component and
lower grain width near the bottom region (Ref 11). The above
variation in microstructure with build height in case of SLM
was attributed to the difference in cooling rate, which is higher
near the bottom, i.e., closer to the base plate, and lower near the
top region. Hence, the observed uniformity in grain width along
the build height in the present study is perhaps indicative of
relatively uniform cooling rate with build height in the EBM
builds investigated herein.

3.1.1.2 Uniformity in Different Rods Within a Build. SEM
micrographs of the middle region of the as-built rods 1, 2, and 3
are shown in Fig. 3(d), (b), and (e), respectively. Comparison of
the micrographs reveals similar columnar grain structure and

grain width in the three as-built rods. This is suggestive of
substantial rod-to-rod microstructural uniformity within the
build, which needed to be confirmed before undertaking any
comparative study by subjecting specimens from different rods
to distinct post-treatments.

3.1.2 Defects. The defects observed in the as-built EBM
Alloy 718 specimens can be categorized into the following
categories: (a) gas porosity, (b) shrinkage porosity, and (c) lack-
of-fusion as shown in Fig. 4. As labelled in the figure, the gas
pores appear circular in two dimensions, shrinkage pores are
aligned with the build direction, and lack-of-fusion defects are
perpendicular to the build direction. The reasons for occurrence
of such defects have been explained previously (Ref 12). The
total defect content in the specimens is summarized in Fig. 5. It
is worthwhile to mention that majority of the defects comprised
of shrinkage porosity. Although the gas porosity and lack-of-
fusion defects were larger in dimension whenever they were
observed, they were relatively sparsely present. Keeping in
view the scatter in data, there is negligible difference in defect
concentration along the build direction and only a slight
difference in defect concentration in different as-built rods, with
the overall defect concentration being consistently under 1%.

3.1.3 Phase Constitution. SEM micrographs of the mid-
dle regions of the three as-built rods are shown in Fig. 6 and
look largely similar. Specimens from the top and bottom of rod
2, although excluded for the sake of brevity, also exhibited a
similar microstructure as shown in Fig. 6. All microstructures
are mainly composed of globular precipitates and a bright
network-like feature appearing in the SEM (secondary electron,
SE) image shown in Fig. 7(a). Such a network has been found
to be composed of d precipitates (similar in morphology to that
shown in Fig. 7(b) but much finer in size) in another published
report on EBM built Alloy 718 specimens (Ref 7).

For indexing some of the phases present in the specimens,
EDS was employed. Given the fine size of the precipitates, the
EDS results shown in Fig. 7 are not very accurate but clearly
indicative of the relative elemental distribution present in the
various features seen in the micrograph. The phases found in
the as-built specimens were c, MC and MN as shown in the
SEM (SE) image and EDS results for middle region of rod 2 in
Fig. 7. The d needles (< 1 lm) [shown in Fig. 7b] precipitat-
ing at the grain boundaries were too small to permit reliable
EDS analysis. However, the morphology of the precipitates
conforms well with other reported studies that have also

Fig. 2 Time-temperature–pressure graphs of (a) HIP and (b) HIP + HT post-treatments investigated
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Shimadzu Corp., Japan) on the polished cross-sections was
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conditions. For each of the specimens tested, 8-12 indents were
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excluded for the limited scope of this study. At the beginning of
part production the energy input is lowered, which could
potentially lead to excessive defects in the very bottom region
of the build. Previously published work has shown presence of
Laves phase and microstructural gradients in the very top part
of a build (Ref 7).

3.1 Microstructure of As-Built Specimens

For microstructure analysis along the build height, speci-
mens near the top, middle and bottom of rod 2 were studied. In
addition, uniformity in different rods within a build was
assessed using specimens near the middle of the three different
as-built rods (labelled 1, 2, and 3 in Fig. 1) along the build
direction. The different microstructural features observed are
discussed in the following sections.

3.1.1 Grain Structure. 3.1.1.1 Uniformity Within a Built
Rod. The SEM (back-scattered electron, BSE) micrographs
shown in Figs. 3 (a), (b), and (c) reveal the columnar grain
structure oriented in the build direction of rod 2. Such
directional solidification in the EBM process, resulting from
the presence of large thermal gradients in the solidifying melt
pool, has been widely reported (Ref 8, 9). Long grains up to an
order of 1 mm were observed. As evident from Fig. 3(a), (b),
and (c), no apparent difference in grain width was noticed along
the build height of rod 2. Kirka et al. (Ref 7) have also reported
such uniformity along the build height, except for the few mm
portion at the top of the build. A previously reported study on
EBM processed Ti-6Al-4 V had also found no significant
variability in grain width with build height (Ref 10). It is
pertinent to note that, in contrast to this observation, prior
published work on SLM Alloy 718 builds have indicated higher
columnar grain width near the top region of the component and
lower grain width near the bottom region (Ref 11). The above
variation in microstructure with build height in case of SLM
was attributed to the difference in cooling rate, which is higher
near the bottom, i.e., closer to the base plate, and lower near the
top region. Hence, the observed uniformity in grain width along
the build height in the present study is perhaps indicative of
relatively uniform cooling rate with build height in the EBM
builds investigated herein.

3.1.1.2 Uniformity in Different Rods Within a Build. SEM
micrographs of the middle region of the as-built rods 1, 2, and 3
are shown in Fig. 3(d), (b), and (e), respectively. Comparison of
the micrographs reveals similar columnar grain structure and

grain width in the three as-built rods. This is suggestive of
substantial rod-to-rod microstructural uniformity within the
build, which needed to be confirmed before undertaking any
comparative study by subjecting specimens from different rods
to distinct post-treatments.

3.1.2 Defects. The defects observed in the as-built EBM
Alloy 718 specimens can be categorized into the following
categories: (a) gas porosity, (b) shrinkage porosity, and (c) lack-
of-fusion as shown in Fig. 4. As labelled in the figure, the gas
pores appear circular in two dimensions, shrinkage pores are
aligned with the build direction, and lack-of-fusion defects are
perpendicular to the build direction. The reasons for occurrence
of such defects have been explained previously (Ref 12). The
total defect content in the specimens is summarized in Fig. 5. It
is worthwhile to mention that majority of the defects comprised
of shrinkage porosity. Although the gas porosity and lack-of-
fusion defects were larger in dimension whenever they were
observed, they were relatively sparsely present. Keeping in
view the scatter in data, there is negligible difference in defect
concentration along the build direction and only a slight
difference in defect concentration in different as-built rods, with
the overall defect concentration being consistently under 1%.

3.1.3 Phase Constitution. SEM micrographs of the mid-
dle regions of the three as-built rods are shown in Fig. 6 and
look largely similar. Specimens from the top and bottom of rod
2, although excluded for the sake of brevity, also exhibited a
similar microstructure as shown in Fig. 6. All microstructures
are mainly composed of globular precipitates and a bright
network-like feature appearing in the SEM (secondary electron,
SE) image shown in Fig. 7(a). Such a network has been found
to be composed of d precipitates (similar in morphology to that
shown in Fig. 7(b) but much finer in size) in another published
report on EBM built Alloy 718 specimens (Ref 7).

For indexing some of the phases present in the specimens,
EDS was employed. Given the fine size of the precipitates, the
EDS results shown in Fig. 7 are not very accurate but clearly
indicative of the relative elemental distribution present in the
various features seen in the micrograph. The phases found in
the as-built specimens were c, MC and MN as shown in the
SEM (SE) image and EDS results for middle region of rod 2 in
Fig. 7. The d needles (< 1 lm) [shown in Fig. 7b] precipitat-
ing at the grain boundaries were too small to permit reliable
EDS analysis. However, the morphology of the precipitates
conforms well with other reported studies that have also

Fig. 2 Time-temperature–pressure graphs of (a) HIP and (b) HIP + HT post-treatments investigated
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identified presence of d phase in EBM-built Alloy 718 (Ref 7).
A few Al and O rich precipitates were also observed in the
microstructure. MC carbides were found to be rich in Nb and,
hence, presumed to be predominantly NbC. Similarly, the MN
type precipitates were significantly Ti rich and were plausibly
comprised of TiN precipitates. Similar presence of NbC and
TiN has also been reported in previously published work (Ref

9, 13). It has been previously reported that TiN precipitates act
as nucleation sites for NbC by virtue of the two being
isomorphous, (Ref 14) which could plausibly explain the
appearance of a dark core in the SEM images of NbC
precipitates, visualized at spot 2 in Fig. 7(a), and the corre-
sponding substantial presence of both Nb and Ti being detected
by EDS. The NbC phase content was quantified and is

Fig. 3 SEM (BSE) micrographs showing uniform columnar grain structure both within a rod (rod 2) in the build direction and across rods
within the build (rod 1-3). Arrow indicates the build direction

Fig. 4 SEM (BSE) micrographs showing defects in EBM built Alloy 718: (a) gas and shrinkage porosity, (b) lack-of-fusion defect. The black
arrow indicates the build direction
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Fig. 5 Schematic of the three as-built rods indicating defects (vol.%), NbC content (vol.%), and micro-hardness (HV0.5) at different regions of
interest. Arrow indicates the build direction

Fig. 6 SEM (BSE) micrograph showing microstructures of specimens from the middle regions of rods (a) 1, (b) 2, and (c) 3. Arrow indicates
the build direction

Fig. 7 SEM (SE) micrographs and EDS results for specimen from the middle region of rod 2. The results are given in wt.%. Arrow indicates
the build direction
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Fig. 3 SEM (BSE) micrographs showing uniform columnar grain structure both within a rod (rod 2) in the build direction and across rods
within the build (rod 1-3). Arrow indicates the build direction

Fig. 4 SEM (BSE) micrographs showing defects in EBM built Alloy 718: (a) gas and shrinkage porosity, (b) lack-of-fusion defect. The black
arrow indicates the build direction
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Fig. 5 Schematic of the three as-built rods indicating defects (vol.%), NbC content (vol.%), and micro-hardness (HV0.5) at different regions of
interest. Arrow indicates the build direction

Fig. 6 SEM (BSE) micrograph showing microstructures of specimens from the middle regions of rods (a) 1, (b) 2, and (c) 3. Arrow indicates
the build direction

Fig. 7 SEM (SE) micrographs and EDS results for specimen from the middle region of rod 2. The results are given in wt.%. Arrow indicates
the build direction
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summarized in Fig. 5. It can be seen that no statistically
significant difference was found between any of the as-built
specimens. The presence of c¢¢ phase has been previously
reported in EBM-built Alloy 718, (Ref 7) but it was difficult to
visualize it without resorting to high resolution microscopy.
Previously published work by the authors had indeed revealed
presence of c¢¢ in the as-built material (Ref 15).

3.1.4 Micro-hardness. The micro-hardness values for all
the investigated as-built specimens are given in Fig. 5. Two
observations can be made from the hardness results: there is no
significant variation in micro-hardness along the build direction
or between different rods, and the micro-hardness values of as-
built specimens exceed the AMS 5662 requirement (350 HV).
The high hardness suggests that significant amount of c¢¢ had
precipitated during the EBM process (Ref 9) and was present
more or less uniformly throughout the build height, since c¢¢
phase is the main hardness determinant of Alloy 718 (Ref 16).
All the above results amply suggest that there was microstruc-
tural uniformity within a rod as well as between different rods
in the build.

3.2 Influence of Post-treatment

Since microstructural uniformity within a built rod and
between different as-built rods has already been established,
only middle regions of the rods were taken into consideration
for evaluating the influence of post-treatment using the as-built
microstructures as the basis.

3.2.1 Grain Structure. A comparison of SEM micro-
graphs of as-built, HIPed, and HIP + HTed specimens shown
in Fig. 8 reveals that the columnar grain structure is retained
even after the two post treatments. However, there is an
increase in the width of the grains after post treatment, it being
significantly higher after HIP than after HIP + HT. It could be
due to the longer 4 h exposure to high temperature in case of
HIP compared to 3 h in case of HIP + HT. The increase in
grain width in both cases could also be attributed to the
dissolution of d-phase (shown in ‘‘Phase Constitution’’ section)
which is reportedly responsible for grain size control in Alloy
718 (Ref 17).

3.2.2 Defects. Figure 9(a) shows the defect content in the
post-treated and as-built specimens. It can be seen that the
defect content is reduced by more than an order of magnitude in
case of both HIP or HIP + HT. Different mechanisms of defect
closure during HIPing have been previously suggested and
these include plastic deformation, creep, diffusion, etc. (Ref 18,
19). Such extensive reduction of defect content is expected to
lead to improvement in mechanical performance of the parts.
Previous reports on HIPing of EBM built Alloy 718 have
shown significant improvement in low-cycle fatigue of com-
ponents, with one of the plausible reasons being the healing of
defects after HIP (Ref 1).

3.2.3 Phase Constitution. The discernible particulate
phases found in case of the as-built specimens discussed earlier
and identified to be mainly NbC with few TiN (Fig. 6 and 7)

Fig. 8 SEM (BSE) micrographs revealing grain structure of (a) as-built, (b) HIP, and (c) HIP + HT specimens. Arrow indicates the build
direction

Fig. 9 (a) Defect and (b) NbC content in the middle region of the as-built, HIP, and HIP + HT rods
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were also found in the HIP and HIP + HT specimens as shown
in the SEM micrographs in Fig. 10(b) and (c), respectively.
However, no significant difference in the carbide content was
noted due to the post-treatment as summarized in Fig. 9(b). The
HIP treatment employed was also found to lead to complete
dissolution of d phase, as can be seen from Fig. 11(a) when
compared with Fig. 7, since the 1200 �C HIP temperature is

above the solvus temperature of d, which is report-
edly � 1010 �C (Ref 17). No re-precipitation of d was
observed during HIP + HT, refer Fig. 11(b), which is in
accordance with the reported TTT diagram of Alloy 718 (Ref
20).

3.2.4 Micro-hardness. Significant drop in hardness was
observed after HIP treatment as shown in Fig. 12. This could
be attributed to the dissolution of c¢¢ phase, which is the main
strengthening phase in Alloy 718. Also, the rapid cooling in the
HIP vessel would have inhibited re-precipitation of c¢¢ in
contrast to c¢¢ precipitation during cooling reported in another
study involving slow cooling in HIP vessel (Ref 21). Previous
reported work by authors had also shown nearly complete
dissolution of c¢¢ after HIP treatment (Ref 15). Complete
dissolution of c¢¢ after solution treatment at 1050 �C for
10 min. in case of wrought Alloy 718 has also been reported
(Ref 22). HIP + HT led to �recovery� of hardness and its
increase beyond that in the original as-built condition. This can
plausibly be attributed to the increased c¢¢ precipitation
resulting from rise in Nb available in the matrix prior to the
aging step, as some Nb is freed due to dissolution of d phase
during the HIP step (at 1185 �C) of the treatment.

4. Conclusion

Based on the results discussed above, the following
conclusions can be drawn:

Fig. 10 SEM (BSE) micrographs of specimens in (a) as-built, (b) HIP, and (c) HIP + HT conditions. Arrow indicates the build direction

Fig. 11 SEM (SE) micrographs at high magnification showing absence of d phase in (a) HIP and (b) HIP + HT condition. Arrow indicates the
build direction

Fig. 12 Micro-hardness of the middle region of the as-built, HIP,
and HIP + HT rods
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were also found in the HIP and HIP + HT specimens as shown
in the SEM micrographs in Fig. 10(b) and (c), respectively.
However, no significant difference in the carbide content was
noted due to the post-treatment as summarized in Fig. 9(b). The
HIP treatment employed was also found to lead to complete
dissolution of d phase, as can be seen from Fig. 11(a) when
compared with Fig. 7, since the 1200 �C HIP temperature is

above the solvus temperature of d, which is report-
edly � 1010 �C (Ref 17). No re-precipitation of d was
observed during HIP + HT, refer Fig. 11(b), which is in
accordance with the reported TTT diagram of Alloy 718 (Ref
20).

3.2.4 Micro-hardness. Significant drop in hardness was
observed after HIP treatment as shown in Fig. 12. This could
be attributed to the dissolution of c¢¢ phase, which is the main
strengthening phase in Alloy 718. Also, the rapid cooling in the
HIP vessel would have inhibited re-precipitation of c¢¢ in
contrast to c¢¢ precipitation during cooling reported in another
study involving slow cooling in HIP vessel (Ref 21). Previous
reported work by authors had also shown nearly complete
dissolution of c¢¢ after HIP treatment (Ref 15). Complete
dissolution of c¢¢ after solution treatment at 1050 �C for
10 min. in case of wrought Alloy 718 has also been reported
(Ref 22). HIP + HT led to �recovery� of hardness and its
increase beyond that in the original as-built condition. This can
plausibly be attributed to the increased c¢¢ precipitation
resulting from rise in Nb available in the matrix prior to the
aging step, as some Nb is freed due to dissolution of d phase
during the HIP step (at 1185 �C) of the treatment.

4. Conclusion

Based on the results discussed above, the following
conclusions can be drawn:

Fig. 10 SEM (BSE) micrographs of specimens in (a) as-built, (b) HIP, and (c) HIP + HT conditions. Arrow indicates the build direction

Fig. 11 SEM (SE) micrographs at high magnification showing absence of d phase in (a) HIP and (b) HIP + HT condition. Arrow indicates the
build direction

Fig. 12 Micro-hardness of the middle region of the as-built, HIP,
and HIP + HT rods
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1. The properties of EBM-built Alloy 718 were found to be
uniform, in terms of grain structure, grain width, defect
and NbC content, and hardness, along the build height.
Similar uniformity was also found to exist among speci-
mens built at different locations on the base plate.

2. HIP led to reduction in the defect content of the material
by more than an order of magnitude.

3. The HIP temperature used in the present study led to
nearly complete dissolution of the d and c¢¢ phase, and
was accompanied by significant reduction in hardness.

4. HIP + HT treatment led to sharp �recovery� of hardness
which can be attributed to precipitation of c¢¢ phase.
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Abstract: Electron beam melting (EBM) is gaining rapid popularity for production of complex 
customized parts. For strategic applications involving materials like superalloys (e.g., Alloy 718), post-
treatments including hot isostatic pressing (HIPing) to eliminate defects, and solutionizing and aging 
to achieve the desired phase constitution are often practiced. The present study specifically explores 
the ability of the combination of the above post-treatments to render the as-built defect content in EBM 
Alloy 718 irrelevant. Results show that HIPing can reduce defect content from as high as 17% in as-
built samples (intentionally generated employing increased processing speeds in this illustrative 
proof-of-concept study) to <0.3%, with the small amount of remnant defects being mainly associated 
with oxide inclusions. The subsequent solution and aging treatments are also found to yield virtually 
identical phase distribution and hardness values in samples with vastly varying as-built defect 
contents. This can have considerable implications in contributing to minimizing elaborate process 
optimization efforts as well as slightly enhancing production speeds to promote industrialization of 
EBM for applications that demand the above post-treatments. 

Keywords: additive manufacturing; electron beam melting; defects; microstructure; hardness; alloy 
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1. Introduction 

Electron beam melting (EBM) is a powder bed fusion-based metal additive manufacturing (AM) 
technique bearing capability to produce components with high design flexibility. The material 
systems which can significantly benefit from EBM technology include high-performance materials such 
as Ni-based superalloys, e.g., Alloy 718, and Ti-alloys [1,2]. In the beginning, a vast majority of the research 
activity relating to EBM was focused on Ti and its alloys, particularly Ti-6Al-4V [3,4]. Since incorporation 
of defects (typically gas and shrinkage porosity, and lack of fusion) is a concern during EBM production, 
there have been several reported efforts with emphasis on process understanding and optimization to 
curtail defect formation in EBM manufactured Ti-6Al-4V [5–8]. Moreover, use of unoptimized process 
parameters has been shown to result in extensive defect formation [8]. 

Such defect formation in EBM Alloy 718 can also have particularly adverse consequences, as 
defects can degrade mechanical behavior of the EBM-built material. For instance, anisotropy in 
tensile behavior of heat-treated EBM Alloy 718 has been attributed to remnant defects [9,10]. The 
formation of the above defects is not only attributable to the use of unoptimized process parameters 
but can also occur due to stochastic instabilities in the process. These can include a temporary 
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decrease in electron beam power, non-uniform spread of powder, poor sintering of the powder prior 
to melting, spattering of powder from the build layer due to excessive electrostatic forces in an event 
called “smoking”, etc. [11–13]. All of these have been reported to cause formation of lack of fusion 
defects [13]. Consequently, a set of post-treatments are typically considered to enhance the properties 
of the as-built material [14–16] and are deemed particularly necessary in the case of the demanding 
applications that Alloy 718 is routinely employed for. 

In this context, even with use of optimized parameters, defects, to some degree, are inherent to 
EBM processed Alloy 718 [17]. Consequently, the as-built material is subjected to hot isostatic pressing 
(HIPing) to close the defects present in the material [18]. In addition, the HIP’ed material is typically 
subjected to solution treatment and aging to achieve the required phase composition. In this context, 
it is pertinent to mention that the typical recommended parameters for HIPing are 1120–1185 °C, 100 
MPa, 4 h, to be followed by a 1 h solutionizing treatment and a two-step aging involving a 8 h treatment 
for each step, which is perhaps “borrowed” from what has been the practice with wrought Alloy 718 
[19]. Therefore, a holistic approach of optimizing the process, together with applied post-treatments, 
is relevant from a technology industrialization standpoint. In this context, prior work in the authors’ 
group has shown that the aging treatment can potentially be shortened considerably to (4 + 1) h instead 
of (8 + 8) h [20]. Reduction in processing time and costs are also pivotal to industrial exploitation of the 
EBM technology. Sames et al. [18] have reported that a major limitation is the processing speed. However, 
faster production speeds are known to lead to poor surface finish and/or increased defect content [18,21]. 
Specifically, in cases where such post-treatment involving HIPing is deemed inevitable, there could be 
an opportunity to increase the EBM processing speed without being constrained by the need to 
eliminate or minimize defects. 

The present study explores the potential of the combined post-treatments involving HIPing, 
solutionizing and aging treatment to test the hypothesis of whether they can render the as-built defect 
content in EBM Alloy 718 irrelevant. The defect content in the samples was intentionally tailored by 
systematically increasing the hatch line spacing (LS), which refers to the spacing between raster 
scanning lines during EBM processing. The extent of defects thus incorporated far exceeded those 
typically encountered in EBM builds for the sake of this illustrative proof-of-concept study. 

2. Experimental Procedure 

Samples were EBM built with different defect contents by varying LS to assess their response to 
identical post-treatments, particularly HIPing. Plasma atomized Alloy 718 powder (AP&C, Québec, 
Canada) [5] recycled ~20 times was used. Six different samples (15 × 15 × 15 mm3) (Figure 1), 
henceforth referred to as AB#1 to AB#6, were built using EBM (Model A2X, Arcam AB, Gothenburg, 
Sweden) with varying LS corresponding to different processing speeds (expressed as relative melting 
time and relative melted area per unit time by normalizing with the “standard” values), as 
summarized in Table 1. All the samples were melted by a snake hatch method during which the 
electron beam was moved in a back-and-forth raster scan pattern [18]. All the other process 
parameters were kept constant as per the EBM process theme version 4.2.205, and some of the key 
process parameters associated with this theme are listed in Table 2. It is worth mentioning that the 
parameter speed function dynamically adjusts the electron beam scan speed depending on the scan 
length [22]. 
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(a) (b) 

Figure 1. Schematic of the CAD model of one of multiple identical blocks comprising the electron 
beam melting (EBM) build (a), and cross-section view of the block revealing the cubes (marked by 
hatched lines) processed with different line spacing (b). The arrow on the right shows the build 
direction, BD. 

Table 1. EBM process parameters. 

Sample 
Nomenclature 

Hatch Line 
Spacing 

Relative Melting Time 
Per Layer 2 

Relative Melted Area Per 
Unit Time 2 

(LS, μm) 
#1 75 167% 0.6 

#2 1 125 * 100% 1 1 
#3 175 71% 1.4 
#4 225 56% 1.8 
#5 275 45% 2.2 
#6 325 38% 2.6 

1 Arcam recommended setting. 2 Values normalized with respect to the Arcam recommended setting. 

Table 2. Process parameters in the Inco 4.2.205 theme for EBM Alloy 718. 

Parameter Value 
Layer thickness (μm) 75 

Acceleration voltage (kV) 60 
Hatch scan rotation (°) 72 

Pre-heat temperature (°C) 1025 
Speed function 63 

Focus offset (mA) 15 
Max. beam current (mA) 18 

Selected samples were further subjected to two different HIPing treatments (HIP1, HIP2). The 
choice of parameters for HIP1 (1120 °C/100 MPa/4 h/rapid cooling) and HIP2 (1185 °C/100 MPa/4 
h/rapid cooling) was based on recommendations of the ASTM (F3055) standard for post-treatment of 
powder bed fusion-produced Alloy 718 [19]. For one of the HIPing conditions selected based on ensuing 
results, the samples were also subjected to solution treatment (954 °C/1 h/water cooling), and double aging 
(740 °C/4 h, cool at 55 °C/h to 635 °C, held at 635 °C/1 h/air cooling) called HIP1 + STA. Details of the above 
mentioned post-treatments are summarized in Table 3. It is relevant to mention here that the aging 
protocol reflected above corresponds to a shortened heat treatment compared to the schedule 
recommended in the above ASTM standard and is based on prior work carried out in this group [20]. 

All the investigated samples were sectioned along the build direction using an alumina cutting blade. 
The sample cross-sections, each 15 × 15 mm2, were hot mounted, ground, and polished. Microstructural 
investigation of the prepared samples was carried out using an Olympus BX60 M optical microscope 
(OM), and HITACHI TM3000 (equipped with energy-dispersive X-ray spectroscopy (EDS)) and LEO 1550 
Gemini scanning electron microscopes (SEMs). Quantification of defects was done using OM micrographs 
of unetched polished samples processed using ImageJ software. In each case, more than 10 images 
were analyzed to get a representative value of the defect content (magnification: 50×, analyzed area: 
~21 mm2). For characterization of secondary phases using SEM imaging, the selected samples were 
electrolytically etched using 50% diluted (in ethanol) Kalling’s 2 reagent (2–3 V applied for 3–5 s). 
Vickers micro-hardness testing (HMV-2, Shimadzu Corp., Japan) on selected samples was performed 
using a 500 g load which was applied for 15 s in ambient conditions. Up to 25 random indents were 
made on each of the samples. Since some of the defect sizes in the intentionally prepared high-defect-
content builds were very large (as shown in Figure 2) and exceeded the indent size, few extreme 
outliers exhibiting “zero” hardness were noted whenever the indent happened to coincide with or be 
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decrease in electron beam power, non-uniform spread of powder, poor sintering of the powder prior 
to melting, spattering of powder from the build layer due to excessive electrostatic forces in an event 
called “smoking”, etc. [11–13]. All of these have been reported to cause formation of lack of fusion 
defects [13]. Consequently, a set of post-treatments are typically considered to enhance the properties 
of the as-built material [14–16] and are deemed particularly necessary in the case of the demanding 
applications that Alloy 718 is routinely employed for. 
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subjected to solution treatment and aging to achieve the required phase composition. In this context, 
it is pertinent to mention that the typical recommended parameters for HIPing are 1120–1185 °C, 100 
MPa, 4 h, to be followed by a 1 h solutionizing treatment and a two-step aging involving a 8 h treatment 
for each step, which is perhaps “borrowed” from what has been the practice with wrought Alloy 718 
[19]. Therefore, a holistic approach of optimizing the process, together with applied post-treatments, 
is relevant from a technology industrialization standpoint. In this context, prior work in the authors’ 
group has shown that the aging treatment can potentially be shortened considerably to (4 + 1) h instead 
of (8 + 8) h [20]. Reduction in processing time and costs are also pivotal to industrial exploitation of the 
EBM technology. Sames et al. [18] have reported that a major limitation is the processing speed. However, 
faster production speeds are known to lead to poor surface finish and/or increased defect content [18,21]. 
Specifically, in cases where such post-treatment involving HIPing is deemed inevitable, there could be 
an opportunity to increase the EBM processing speed without being constrained by the need to 
eliminate or minimize defects. 

The present study explores the potential of the combined post-treatments involving HIPing, 
solutionizing and aging treatment to test the hypothesis of whether they can render the as-built defect 
content in EBM Alloy 718 irrelevant. The defect content in the samples was intentionally tailored by 
systematically increasing the hatch line spacing (LS), which refers to the spacing between raster 
scanning lines during EBM processing. The extent of defects thus incorporated far exceeded those 
typically encountered in EBM builds for the sake of this illustrative proof-of-concept study. 

2. Experimental Procedure 

Samples were EBM built with different defect contents by varying LS to assess their response to 
identical post-treatments, particularly HIPing. Plasma atomized Alloy 718 powder (AP&C, Québec, 
Canada) [5] recycled ~20 times was used. Six different samples (15 × 15 × 15 mm3) (Figure 1), 
henceforth referred to as AB#1 to AB#6, were built using EBM (Model A2X, Arcam AB, Gothenburg, 
Sweden) with varying LS corresponding to different processing speeds (expressed as relative melting 
time and relative melted area per unit time by normalizing with the “standard” values), as 
summarized in Table 1. All the samples were melted by a snake hatch method during which the 
electron beam was moved in a back-and-forth raster scan pattern [18]. All the other process 
parameters were kept constant as per the EBM process theme version 4.2.205, and some of the key 
process parameters associated with this theme are listed in Table 2. It is worth mentioning that the 
parameter speed function dynamically adjusts the electron beam scan speed depending on the scan 
length [22]. 
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Figure 1. Schematic of the CAD model of one of multiple identical blocks comprising the electron 
beam melting (EBM) build (a), and cross-section view of the block revealing the cubes (marked by 
hatched lines) processed with different line spacing (b). The arrow on the right shows the build 
direction, BD. 

Table 1. EBM process parameters. 

Sample 
Nomenclature 

Hatch Line 
Spacing 

Relative Melting Time 
Per Layer 2 

Relative Melted Area Per 
Unit Time 2 

(LS, μm) 
#1 75 167% 0.6 

#2 1 125 * 100% 1 1 
#3 175 71% 1.4 
#4 225 56% 1.8 
#5 275 45% 2.2 
#6 325 38% 2.6 

1 Arcam recommended setting. 2 Values normalized with respect to the Arcam recommended setting. 

Table 2. Process parameters in the Inco 4.2.205 theme for EBM Alloy 718. 

Parameter Value 
Layer thickness (μm) 75 

Acceleration voltage (kV) 60 
Hatch scan rotation (°) 72 

Pre-heat temperature (°C) 1025 
Speed function 63 

Focus offset (mA) 15 
Max. beam current (mA) 18 

Selected samples were further subjected to two different HIPing treatments (HIP1, HIP2). The 
choice of parameters for HIP1 (1120 °C/100 MPa/4 h/rapid cooling) and HIP2 (1185 °C/100 MPa/4 
h/rapid cooling) was based on recommendations of the ASTM (F3055) standard for post-treatment of 
powder bed fusion-produced Alloy 718 [19]. For one of the HIPing conditions selected based on ensuing 
results, the samples were also subjected to solution treatment (954 °C/1 h/water cooling), and double aging 
(740 °C/4 h, cool at 55 °C/h to 635 °C, held at 635 °C/1 h/air cooling) called HIP1 + STA. Details of the above 
mentioned post-treatments are summarized in Table 3. It is relevant to mention here that the aging 
protocol reflected above corresponds to a shortened heat treatment compared to the schedule 
recommended in the above ASTM standard and is based on prior work carried out in this group [20]. 

All the investigated samples were sectioned along the build direction using an alumina cutting blade. 
The sample cross-sections, each 15 × 15 mm2, were hot mounted, ground, and polished. Microstructural 
investigation of the prepared samples was carried out using an Olympus BX60 M optical microscope 
(OM), and HITACHI TM3000 (equipped with energy-dispersive X-ray spectroscopy (EDS)) and LEO 1550 
Gemini scanning electron microscopes (SEMs). Quantification of defects was done using OM micrographs 
of unetched polished samples processed using ImageJ software. In each case, more than 10 images 
were analyzed to get a representative value of the defect content (magnification: 50×, analyzed area: 
~21 mm2). For characterization of secondary phases using SEM imaging, the selected samples were 
electrolytically etched using 50% diluted (in ethanol) Kalling’s 2 reagent (2–3 V applied for 3–5 s). 
Vickers micro-hardness testing (HMV-2, Shimadzu Corp., Japan) on selected samples was performed 
using a 500 g load which was applied for 15 s in ambient conditions. Up to 25 random indents were 
made on each of the samples. Since some of the defect sizes in the intentionally prepared high-defect-
content builds were very large (as shown in Figure 2) and exceeded the indent size, few extreme 
outliers exhibiting “zero” hardness were noted whenever the indent happened to coincide with or be 
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in the immediate vicinity of a very large defect. Average hardness values (excluding only such extreme 
outliers) are reported herein. 

Table 3. Details of post-treatments. 

Designation Cycle 
HIP1 1120 °C/100 MPa/4 h/RC 
HIP2 1185 °C/100 MPa/4 h/RC 

HIP1 + STA 
HIP1: 1120°C/100 MPa/4 h/RC 

+STA: 954 °C/1 h/WC to RT, 740° C/4 h/cool at 55 °C/h to 635 °C, hold at 635 °C/1 h/AC to RT 
Note: The abbreviations RC, WC, AC, and RT denote rapid cooling, water cooling, air cooling, and 
room temperature, respectively. 

3. Results and Discussion 

Since the main theme of the paper was to assess whether defects in the as-built condition matter if 
the subsequent post-treatment steps involve HIPing in any case, results pertaining to as-built conditions 
are presented first, followed by their response to post-treatments. 

The as-built microstructures of samples processed with varying LS corresponding to different 
melting speeds (Table 1) are depicted in Figure 2. Increase in LS above the “recommended” value 
resulted in a rise in the defect content, as shown in Figure 2. The defect contents stated represent the 
sum of all types of defects observed in the as-built samples, i.e., gas and shrinkage porosity, and lack of 
fusion. Incidentally, these defects were also present in samples produced at the recommended LS = 125 
μm (AB#2) as well as at lower LS = 75 μm (AB#1). Samples intentionally produced with higher LS 
exhibited defect contents up to 17%, as shown in Figure 2 and also visualized in accompanying 
micrographs. In a word, a systematic increase in line offset (processing speed) from 75 to 325 μm resulted 
in an increased defect content ranging from 0.1% to 17% in the investigated samples. It is worth 
mentioning that large defects such as those observed in samples AB#5 (LS = 275 μm) and AB#6 (LS = 325 
μm) are not typical of an EBM built even with not fully optimized processing conditions [23]. 
However, these samples were produced for the present ‘proof of concept’ investigation regarding the 
extent of defect closure enabled through HIPing. 

 

Figure 2. Defect content in as-built samples intentionally built with varied hatch line spacing (LS). The size 
and amount of defects are visualized in the insets. Arrows in the inset indicate build direction. 

Samples with distinct defect contents, i.e., AB#2, AB#4, and AB#6 were subjected to two HIPing 
treatments to investigate the efficacy of defect closure. The defect contents in as-built samples AB#2, 
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AB#4, and AB#6 (corresponding to LS = 125, 225, and 325 μm, respectively) were 0.5%, 2.6%, and 17%, 
respectively. After both the HIPing treatments, the defect content in all samples was significantly 
reduced, regardless of the original extent, as summarized in Table 4. Moreover, the difference in the 
extent of defect closure accomplished at 1120 °C (HIP1) and 1185 °C (HIP2) was not significant. The 
considerable densification of samples achieved by HIPing is also visualized from the microstructures 
in Figure 3. Furthermore, the small amount of remnant defects in all HIP’ed samples discussed were 
found to be typically associated with the presence of Al-rich oxide, which can inhibit complete defect 
closure. This is clearly evident from the representative EDS results given in Figure 4. It is worth 
mentioning that Al-rich oxides are thermodynamically very stable and not removed by HIPing, as 
previously observed in HIP’ed EBM Alloy 718 [24]. 

Table 4. Defect content (vol.%) in various samples in as-built and HIP’ed conditions. 

Sample 
Condition 

As-built HIP1 HIP2 
#2 (LS = 125 μm) 0.5 ± 0.3 0.1 0.1 
#4 (LS = 225 μm) 2.6 ± 4.1 0.2 ± 0.1 0.3 ± 0.2 
#6 (LS = 325 μm) 16.9 ± 11.3 0.2 ± 0.1 0.2 ± 0.1 

 
Figure 3. SEM micrographs showing defects in samples #2 (LS = 125 μm), #4 (LS = 225 μm), and #6 
(LS = 325 μm) in as-built and HIP’ed conditions. The arrow indicates the build direction. 
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in the immediate vicinity of a very large defect. Average hardness values (excluding only such extreme 
outliers) are reported herein. 

Table 3. Details of post-treatments. 

Designation Cycle 
HIP1 1120 °C/100 MPa/4 h/RC 
HIP2 1185 °C/100 MPa/4 h/RC 

HIP1 + STA 
HIP1: 1120°C/100 MPa/4 h/RC 

+STA: 954 °C/1 h/WC to RT, 740° C/4 h/cool at 55 °C/h to 635 °C, hold at 635 °C/1 h/AC to RT 
Note: The abbreviations RC, WC, AC, and RT denote rapid cooling, water cooling, air cooling, and 
room temperature, respectively. 

3. Results and Discussion 

Since the main theme of the paper was to assess whether defects in the as-built condition matter if 
the subsequent post-treatment steps involve HIPing in any case, results pertaining to as-built conditions 
are presented first, followed by their response to post-treatments. 

The as-built microstructures of samples processed with varying LS corresponding to different 
melting speeds (Table 1) are depicted in Figure 2. Increase in LS above the “recommended” value 
resulted in a rise in the defect content, as shown in Figure 2. The defect contents stated represent the 
sum of all types of defects observed in the as-built samples, i.e., gas and shrinkage porosity, and lack of 
fusion. Incidentally, these defects were also present in samples produced at the recommended LS = 125 
μm (AB#2) as well as at lower LS = 75 μm (AB#1). Samples intentionally produced with higher LS 
exhibited defect contents up to 17%, as shown in Figure 2 and also visualized in accompanying 
micrographs. In a word, a systematic increase in line offset (processing speed) from 75 to 325 μm resulted 
in an increased defect content ranging from 0.1% to 17% in the investigated samples. It is worth 
mentioning that large defects such as those observed in samples AB#5 (LS = 275 μm) and AB#6 (LS = 325 
μm) are not typical of an EBM built even with not fully optimized processing conditions [23]. 
However, these samples were produced for the present ‘proof of concept’ investigation regarding the 
extent of defect closure enabled through HIPing. 

 

Figure 2. Defect content in as-built samples intentionally built with varied hatch line spacing (LS). The size 
and amount of defects are visualized in the insets. Arrows in the inset indicate build direction. 

Samples with distinct defect contents, i.e., AB#2, AB#4, and AB#6 were subjected to two HIPing 
treatments to investigate the efficacy of defect closure. The defect contents in as-built samples AB#2, 
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AB#4, and AB#6 (corresponding to LS = 125, 225, and 325 μm, respectively) were 0.5%, 2.6%, and 17%, 
respectively. After both the HIPing treatments, the defect content in all samples was significantly 
reduced, regardless of the original extent, as summarized in Table 4. Moreover, the difference in the 
extent of defect closure accomplished at 1120 °C (HIP1) and 1185 °C (HIP2) was not significant. The 
considerable densification of samples achieved by HIPing is also visualized from the microstructures 
in Figure 3. Furthermore, the small amount of remnant defects in all HIP’ed samples discussed were 
found to be typically associated with the presence of Al-rich oxide, which can inhibit complete defect 
closure. This is clearly evident from the representative EDS results given in Figure 4. It is worth 
mentioning that Al-rich oxides are thermodynamically very stable and not removed by HIPing, as 
previously observed in HIP’ed EBM Alloy 718 [24]. 

Table 4. Defect content (vol.%) in various samples in as-built and HIP’ed conditions. 

Sample 
Condition 

As-built HIP1 HIP2 
#2 (LS = 125 μm) 0.5 ± 0.3 0.1 0.1 
#4 (LS = 225 μm) 2.6 ± 4.1 0.2 ± 0.1 0.3 ± 0.2 
#6 (LS = 325 μm) 16.9 ± 11.3 0.2 ± 0.1 0.2 ± 0.1 

 
Figure 3. SEM micrographs showing defects in samples #2 (LS = 125 μm), #4 (LS = 225 μm), and #6 
(LS = 325 μm) in as-built and HIP’ed conditions. The arrow indicates the build direction. 
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Figure 4. Representative EDS analysis showing inclusions typically associated with many remnant 
defects in sample #4 (LS = 225 μm) after HIP1. The arrow indicates the build direction. 

It is pertinent to note that concerns regarding thermally induced porosity (TIP), i.e., regrowth of 
apparently “closed” defects during subsequent heat treatment, have been reported [25,26]. Therefore, 
the samples HIP1#2, #4, and #6 were also subjected to heat treatment at 1180° C/4 h under vacuum, as 
previously studied by Benn et al. [26]. The results showed no significant difference in defect content before 
and after the heat treatment. Therefore, the TIP phenomenon was not discernible in the present HIP’ed 
EBM built Alloy 718 samples, at least to a statistically discernible limit, thereby indicating the efficacy of 
defect closure achieved by HIPing. It is worth mentioning that TIP plausibly did not happen in the 
present case because of insignificant gas entrapment in the defects owing to the vacuum conditions 
employed during EBM processing [27]. This is in contrast to LPBF processing, during which there 
have been concerns related to process gas infiltration because the builds are carried out in an inert 
atmosphere, typically using argon [28]. 

Such extensive and efficient reduction in the defect content by orders of magnitude (as evident 
from Table 4 and Figure 3) prima facie provides an opportunity to also potentially increase 
productivity—at least to some reasonable extent—during EBM processing. It is worth mentioning 
that the melting step typically comprises ~35% (the exact value depends on the build design [22]) of 
the layer heating time (preheat + melt + post-heat), which corresponds to 15% of the total layer processing 
time (also including lowering of build platform + powder raking) spent during the EBM process. 
Therefore, decreasing the melting time (by increasing the LS, as done in this study) would also have a 
corresponding effect on the overall EBM processing time. 

Consistent with the idea of taking a holistic approach to optimize the processing chain for EBM-
built Alloy 718 components, the present study also sought to evaluate the role of shortened solutionizing 
and aging treatment (mentioned earlier) following HIPing. For this purpose, the samples HIP1#2, HIP1#4, 
and HIP1#6 were first subjected to a standard solution treatment followed by a shorter aging treatment 
(Table 3) in comparison to ASTM F3055 [19] specification, as previously suggested in a recent study 
carried out in the authors’ group [20]. The shortened aging treatment refers to a (740 °C/4 h cool at 55 
°C/h to 635 °C, hold at 635 °C/1 h/AC to RT) cycle compared to the conventional (740 °C/8 h cool at 
55 °C/h to 635 °C, hold at 635 °C/8 h/AC to RT) cycle suggested in the ASTM F3055 [19] specification. 

Since the solution treatment was carried out at 954 °C, all the HIP1 + STA samples #2, #4, and #6 
(corresponding to LS = 125, 225, and 325 μm, respectively) exhibited a virtually similar distribution of 
grain boundary δ phase, as shown in Figure 5a–c. This is in accordance with the reported time–
temperature-transformation diagram of Alloy 718 [29], and has also been previously observed in solution-
treated EBM Alloy 718 that was not subjected to prior HIPing [10]. The effect of aging treatment can be 
readily seen from the similar distribution of γ″ phase as shown in Figure 6a–c. These microstructural 
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similarities in the three samples (HIP1 + STA #2, #4, #6) were also reflected in the microhardness results, 
as described below. 

   
(a) (b) (c) 

Figure 5. SEM micrographs of HIP1 + STA samples (a) LS = 125 μm, (b) LS = 225 μm, and (c) LS = 325 
μm showing similar distribution of the δ phase. The arrow indicates the build direction. 

  

(a) (b) (c) 

Figure 6. SEM micrographs of HIP1 + STA samples (a) LS = 125 μm, (b) LS = 225 μm, and (c) LS = 325 
μm showing similar distribution of the γ″ phase. The arrow indicates the build direction. 

The average microhardness values of the as-built and post-treated samples, determined as 
previously described in the experimental procedure, are shown in Figure 7. It can be seen that, although 
the defect contents in the as-built samples were vastly different, they exhibit similar hardness values of 
~430 kgf/mm2. This can be explained by the similarity in local melting conditions for the three as-built 
specimens, as the electron beam parameters were unchanged, and only the line spacing was varied. This 
contrasts a previous reported study by Lee et al. [23], where hardness was observed to vary (405–450 
kgf/mm2) with defect content (4.5%–0.5%) of the EBM Alloy 718 samples. In the study by Lee et al. 
the local melting conditions were varied between the different specimens by changing the focus 
offset, thereby influencing energy density. The HIP1 treatment caused a reduction in the hardness of 
all the samples to nearly identical values of ~200 kgf/mm2. This is consistent with the previous 
observations on EBM and LPBF Alloy 718 [30,31]. After HIP1 + STA, all the samples exhibited similar 
hardness values (~475 kgf/mm2), which were higher than in the as-built condition. This value is close to 
the reported peak hardness (~490 kgf/mm2) of Alloy 718 [10]. Previous studies on EBM Alloy 718 have 
also reported an increase in hardness in the as-built condition from 410 kgf/mm2 to 470 kgf/mm2 after 
aging [32–34]. Thus, the foregoing results amply reveal that, regardless of the vastly different defect 
content in the as-built condition, the final post-treated condition exhibits a very similar density 
(Figure 3), phase constitution in terms of δ phase and γ″ phase distribution (Figures 5 and 6), as well 
as microhardness values (Figure 7). 
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Figure 4. Representative EDS analysis showing inclusions typically associated with many remnant 
defects in sample #4 (LS = 225 μm) after HIP1. The arrow indicates the build direction. 

It is pertinent to note that concerns regarding thermally induced porosity (TIP), i.e., regrowth of 
apparently “closed” defects during subsequent heat treatment, have been reported [25,26]. Therefore, 
the samples HIP1#2, #4, and #6 were also subjected to heat treatment at 1180° C/4 h under vacuum, as 
previously studied by Benn et al. [26]. The results showed no significant difference in defect content before 
and after the heat treatment. Therefore, the TIP phenomenon was not discernible in the present HIP’ed 
EBM built Alloy 718 samples, at least to a statistically discernible limit, thereby indicating the efficacy of 
defect closure achieved by HIPing. It is worth mentioning that TIP plausibly did not happen in the 
present case because of insignificant gas entrapment in the defects owing to the vacuum conditions 
employed during EBM processing [27]. This is in contrast to LPBF processing, during which there 
have been concerns related to process gas infiltration because the builds are carried out in an inert 
atmosphere, typically using argon [28]. 

Such extensive and efficient reduction in the defect content by orders of magnitude (as evident 
from Table 4 and Figure 3) prima facie provides an opportunity to also potentially increase 
productivity—at least to some reasonable extent—during EBM processing. It is worth mentioning 
that the melting step typically comprises ~35% (the exact value depends on the build design [22]) of 
the layer heating time (preheat + melt + post-heat), which corresponds to 15% of the total layer processing 
time (also including lowering of build platform + powder raking) spent during the EBM process. 
Therefore, decreasing the melting time (by increasing the LS, as done in this study) would also have a 
corresponding effect on the overall EBM processing time. 

Consistent with the idea of taking a holistic approach to optimize the processing chain for EBM-
built Alloy 718 components, the present study also sought to evaluate the role of shortened solutionizing 
and aging treatment (mentioned earlier) following HIPing. For this purpose, the samples HIP1#2, HIP1#4, 
and HIP1#6 were first subjected to a standard solution treatment followed by a shorter aging treatment 
(Table 3) in comparison to ASTM F3055 [19] specification, as previously suggested in a recent study 
carried out in the authors’ group [20]. The shortened aging treatment refers to a (740 °C/4 h cool at 55 
°C/h to 635 °C, hold at 635 °C/1 h/AC to RT) cycle compared to the conventional (740 °C/8 h cool at 
55 °C/h to 635 °C, hold at 635 °C/8 h/AC to RT) cycle suggested in the ASTM F3055 [19] specification. 

Since the solution treatment was carried out at 954 °C, all the HIP1 + STA samples #2, #4, and #6 
(corresponding to LS = 125, 225, and 325 μm, respectively) exhibited a virtually similar distribution of 
grain boundary δ phase, as shown in Figure 5a–c. This is in accordance with the reported time–
temperature-transformation diagram of Alloy 718 [29], and has also been previously observed in solution-
treated EBM Alloy 718 that was not subjected to prior HIPing [10]. The effect of aging treatment can be 
readily seen from the similar distribution of γ″ phase as shown in Figure 6a–c. These microstructural 
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similarities in the three samples (HIP1 + STA #2, #4, #6) were also reflected in the microhardness results, 
as described below. 

   
(a) (b) (c) 

Figure 5. SEM micrographs of HIP1 + STA samples (a) LS = 125 μm, (b) LS = 225 μm, and (c) LS = 325 
μm showing similar distribution of the δ phase. The arrow indicates the build direction. 
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Figure 6. SEM micrographs of HIP1 + STA samples (a) LS = 125 μm, (b) LS = 225 μm, and (c) LS = 325 
μm showing similar distribution of the γ″ phase. The arrow indicates the build direction. 

The average microhardness values of the as-built and post-treated samples, determined as 
previously described in the experimental procedure, are shown in Figure 7. It can be seen that, although 
the defect contents in the as-built samples were vastly different, they exhibit similar hardness values of 
~430 kgf/mm2. This can be explained by the similarity in local melting conditions for the three as-built 
specimens, as the electron beam parameters were unchanged, and only the line spacing was varied. This 
contrasts a previous reported study by Lee et al. [23], where hardness was observed to vary (405–450 
kgf/mm2) with defect content (4.5%–0.5%) of the EBM Alloy 718 samples. In the study by Lee et al. 
the local melting conditions were varied between the different specimens by changing the focus 
offset, thereby influencing energy density. The HIP1 treatment caused a reduction in the hardness of 
all the samples to nearly identical values of ~200 kgf/mm2. This is consistent with the previous 
observations on EBM and LPBF Alloy 718 [30,31]. After HIP1 + STA, all the samples exhibited similar 
hardness values (~475 kgf/mm2), which were higher than in the as-built condition. This value is close to 
the reported peak hardness (~490 kgf/mm2) of Alloy 718 [10]. Previous studies on EBM Alloy 718 have 
also reported an increase in hardness in the as-built condition from 410 kgf/mm2 to 470 kgf/mm2 after 
aging [32–34]. Thus, the foregoing results amply reveal that, regardless of the vastly different defect 
content in the as-built condition, the final post-treated condition exhibits a very similar density 
(Figure 3), phase constitution in terms of δ phase and γ″ phase distribution (Figures 5 and 6), as well 
as microhardness values (Figure 7). 
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#6 (LS = 325 μm). 

4. Conclusions 

The present study on EBM Alloy 718 intentionally built with varied defect contents (by increasing 
hatch line spacing) clearly shows that regardless of the quantum of defects in the as-built condition, after 
HIPing, the material exhibits a nearly completely densified structure. The results are suggestive of the 
possibility of appropriate thermal post-treatments nullifying the influence of defects incorporated during 
EBM processing, thereby reducing elaborate process optimization efforts. A spin-off prospect of these 
findings can also be an opportunity to EBM print parts somewhat faster compromising defect content, if 
the production protocol is to involve an ensuing HIPing step in particular. In addition, subsequent 
solution treatment and ‘shortened’ aging compared to the conventional long aging yields a phase 
constitution and hardness that are virtually identical despite a vast difference in as-built defect contents. 
The resultant hardness was close to the peak hardness of Alloy 718. The above demonstrates the ability of 
thermal post-treatments involving HIPing, solutionizing and short aging treatments to render the defect 
content in as-built EBM Alloy 718 irrelevant. Such optimization of the build process and post-treatment 
together can have significant implications on industrialization of EBM technique. 
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A B S T R A C T

Electron beam melting (EBM) was used to produce Alloy 718 specimens with different microstructures (co-
lumnar, equiaxed and a combination thereof) by varying the process parameters. The present study aimed at
assessing the response of such varying as-built microstructures to identical thermal post-treatments, which in-
cluded hot isostatic pressing (HIPing) followed by heat treatment involving solution treatment and aging. The
effect of these treatments on defect content, grain structure, hardness and phase constitution in the specimens
was specifically analysed. Despite differences in defect content of as-built specimens with distinct micro-
structures, HIPing was effective in closing defects leading to samples exhibiting similar density. After HIPing,
grains with equiaxed morphology or columnar grains with lower aspect ratio showed higher tendency for grain
growth in comparison to the columnar grains with higher aspect ratio. The various factors affecting the stability
of grains during HIPing of builds with distinct microstructures were investigated. These factors include texture,
grain size, and secondary phase particles. The carbide sizes in the different as-built samples varied but were
found to be largely unaffected by the post-treatments. Solution treatment following HIPing led to greater pre-
cipitation of grain boundary δ phase in regions with coarser grains than the smaller ones. After HIPing and heat
treatment, all specimens exhibited similar precipitation of γ″ phase regardless of their grain morphology in the
as-built condition.

1. Introduction

Powder bed fusion additive manufacturing (AM) techniques such as
electron beam melting (EBM) enable production of near net shaped
highly complex geometries in layer by layer fashion using difficult to
machine materials like Alloy 718 [1]. Alloy 718 is a precipitate
strengthened NieFe based superalloy widely used in aerospace industry
due to its excellent properties like high strength, high temperature
corrosion resistance, good weldability etc. [2]. Therefore, by virtue of
its relevance to numerous actual applications, a growing body of work
on the understanding of EBM production of Alloy 718 can be seen from
recent reviews on this subject [3–5].

The microstructure of EBM built Alloy 718 is commonly composed
of columnar grains elongated along the build direction with preferred
〈001〉 orientation [2]. Due to this crystallographic texture the material
typically exhibits anisotropic mechanical behaviour [6]. On the other
hand, an equiaxed grain structure exhibits isotropic mechanical beha-
viour which could be beneficial for applications demanding such

properties [2,6]. Consequently, there have been several studies aimed
at exploring the possibility of achieving equiaxed grain structure
through different approaches using EBM [6–8]. The type of as-built
microstructure (from columnar to equiaxed) that can be achieved has
been shown to be governed by scan strategy and by manipulating EBM
process parameters. For instance, Kirka et al. [6] and Dehoff et al. [9]
showed formation of equiaxed grains by changing the scanning strategy
from the default raster strategy to point source (multi spot) melting.
Helmer et al. [10] also studied equiaxed grain formation by altering the
scanning rotation between layers. The intent was to alter the solidifi-
cation conditions, namely growth rate (R) and thermal gradient (G) at
the liquid-solid interface to influence grain morphology via manipula-
tion of the G/R ratio [7,11]. Therefore, the above studies have tried to
achieve suitable combinations of G and R which fall within the window
for equiaxed grain formation. It is worth mentioning that the range of
G/R ratios that result in columnar and equiaxed morphologies is de-
pendent on the material (composition, nuclei density, solidification
temperature interval) as elaborated by Kurz et al. [12]. In case of Alloy
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718 produced by EBM, G/R ratios for equiaxed and columnar grain
formation have been modelled by Raghavan et al. [13].

Despite this improved understanding of formation of the various
solidification morphologies in EBM built Alloy 718, there is lack of
knowledge about the response of distinct as-built microstructures to
thermal post-treatments. The as-built Alloy 718 material is typically
exposed to post-treatments comprising hot isostatic pressing (HIPing),
and heat treatment (HT) involving solution treatment and aging to take
care of concerns related to defects, anisotropy, local formation of un-
desirable phases, etc. [14]. There have been several studies on the re-
sponse of the typical EBM columnar microstructure to thermal post-
treatments [15–17]. However, to the best of authors' knowledge, only
Kirka et al. [6,18] have reported the response of fully columnar and
fully equiaxed EBM Alloy 718 microstructures to HIPing and HT, and
showed that only the equiaxed grains exhibited grain growth after the
post-treatment. This was attributed to the lack of pinning precipitates at
the grain boundaries in case of equiaxed microstructure [6]. In this
context, it is worth mentioning that although for wrought Alloy 718
there is knowledge of response of microstructure (commonly equiaxed)
to HT [19], the underlying mechanisms are different than those in AM
material [20]. For instance, wrought Alloy 718 microstructure mainly
depends on dynamic recrystallization [19] whereas in case of AM Alloy
718 static recrystallization is typically observed after HT [20]. Further,
among the AM processes, the factors influencing microstructural sta-
bility depend on the nature of the specific processes, as in case of the
two leading powder bed fusion processes viz. EBM and laser powder
bed fusion (LPBF). For LPBF built Alloy 718, the grain growth during
HT is typically attributed to residual stress present in the material [21].
Residual stress in LPBF built Alloy 718 is known to be higher than in
EBM material, and is likely a function of processing factors such as
cooling rate, preheating, etc. [22]. Therefore, there is a need for a more
detailed and quantitative investigation of the various factors particu-
larly affecting grain stability in EBM built Alloy 718 with varying as-
built microstructures during post-treatment. Thus, the aim of the pre-
sent study was to provide further understanding of the response of
different EBM Alloy 718 microstructures to identical post-treatments.

In the present study, different electron beam melted Alloy 718 mi-
crostructures, produced by varying the EBM processing conditions,
were subjected to two thermal post-treatments, namely (a) HIP alone
and (b) HIP + ST+ A, involving HIPing followed by solution treatment
and aging. A systematic investigation of microstructural characteristics
such as grain morphology and orientation, defects, phase constitution,
as well as hardness analysis of the specimens in as-built and post-
treated condition was carried out to ascertain how builds with very
distinct as-built microstructures, particularly in terms of grain mor-
phology (fully columnar, fully equiaxed and their combinations) re-
spond to identical post-treatments.

2. Experimental procedure

2.1. EBM built Alloy 718

The plasma atomized feedstock powder used in the present study
had nominal chemical composition as given in Table 1. The powder was
supplied by Arcam AB, Sweden and had a nominal particle size in the
range of 40–100 μm. The EBM specimens were built in an Arcam A2X
EBM machine. In total, 36 cubes each with 20 × 20 × 20 mm di-
mension were produced with different process parameters and scanning
strategies to tailor the grain structure from the typically observed

columnar structure to equiaxed. Parameters such as spot time, beam
current, line offset etc. were varied. It is worth mentioning that the
samples studied in the present work were strategically selected, based
on their distinct microstructures, from an elaborate design of experi-
ments (DOE) designed for achieving wide range of G and R values
during EBM processing Alloy 718. Detailed specifications of the DOE in
relation to the process parameter window and scanning strategies have
been earlier reported elsewhere by the concerned group [23]. Given
that the focus of the present study was specifically on evaluating the
response of different microstructures to identical post-treatments, four
specimens with distinct microstructures (see Fig. 1) were selected from
the above set of samples. Table 2 lists the designation and description of
the four specimens. For the sake of clarity, it should be pointed out that
specimen C-MA(D) had columnar grains with lower (2–4) and higher
(> 4) aspect ratios (length/width) at demarcated regions. The micro-
structures of the selected specimens have been described in detail later,
in Results and discussion section.

2.2. Thermal post-treatments

The four as-built specimens were subjected to two thermal post-
treatments namely, HIP and HIP + ST + A. The HIPing treatment, as
per the process graph shown in Fig. 2, was performed at Quintus
Technologies, Sweden. A hot isostatic press (Model QIH21) was used
with Argon as the inert process gas. Parts of the HIPed specimens were
further subjected to heat treatment comprising of solution treatment
and two step aging, and were labelled as HIP + ST + A. The process
parameters during the course of HIPing and ST + A are specified in
Table 3. It is worth mentioning that the choice of parameters for HIP
and ST was based on the recommendations of ASTM (F3055) standard
for post treatment of powder bed fusion produced Alloy 718 [24]. The
aging protocol employed in the study corresponds to a shortened cycle
compared to the protocol recommended in the above ASTM standard
and is based on a recent study carried out in this group with the intent
of eventually shrinking the post-treatment schedule for PBF Alloy 718
[25].

2.3. Metallographic preparation and characterization

For microstructural analysis, the specimens were sectioned along
the building direction using an aluminium oxide cut-off wheel. The
sectioned specimens were hot mounted using a Buehler Simplimet 3000
automatic mounting press. The mounted specimens were ground and
polished using a semi-automatic Buehler Ecomet 300 Pro grinder-pol-
isher in accordance with the recommended procedures [26]. To reveal
some of the microstructural features of interest, the polished specimens
were electrolytically etched with oxalic acid-water solution (1:10 ratio)
and Kalling's 2 reagent. For each case, a voltage of 2–3 V was applied
for 5–10 s. A light optical microscope (LOM) ZEISS AX10 (Zeiss, Ger-
many) was used for characterization. Investigation at higher magnifi-
cation was carried out using two scanning electron microscopes (SEMs)
(Hitachi TM 3000 (Hitachi, Japan) equipped with an energy-dispersive
X-ray spectroscopy (EDS) system, and a LEO 1550 Gemini (Zeiss Ger-
many) with a field emission gun equipped with an HKL Nordlys EBSD
detector from Oxford Instruments, UK). The EBSD data was analysed
using HKL Channel 5 software. Defect content (vol%) and amount of
carbides (vol%) in the specimens were determined from 15 cross-sec-
tion micrographs, using ImageJ software. Micrographs for defect and
carbide quantification were taken at 50× and 2500× magnification,
respectively. The area fraction and volume fraction were assumed to be
equal [27]. For each as-built specimen, the number of grain boundary
carbides per unit length of grain boundary was evaluated using 15
micrographs at 2500× magnification. The primary dendritic arm spa-
cing (PDAS) in the as-built specimens was measured using the line in-
tercept method as employed previously in other reported studies
[28,29]. A minimum of 35 dendrites were analysed from SEM

Table 1
Nominal chemical composition of Alloy 718 powder used in this work.

Element Ni Cr Fe Nb Mo Ta Ti Al C

wt% 54.11 19 Bal. 4.97 2.99 < 0.01 1.02 0.52 0.03

T. Gundgire, et al.



micrographs for each specimen. Hardness values of all the specimens
were measured using a Shimadzu HMV-2 Vickers microhardness tester,
employing a load of 4.9 N applied for 15 s. Twelve readings were re-
corded over the entire cross-section of the specimens to determine the
mean and standard deviation.

3. Results and discussion

The focus of the present work was on the response of different as-
built microstructures, particularly grain morphologies, when subjected
to identical post-treatments. Therefore, as-built samples with distinct
grain morphologies were carefully selected for detailed investigation in
the as-built and post-treated conditions (see Fig. 1 in Section 2), and the
ensuing results are presented and discussed in this section. The com-
prehensive microstructural investigation involved characterization of
grain morphology, grain orientation, defects, phase distribution and
quantification, and microhardness.

3.1. Characteristics of as-built specimens

3.1.1. Defects
The defects observed in EBM built Alloy 718 can be classified as

process induced and powder induced defects [5]. The LOM micrographs
of defects observed in as-built specimens are shown in Fig. 3. The
variation in defect content in the different as-built samples was in the
range of 0.13% to 0.84% as ascertained from image analysis and

Fig. 1. Schematic showing the different grain morphologies of the selected as-built specimens. The arrow on the left indicates building direction.

Table 2
Designation and description of selected specimens with different micro-
structures.

Specimen Nomenclature Microstructure

#1 FC Fully columnar
#2 CE-(M) Columnar + equiaxed, mixed
#3 C-MA(D) Columnar (with mixed aspect ratio), demarcated
#4 FE Fully equiaxed

Fig. 2. Time-temperature-pressure graphs during HIPing treatment.

Table 3
Post-treatment parameters.

Post-treatment Parameters

HIP • 1120 °C/100 MPa/4 h/RC
HIP + ST + A • HIP: 1120 °C/100 MPa/4 h/RC

• ST + A

• Solution treatment: 954 °C/1 h/RC to RT

• Aging: 740 °C/4 h/FC to 635 °C/1 h/RC to RT

Note: RC and FC denote rapid cooling and furnace cooling, respectively. RT
indicates room temperature.

T. Gundgire, et al.



reflected in the quantification results later depicted in Fig. 8. The
process induced defects include lack of fusion and shrinkage porosities
which are perpendicular and parallel to the building direction, re-
spectively. The powder induced defects include gas pores formed due to
entrapped gas in the powder. The reasons for the formation of all these
defects have been elaborated previously [5].

3.1.2. Grain structure
The four selected specimens, designated as described previously in

Table 2, exhibited the following distinct grain morphologies: (a) fully
columnar (#1, FC), (b) columnar and equiaxed in mixed fashion (#2,
CE-(M)), (c) columnar (with mixed aspect ratio) at demarcated regions
(#3, C-MA(D)), and (d) fully equiaxed (#4, FE) as shown in Fig. 4. It is
worth mentioning that the columnar grains parallel to the build di-
rection as seen in sample #1 are typically observed in EBM built Alloy
718. It has been previously reported that a columnar microstructure
typically exhibits anisotropic tensile behaviour whereas an equiaxed
microstructure shows an isotropic response [6]. In this study, distinct
microstructures ranging from fully columnar and to completely
equiaxed were achieved by manipulating spot melting strategies and
systematically varying other process parameters as described in a pre-
vious publication [23]. For tailoring the grain structure (from columnar
to equiaxed), the main idea was to achieve varying combinations of G
and R inside the melt pool such that the solidification conditions fall
within the desired window as illustrated in Fig. 4(e). The solidification
conditions indicated in Fig. 4(e) were qualitatively assessed from the
observed microstructure. The relative cooling rates in the various
samples were mainly estimated by the carbide sizes as described in
Section 3.1.3. These results were further corroborated by the PDAS for
the columnar microstructure in samples #1 and #3 as stated in Section
3.1.3. It should be noted that Fig. 4(e) seeks to merely position the
different specimens on a G-R map based on the observed micro-
structures and approximate qualitative estimation of cooling rates.

3.1.3. Phase constitution
3.1.3.1. Carbides. White blocky particles were observed in all the
specimens at high magnification and, from the SEM-EDS analysis,

these were identified to be NbC type primary carbides. The amount
of these carbides was quantified, and the results are shown in Fig. 5(a).
A more careful examination revealed differences in the carbide content
and sizes in the various as-built specimens as shown in Fig. 5(a) and (b).
Although not shown in the figure for the sake of brevity, the amount
and size of carbides in the distinct regions of sample #3 (C-MA(D))
were observed to be similar. Sample #1 (FC) and #2 (CE-(M)) had
relatively smaller sized carbides compared to sample #3 (C-MA(D)) and
#4 (FE). The size of the primary carbides, which form during
solidification [31], can be influenced by the cooling rate. In cast
Alloy 718, Mitchell [31] has reported that increase in cooling rate
caused decrease in carbide size. Therefore, as the carbide sizes in the
samples appeared to be in the following order: #1, #2 < #4 < #3 as
depicted in Fig. 5(b), the relative cooling rates can be estimated to be:
#1, #2 > #4 > #3.

The cooling rate can also be estimated from the PDAS as stated by
Kirka et al. [32] and Karimi et al. [33] but only in case of columnar
microstructure. The PDAS values are inversely related to the cooling
rates as experimentally observed in case of cast Alloy 718 [34].
Therefore, PDAS was measured for the samples with columnar grain
structure [35], i.e., specimen #1 and #3 and was qualitatively related
to the cooling rate. It is worth mentioning that, for cooling rate esti-
mation, only the primary dendrites observed in the last solidified layers,
i.e. at the top of the specimens, were analysed, similar to the analysis
done by Kirka et al. [32]. The PDAS in specimen #1 (FC) was 17 μm,
and ~34 μm in specimen #3 (C-MA(D) (similar value for regions with
low and high aspect ratio of columnar grains) as visualized in Fig. 6(b)
and (d), which indicates slower cooling rate in sample #3. Moreover,
presence of well-developed secondary dendrites and extensive segre-
gation in specimen #3, shown in Fig. 6(d), further supports the above
observation. It can be inferred that the slow cooling in specimen #3 (C-
MA(D)) could have caused formation of larger carbides in comparison
to specimen #1 (FC), as visualized in Fig. 6(a) and (c). Hence, from the
carbide size and PDAS the following order of cooling rate can be ex-
pected: #1, #2 > #4 > #3. In this context, it is pertinent to note that
for a given grain morphology, the cooling rate can determine the grain
size (GxR) as illustrated in Fig. 4(e). While the size of the equiaxed

Fig. 3. LOM micrographs showing defects in as-built condition: (a) Specimen #1 (FC), (b) Specimen #2 (CE-(M)), (c) Specimen #3 (C-MA(D)) and (d) Specimen #4
(FE). The arrow on the left indicates building direction.
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Fig. 4. SEM micrographs in back-scattered electron (BSE) mode showing the various as-built microstructures: (a) fully columnar in Specimen #1 (FC), (b) mixed
columnar and equiaxed in Specimen #2 (CE-(M)), (c) columnar (with mixed aspect ratio) at demarcated regions in Specimen #3 (C-MA(D)), and (d) fully equiaxed in
Specimen #4 (FE). The arrow on the top right indicates building direction. In (e), the qualitative effect of G and R on the solidification morphology and size is
illustrated, with the indicated conditions for each sample; figure inspired from [30].

Fig. 5. Quantification of (a) carbide content and (b) carbide size in various as-built specimens.
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grains [36] in the specimens appears to be in the following order:
#2 < #4 (refer Fig. 4), the width of the columnar grains [15] in the
specimens appears to be: #2 < #1 < #3. Therefore, the grain sizes/
widths corroborate well with the above-mentioned relative cooling
rates estimated using carbide size and PDAS values.

3.1.3.2. Delta phase. In addition to blocky carbides, in all the four as-
built specimens, bright network-like features were observed when using
back-scattered electron (BSE) mode for imaging. At higher
magnification these network-like features were discerned to be
composed of fine intragranular δ phase precipitates of size in the
range of 60–100 nm. For the purpose of illustration, these δ phase
particles are shown for specimen #1 (FC) and #4 (FE) in Fig. 7. Such
stacked appearance of δ phase particles forming a network has also
been previously observed by Kirka et al. [32]. A clear image of

intergranular δ phase is also shown in the inset of Fig. 7(d).

3.2. Effect of thermal post-treatments

3.2.1. Defects
All the defects present in the specimens (stated in Section 3.1.1)

were quantified to evaluate the total defect content in the specimens.
The as-built specimens exhibited defect content in the range of 0.13%
to 0.84%. Subjecting the specimens to HIPing led to reduction in
amount of defects by an order of magnitude (down to 0.02%–0.05%) as
shown in Fig. 8(a), and subsequent heat treatment (ST + A) led to no
further significant changes in the defect content. Fig. 8(b), (c) and (d)
show micrographs revealing defect distribution in as-built, HIP and
HIP + ST + A conditions, respectively in case of sample #4 (FC). It can
be seen from the figure that the defect content in the as-built sample #4

Fig. 6. SEM-BSE micrographs showing the relation between carbide size and relative cooling rate as indicated by primary dendritic arm spacing in Specimen #1
(a–b), and Specimen #3 (c–d); the inset in (d) shows interdendritic segregation. The arrow indicates building direction.

Fig. 7. SEM micrographs in as-built condition
showing intragranular bright network-like features
at lower magnification, which were composed of
stacked δ phase particles discerned at higher mag-
nification, for Specimen #1 (FC) (a–b) and Specimen
#4 (FE) (c–d); the inset in (d) shows grain boundary
δ phase. The arrow indicates the building direction.

T. Gundgire, et al.



(FC), with the majority of defects being lack of fusion type, was dis-
tinctly higher than the other specimens. As previously shown in
Fig. 4(d), this specimen exhibited a fully equiaxed microstructure.
Given the above observation and as previously hypothesized by Po-
lonsky et al. [37], it can be inferred that the lack of fusion defects could
have assisted formation of equiaxed grains, since the defects can po-
tentially hinder epitaxial growth from the base material due to local
variation in heat flux which can, in turn, alter the G (thermal gradient)
and R (growth rate) values.

3.2.2. Grain structure
The effect of HIP and HIP + ST + A treatments on grain size and

grain morphology was similar in all cases as shown in Fig. 9. It is ac-
knowledged that the grains are three-dimensional, and in the present
work the examination has been done only in one direction (building
direction) as carried out in most previous studies [6,10,13]. It should
also be mentioned that when the microstructure was viewed in other
directions, as exemplified in the Supplementary data file, consistent
information was obtained. In the present study, the grain width of the
fully columnar specimen #1 (FC) remained largely unaffected by
HIPing (1120 °C for 4 h) as shown in Fig. 9(a–c). Here grain width is
assessed because of the large length of the grains. Specimen #2 (CE-
(M)) did not undergo any evident grain growth in either the columnar
or the equiaxed region after HIPing as shown in Fig. 9(d–f). However, in
specimen #3 (C-MA(D)) although no evident change in columnar grains
with large aspect ratio (greater than 4) was observed after HIPing (see
Fig. 9(g–i)), the columnar grains with lower aspect ratio (nearly 2–4)
showed significant grain coarsening as seen in Fig. 9(j–l). Similarly, in
specimen #4 (FE) with fully equiaxed grains (aspect ratio ≤ 2), ab-
normal grain growth was observed after HIPing as shown in
Fig. 9(m–o). All the factors responsible for grain growth, i.e., texture,

grain morphology, grain size, and secondary phase particles are dis-
cussed below. Moreover, given that ST + A had no evident further
effect on the grain structures, only the as-built and HIPed specimens
were further investigated to determine the operating mechanisms be-
hind grain growth.

EBSD analysis was carried out to investigate grain size and or-
ientation distribution to get further insight into the reason(s) re-
sponsible for the observed grain growth characteristics in the different
as-built microstructures. It is worth mentioning that the driving force
for grain growth during thermal post-treatment is the reduction of free
energy associated with the grain boundaries, and the extent of grain
growth is governed by several other factors such as misorientation,
grain size, grain boundary pinning particles, etc.

Specimen #1 (FC) did not undergo any evident change in grain
width after HIPing, as evident from the EBSD results given in
Fig. 10(a–b), reaffirming the findings already discussed in Fig. 9. This
can be attributed to several reasons: a) presence of strong texture, b)
large grain size, and c) carbides pinning the grain boundaries. The
strong texture noted in Fig. 9(a) implies decreased driving force for
grain growth [38]. In addition, compared to the equiaxed grains (as
discussed later), the columnar grains have larger grain size. Moreover,
the significant number of carbides (normalized by grain boundary
length) at the grain boundaries as given in Fig. 11(d) and visualized in
Fig. 11(e) could have also hindered grain growth by Zener pinning.
Kirka et al. [6] have also reported lack of grain growth after HIPing of
textured columnar grains due to pinning of grain boundaries by carbide
particles. During Zener pinning, the second phase particles attached to
the moving boundary exert a pulling force on the boundary, thereby
restricting its motion. In case of heat treated LPBF Alloy 718, Chlebus
et al. [20] have visualized this pinning effect. In this context, it is
pertinent to note that, although curvature of grain boundaries involving

Fig. 8. Defect content in as-built, HIP and HIP + ST + A conditions (a), and LOM micrographs showing defects in Specimen #4 in as-built (b), HIP (c), and
HIP + ST + A (d) conditions. The arrow indicates building direction.
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analysis in the transverse direction was not investigated in the present
study, prior work has shown that this could also influence grain growth
[20].

The highly textured columnar grains in specimen #2 (CE-(M)) did
not exhibit any observable change in grain width after HIPing, as shown
in Fig. 10(c–d), for similar reasons as noted for specimen #1 (FC). The
large number of grain boundary carbides in specimen #2 could have
inhibited grain growth. The fact that there is no evident grain growth
observed in the equiaxed locations of specimen #2 (CE-(M)), despite
the random texture and small grain size, can be attributed to both the
presence of large number of carbides at the grain boundaries and re-
striction to growth imposed by the surrounding columnar grains (see
inset in Fig. 10(c)). However in specimen #3 (C-MA(D)), after HIPing,
recrystallization and grain growth in columnar grains with lower aspect
ratio, as shown in Fig. 10(g), was mainly attributable to the relatively

weaker texture in the as-built condition, refer Fig. 10(h). Re-
crystallization after HIPing was noted by the significant change in
shape (appearing equiaxed) and orientation of the grains. On the other
hand, in the same sample, the columnar grains having higher aspect
ratio and strong texture remained largely unaffected after HIPing, as
observed in Fig. 10(e) and (f).

In case of specimen #4 (FE), a combination of random texture in the
as-built condition (seen in Fig. 10(i)), small grain size, and the low
number of carbides at the grain boundaries (later shown in Fig. 11(d))
could have led to the grain growth observed after HIPing as shown in
Fig. 10(j). Moreover, the nature of grain growth can be called abnormal
grain growth as shown in the inset in Fig. 10(j). Abnormal grain growth
occurs due to preferential growth of few grains having a growth ad-
vantage over the surrounding grains, leading to grains with varied sizes
being developed [38]. Previously Watson et al. [39] reported grain

Fig. 9. SEM-BSE micrographs in as-built, HIP and HIP + ST + A conditions for all specimens: (a–b–c) Specimen #1 (FC), (d-e-f) Specimen #2 (CE-(M), (g–h–i)
columnar region (with higher aspect ratio) in Specimen #3 (C-MA(D)), (j–k–l) columnar region (with lower aspect ratio) of Specimen #3, and (m–n–o) Specimen #4
(FE). The arrow indicates the building direction.

Fig. 10. EBSD orientation maps of the specimens in the as-built and HIPed conditions: (a–b) Specimen #1 (FC), (c–d) Specimen #2 (CE-(M)), (e–f) Specimen #3 (C-
MA(D), columnar grains with higher aspect ratio), (g–h) Specimen #3 (C-MA(D), columnar grains with lower aspect ratio), and (i–j) #4 (FC). The maps are given in
inverse pole figure colouring with respect to the build direction, indicated by the arrow, with the corresponding colour code provided. Low angle grain boundaries
(misorientation 3–10°) and high angle grain boundaries (misorientation>10°) represented by grey and black lines, respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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growth from 10 to 20 μm to 100–120 μm as abnormal for Alloy 718
during high temperature forging. Bozzolo et al. [40] have used a similar
terminology to describe grain growth (from 5 to 30 μm to 90–120 μm)
during thermomechanical forming of nickel based superalloys. In the
present work, the equiaxed grains in sample #4 had grown from
10–100 μm to 50–400 μm during HIPing. Moreover, high twin density

was observed in the abnormally grown regions in comparison to the
other grains, as visualized in Fig. 9(n–o). The above authors have also
reported similar response in abnormally grown grains in Alloy 718. The
specific mechanism responsible for abnormal grain growth in the pre-
sent case is not known; however, possible reasons could be non-uniform
dissolution of grain boundary pinning δ phase (refer inset in Fig. 7(d))

Fig. 11. Comparison of specimens in as-built, HIP and HIP + ST + A condition in respect of total carbide content (a), carbides with diameter > 1 μm (b), carbides
with diameter ≤ 1 μm (c); (d) number of grain boundary (GB) carbides per unit length of GB and their (e) visualization (bright features) in the as-built specimens.
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and irregular distribution of carbide particles, as shown in Fig. 11(e).
Moreover, it is pertinent to note that the grain size of the grown grains
was approximately in the range of 50–400 μm, which is larger than the
typical grain size observed in wrought Alloy 718 in post-treated con-
dition, i.e., nearly 10–30 μm [27,41].

Overall, the columnar grains (with strong texture) appeared to resist
grain growth, whereas the equiaxed grains (with weaker or random
texture) exhibited significant grain growth. Kirka et al. [6] have also
reported higher tendency for growth of equiaxed grains. However, that
study was restricted to only fully columnar and fully equiaxed micro-
structure. In the present work, the microstructure with mixed equiaxed
and columnar grains showed no evident grain coarsening (sample #2,
CE-(M)), as the growth of equiaxed grains was restricted by the sur-
rounding columnar grains. The samples/regions exhibiting grain
growth were invariably associated with annealing twins as seen in
Fig. 10(h) and (j). Annealing twins are formed during grain migration
and its density is dependent on grain size, velocity of grain boundary
migration, annealing parameters, grain boundary energy, and stacking
fault energy [20,42]. Due to the reduced stacking-fault energy of Nickel
at high temperature (40 mJ/m2 at 1000 °C), twining can likely occur
during grain growth in Alloy 718 as previously reported for heat treated
LPBF material [20]. It is also worth mentioning that the microstructures
which exhibited grain growth after HIPing contained a wide range of
grain sizes in the as-built condition, which is a necessary (although not
sufficient) condition for any possible grain growth [43].

3.2.3. Phase constitution
3.2.3.1. Carbides. The total content and size of the carbides remained
largely unaffected after both the post-treatments, i.e. HIP and
HIP + ST + A as shown in Fig. 11(a), (b) and (c). Therefore, no
observable Ostwald ripening of carbides was observed in any of the
specimens. This can be attributed to the temperatures used for these
post-treatments (maximum of 1120 °C) which were lower than the
temperatures at which Ostwald ripening has been previously observed
in LPBF produced Alloy 718 (after HIPing at 1160 °C) [44]. Moreover,
Ostwald ripening in wrought Alloy 718 has also been reported to occur
after heat treatment at 1150–1191 °C [45]. It is worth mentioning that,
in the above study on LPBF built Alloy 718, grain growth was observed

after HIPing, which was attributed to dissolution of carbides (which can
pin the grain boundaries) during Ostwald ripening [44]. However, in
the present study this does not seem to be the prevailing mechanism.
Another important concern is the effect of carbides on the properties of
Alloy 718. It has been previously discussed that the grain boundary
carbides can be beneficial in restricting grain growth during post-
treatment [6,15]. However, some prior studies have suggested that
carbides noted in EBM-built microstructures have detrimental effect on
the mechanical behaviour [2,18]. Therefore, this aspect requires further
detailed investigation.

3.2.3.2. Delta phase. The δ phase (networks) present in the as-built
material were completely dissolved after HIPing as seen in the SEM
micrographs for specimen #1 (FC) and #4 (FE) given in Fig. 12. Similar
behaviour was observed in all other HIPed specimens. Therefore, it can
be inferred that HIPing resulted in increased microstructural
homogeneity. The complete dissolution of δ phase after HIPing can
be attributed to the HIPing temperature of 1120 °C (for 4 h), which is
above the δ solvus temperature (~1000 °C [46]). It pertinent to note
that, δ phase, if present at grain boundaries, is known to pin grain
boundary movement during HIPing [15]. Although not reported
specifically for EBM Alloy 718, prior work on a homogenous ingot of
Alloy 718 has also shown complete dissolution of delta phase within
10 min at 1100 °C [47] and this is relevant considering that the HIP
treatment protocol in the present study was 1120 °C/4 h/100 MPa.
Therefore, as aforementioned, the grain growth observed after HIPing
was also influenced by other factors.

Although the δ phase was dissolved after HIPing, HIP + ST + A led
to re-precipitation of the δ phase particularly at the grain boundaries in
all the specimens. This was attributed to the solution treatment step
involved during the latter. This observation is in accordance with
transformation-time-temperature diagram of Alloy 718 [48]. The grain
boundary δ phase in specimen #1 (FC) is shown in Fig. 13(a), and for
specimen #2 (CE-(M)) in Fig. 13(b, c). As evident from comparison
Fig. 13(b) and (c), there was no significant difference in grain boundary
δ phase precipitation in columnar and equiaxed regions. The
HIP + ST + A specimen #3 (C-MA(D)) showed higher amount of grain
boundary δ phase precipitates in the columnar region than in the

Fig. 12. SEM micrographs showing δ phase present in Specimen #1 (FC) and Specimen #4 (FE) in as-built condition (a, c), but absent in HIPed condition (b, d). The
arrow indicates the building direction.
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equiaxed region, as seen in Fig. 13(d, e). Subjecting the specimen #3 to
HIP resulted in recrystallization and significant growth in columnar
grains with lower aspect ratio (changed into equiaxed), whereas co-
lumnar grains with high aspect ratio were relatively stable. Therefore, it
can be inferred that less grain boundary area was available in the
equiaxed region compared to the columnar region for precipitation of δ
phase during the ST. Less grain boundary area results in slower nu-
cleation kinetics for δ phase precipitation as previously observed in cast
Alloy 718 [49]. Moreover, the increase in diffusion lengths (for Nb)
with increase in grain size might reduce the δ phase precipitation at the
grain boundaries. Specimen #4 (FE), which exhibited abnormal grain
growth after HIP, with distinct regions with smaller and bigger grains

also showed similar behaviour. The smaller grain region contained
more grain boundary δ phase compared to the bigger grain region, as
shown in Fig. 13(f, g), which can be understood by the difference in the
amount of grain boundary area available for precipitation. In this
context it is worth mentioning that, the effect of δ phase on the me-
chanical behaviour should be further studied as the reports in the lit-
erature have been diverse. For instance, Li et al. [50] have shown the
region surrounding grain boundary δ phase to be depleted of γ″ phase,
and have proposed that this can relieve stress concentration at grain
boundaries and hence improve intergranular crack propagation re-
sistance during creep testing. On the other hand, Valle et al. [51] ob-
served decrease in ductility with increase in δ phase content, while

Fig. 13. SEM-BSE micrographs showing grain boundary δ phase precipitates observed after HIP + ST + A in all the investigated specimens at indication locations.
The insets clearly reveal δ phase at higher magnification. The arrow indicates the building direction.
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Deng et al. [2] found no effect of grain boundary δ phase on the tensile
properties of EBM built Alloy 718.

3.2.4. Microhardness
The average Vickers microhardness values of as-built, HIP, and

HIP + ST + A specimens are depicted in Fig. 14. The microhardness
values of all the as-built specimens were higher than the recommended
minimum hardness of 350 HV as per AMS 5662 for Alloy 718 [52]. The
as-built specimens exhibited slight differences in hardness values as
reflected in Fig. 14. In this context, it is worth mentioning that the
hardness of the precipitation strengthened Alloy 718 can be described
by:

= +H H Htotal matrix ps

where Htotal denotes the total hardness, Hmatrix represents the intrinsic
hardness of the matrix and Hps arising from the precipitation
strengthening [53]. The hardness of the matrix is attributable to the
solid solution strengthening. The precipitate strengthening mechanisms
applicable for Alloy 718, as previously elaborated by Chaturvedi et al.
[54], are: (a) order strengthening and (b) coherency strain strength-
ening. Moreover, it has further been reported that coherency strain
strengthening by γ″ (Ni3Nb) provides the major contribution to the Hps

in Alloy 718 as detailed by Devaux et al. [55]. It should also be men-
tioned that grain size can also influence hardness as previously elabo-
rated for LPBF Alloy 718 [56].

The noted variation in the hardness of the different as-built micro-
structures may be attributed to differences in total carbide content
among the specimens. For example, specimen #3 (C-MA(D)) which had
the highest carbide content (Fig. 11(a)) exhibited the lowest hardness
(Fig. 14) and specimen #1 (FC) which had the lowest carbide content
showed the highest hardness value. It has been previously reported that
the excessive precipitation of these Nb-rich carbides can overconsume
Nb from the matrix which is vital for precipitation of the strengthening
γ″ phase [57].

Subjecting the specimens to HIPing caused significant reduction in
hardness for all the specimens. This can be attributed to dissolution of
the strengthening γ″ phase, given that its solvus temperature (~900 °C
[58]) is significantly lower than the HIPing temperature of 1120 °C.
Henceforth, hardness in the HIPed condition can be attributed to solid
solution strengthening which is expected to be the same in all the cases
due to homogenization after HIPing. However, the hardness was re-
covered after HIP + ST + A to values higher than 400 HV in all the
samples. This increase in hardness is attributed to the involved sys-
tematic aging treatment which was applied to re-precipitate large
amount of the γ″ phase visualized in Fig. 15. Among the various
HIP + ST + A specimens, no significant differences in the γ″ phase of
the specimens could be discerned by the high-resolution SEM micro-
graphs. The slight difference in hardness of the various HIP + ST + A
specimens followed a similar trend as observed among the as-built
specimens. The exact reason for this behaviour is not known. However,
a previous study on wrought Alloy 718 has shown that hardness might
vary with grain size, with a decrease in hardness being noted with in-
crease in grain size [56]. Although not discernible through high re-
solution SEM investigation, given the higher carbide content in
HIP + ST + A samples #3 and #4, it can be inferred that lesser Nb was
available in the matrix to form γ″ phase during aging treatment in
comparison to samples #1 and #2, thereby resulting in lower hardness.

4. Summary and conclusions

The response of very distinct EBM Alloy 718 microstructures to
identical thermal post-treatments (HIP, HIP + ST + A) was analysed.

Fig. 14. Microhardness values of all specimens in as-built, HIP and
HIP + ST + A conditions.

Fig. 15. High resolution SEM micrographs showing the strengthening phase (mainly γ″) in HIP + ST+ A specimens: a) Specimen #1 (FC), b) Specimen #2 (CE-(M)),
c) Specimen #3 (C-MA(D)), d) Specimen #4 (FE). The arrow indicates the building direction.
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Specifically, specimens with four different grain morphologies (co-
lumnar, equiaxed and two different combination thereof) were studied.
The detailed microstructural investigations presented in this study led
to the following findings:

• After HIPing, all the distinct specimens exhibited similar increased
density irrespective of the differences in the as-built condition.

• The grain morphology in the as-built condition considerably influ-
enced the grain size resulting after HIPing. The equiaxed and co-
lumnar (lower aspect ratio) microstructure exhibited a clear ten-
dency for gain growth, whereas the columnar (higher aspect ratio)
microstructure appeared to resist grain coarsening. This behaviour
was also related to differences in texture, grain size, and secondary
phase particles present in the as-built condition.

• The carbide sizes in the different as-built samples varied and this
could be rationalized by the differences in cooling rates during so-
lidification of the samples, with larger carbides associated with
slower cooling rates. These carbides were, however, largely un-
affected by the post-treatments.

• The δ phase dissolved during HIPing was re-precipitated particularly
at the grain boundaries during the subsequent solution treatment
step of HIP + ST + A. Greater amount of δ phase precipitation was
observed in regions with smaller grains. This was attributed to re-
latively larger grain boundary area available for precipitation to
occur in smaller grain regions, thereby resulting in faster nucleation
kinetics for precipitation.

• After HIP + ST + A, all the distinct specimens exhibited similar
precipitation of γ″ phase.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.matchar.2020.110498.
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As-Built and Post-treated Microstructures
of an Electron Beam Melting (EBM) Produced
Nickel-Based Superalloy

SNEHA GOEL, HITESH MEHTANI, SHU-WEI YAO, INDRADEV SAMAJDAR,
UTA KLEMENT, and SHRIKANT JOSHI

The microstructures of an electron beam melted (EBM) nickel-based superalloy (Alloy 718)
were comprehensively investigated in as-built and post-treated conditions, with particular focus
individually on the contour (outer periphery) and hatch (core) regions of the build. The hatch
region exhibited columnar grains with strong h001i texture in the build direction, while the
contour region had a mix of columnar and equiaxed grains, with no preferred crystallographic
texture. Both regions exhibited nearly identical hardness and carbide content. However, the
contour region showed a higher number density of fine carbides compared to the hatch. The
as-built material was subjected to two distinct post-treatments: (1) hot isostatic pressing (HIP)
and (2) HIP plus heat treatment (HIP + HT), with the latter carried out as a single cycle inside
the HIP vessel. Both post-treatments resulted in nearly an order of magnitude decrease in defect
content in hatch and contour regions. HIP + HT led to grain coarsening in the contour, but did
not alter the microstructure in the hatch region. Different factors that may be responsible for
grain growth, such as grain size, grain orientation, grain boundary curvature and secondary
phase particles, are discussed. The differences in carbide sizes in the hatch and contour regions
appeared to decrease after post-treatment. After HIP + HT, similar higher hardness was
observed in both the hatch and contour regions compared to the as-built material.
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I. INTRODUCTION

ADDITIVE manufacturing (AM), commonly known
as 3D printing, is a rapidly growing group of processing
technologies comprehensively reviewed by Horn and
Harrysson.[1] In AM, it is possible to produce geomet-
rically complex components directly from com-
puter-aided design (CAD) models.[2] The ease of
manufacturing, compared to the traditional production
routes, makes AM a promising emerging technology.
Electron beam melting (EBM) and laser powder bed
fusion (LPBF) are two commonly used AM technologies

based on powder bed fusion, as broadly reviewed by
Frazier.[3] EBM makes use of a high-energy electron
beam to selectively melt and consolidate appropriate
regions of each layer of powder raked to build a
component in layer-by-layer fashion.[4] EBM processing
of nickel-based superalloys (example: Alloy 718)
appears particularly promising to the aircraft engine
industry,[5] which demands complex parts manufactured
from difficult-to-machine materials. During EBM pro-
cessing, individual layers undergo various processing
steps, with the typical melting steps involving contour
and hatch scanning as detailed in Reference 6. For every
layer, the perimeter of the component(s), also known as
contour, is typically melted by a ‘multi-spot’ melting
strategy. During this step, the spot melting pattern is
used to create a ‘frame’ of the component according to a
pre-defined CAD geometry as elaborated in Reference 7.
This step is followed by hatch melting, during which the
beam typically scans in a raster pattern to consolidate
the region(s) contained within the contour(s). In a word,
the hatch melting melts the bulk material while the
contour scanning provides adherence to component
geometry.[8] The thickness of the contour region is thus
fixed, but the extent of the hatch region depends on the
overall component dimensions.[9] In case of thinner
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sections, the microstructure of the contour thus becomes
critical. It is worth mentioning that the order of contour
and hatch scanning can be modified, and typically for
EBM manufacturing of Alloy 718, the contour is melted
before the hatch.

Alloy 718 is a precipitation-hardened Ni-based super-
alloy, which is used in varied operating environments,
such as for high temperature as well as cryogenic
applications in diverse fields such as aerospace, oil and
gas, nuclear industries, etc. Such extensive usage is
attributed to its high strength and excellent corrosion
resistance combined with good weldability, creep and
fatigue properties.[10] Alloy 718 derives strength mainly
by the coherent metastable c¢¢(Ni3Nb) and c¢(Ni3(Al,Ti))
precipitates present in the c-FCC matrix. Other phases
present in Alloy 718 impart additional properties. For
instance, the thermodynamically stable d phase (Ni3Nb)
present at the grain boundaries is known to control
grain size during heat treatment and thermo-mechanical
working. While the c¢¢, c¢ and d phases precipitate during
solid-state transformation, the primary carbides form
during solidification as stated in the solidification path
proposed by Knorovsky et al.[11] based on the differen-
tial thermal analysis. The MC-type primary carbides
(M = Nb, Ti) are also known to pin grain boundaries
at high temperatures as observed by Kirka et al.,[12] who
attributed the lack of grain growth after hot isostatic
pressing (HIP) (at 1200 �C) of EBM Alloy 718 to Zener
pinning by these carbides present at the grain bound-
aries. The precipitation of c¢¢, d, primary NbC carbides
is related mainly to the Nb segregation, Nb being a key
alloying element in Alloy 718. During solidification, Nb
segregates in the interdendritic regions because of its
larger atomic radius.[13] The degree of segregation
depends on the solidification parameters, such as the
cooling rate. Zhang et al.[14] simulated the cooling rates
for Alloy 718 during LBPF and casting and found it to
be significantly higher in the former (103 to 106 K/s)
compared to the latter (3.8 K/s). In EBM Alloy 718,
prior work by Kirka et al.[15] has experimentally
approximated (through primary dendrite arm spacing)
the cooling rate to be 103 K/s. In this context it is worth
mentioning that, in cast alloy 718, both Mitchell[16] and
Patel et al.[17] have observed that an increase in cooling
rate caused a decrease in carbide size.

There have been significant research efforts on EBM
processing of Alloy 718, such as tailoring the grain
structure through both experiments and modeling by
Helmer et al.,[18] Raghavan et al.,[19] Balachandramurthi
et al.[20] and others. For instance, Helmer et al.[18] have
shown that the microstructure in the EBM-built Alloy
718 can be tailored by changing the scanning strategy
and thus the thermal gradient during solidification. If
the thermal gradient is aligned in the preferred direction,
columnar grains grow; otherwise, equiaxed grains can
form. Raghavan et al.[19] found that the preheating
temperature (one of the indirect control parameters in
the Arcam process) has a significant effect on the volume
fraction of the formed equiaxed grains. Balachandra-
murthi et al.[20] have shown that for the ‘multi-spot’
meting strategy the microstructure is affected by the
relationship among processing parameters, melting

patterns and part geometry and also by the control of
energy input. Such increased understanding of the
process-structure correlation has not been comple-
mented by understanding the influence of thermal
post-treatments on the microstructure. The latter can
potentially suppress the inevitable defects (gas porosity,
shrinkage porosity and lack-of-fusion), undesirable
micro-segregation, etc., present in the microstructure.
The commonly applied post-treatments include HIP and
heat treatment (HT). The latter typically involves
solution treatment and aging. The majority of past
research efforts on the application of post-treatments
focused on the hatch region of EBM Alloy 718 as
previously detailed by Deng et al.,[21] Nandwana et al.[22]

and others. The hatch region typically consists of
elongated columnar c grains having strong h001i texture
in the build direction. The contour region, on the other
hand, usually exhibits a mix of fine equiaxed grains,
curved thin columnar grains and wide columnar
grains.[21] Deng et al.[21] attributed the observed differ-
ence in the grain structures of the hatch vs. contour
regions to the different melting strategies. Given the
significant differences in the microstructure, there is a
need for investigating the effect of post-treatments,
between these regions, of the EBM-built Alloy 718. This
has been an important motivation behind this study.
Although prior work by the authors has involved
investigation of aspects related to uniformity in a typical
EBM Alloy 718 build,[23] inclusions and precipitates in
as-built and post-treated material,[24] extent of defect
closure during HIPing in builds with intentionally
introduced defects,[25] etc., the response of hatch and
contour regions to identical post-treatments remains not
fully investigated.
In the present study, detailed microstructural analysis

of EBM-built Alloy 718 was carried out and followed
with different post-treatment cycles. The two post-treat-
ments carried out were: HIP and HIP + HT. The latter
involved solution treatment and two-step aging pre-
ceded by HIP and was carried out as a single cycle inside
the HIP vessel. The texture, grain morphology and grain
size were comprehensively investigated using scanning
electron microscopy (SEM) and electron backscattered
diffraction (EBSD). Moreover, the defects, carbides, d
phase and c¢¢/c¢ phases in the material and the micro-
hardness were investigated.

II. EXPERIMENTAL PROCEDURE

A. EBM Manufacturing of Alloy 718

Plasma wire atomized Alloy 718 powder used in the
current study was supplied by AP&C (Quebec, Canada).
This powder had a nominal size range of 45 to 106 lm,
and its chemical composition is given in Table I. An
A2X EBM machine (Arcam AB, Sweden) was used for
the production of Alloy 718 specimens. Two builds were
produced using the recommended EBM process param-
eter settings (process theme 4.1.22 and EBMC 4.1) as
stated in a previous study by Goel et al.[24] The following
specimens were manufactured: (1) rods (100 9 15 mm)
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oriented along the build direction [CAD geometry of the
build is given in Figures 1(a) and (b) flat specimens (5 9
19 mm)]. The processing cycle for each layer consisted of
six steps: (1) pre-heating of the powder layer being
processed, (2) localized pre-heating in the regions to be
melted, (3) contour-melting of the perimeter of the
specimens, (4) hatch-melting of the region enclosed by
the contours, (5) localized post-heating in the melted
regions and (6) lowering of powder bed by 75 lm and
raking of powder to form a uniform layer for the next
cycle. While the details related to melting are described
below, it should be mentioned that the preheating was
done to sinter the powder particles using a beam current
of 48 mA, and the post-heating was carried out based on
the automatic power calculation in the EBM machine.

The melting strategy used for contour and hatch were
‘multi-spot’ and bi-directional raster scanning, respec-
tively. Karlsson et al.[7] have previously elaborated these

melting strategies. Figure 1(b) shows a simplified sche-
matic of the used melting strategies. As can be observed
from the schematic, the contour region was consolidated
by three passes, numbered as 1, 2 and 3. These passes
were applied in ascending order; therefore, contour
melting started with pass 1, then pass 2 and ended with
pass 3. All the contour passes were processed with the
same default parameters. Thereafter, hatch melting was
applied. For every added layer, the scanning direction
for the hatch region was rotated by 72 deg. Prior to the
start of the process, the stainless-steel build plate was
preheated to 1025 �C. The acceleration voltage and
hatch spacing (distance between any two consecutive
scanning lines) were set to 60 kV and 125 lm,
respectively.

B. Post-treatments

Some of the rods and flat specimens were exposed to
two different post-treatments, one consisting of HIP
only and another including HIP and heat treatment
(HIP + HT). HIP + HT combined in a single cycle
inside the HIP vessel. The details of the tempera-
ture-time-pressure applied during the two post-treat-
ments were as follows: (1) HIP: 1200 �C for 4 hours at
120 MPa, rapidly cooled to room temperature; (2)
HIP + HT: 1185 �C for 3 hours at 170 MPa, followed
by cooling to solution treatment temperature of 980 �C
and 1 hours holding at 157 MPa, succeeded by rapid
cooling to room temperature. Thereafter, the first age
hardening was carried out by heating to 740 �C and
holding for 8 hours at 138 MPa, furnace cooling to
635 �C for second age-hardening and holding for 10
hours at 131 MPa, and then quenching to room
temperature. Argon was used as the inert process gas.
Unlike HIP + HT, the HIP treatment was carried out
at constant pressure of 120 MPa, which can be seen
from the process graphs previously given in Reference
24. HIPing parameters were chosen based on the
previously published research on mechanical property
evaluation of the EBM-built Alloy 718.[12] It may be
noted that the HIPing conditions for the HIP and the
HIP + HT (as stated above) were different. Given the
high processing cost in an industrial large-volume HIP
furnace, a pre-planned client run for AM-built Alloy
718 was used for this one of the first reported research
on combined post-treatment of Alloy 718. In this
regard, it is worth mentioning that previously reported
studies on HIPing of Alloy 718 have shown that a
decrease in duration from 4 to 3 hours[26] and increase in
pressure by 50 MPa[27] led to only modest change in the
number of defects. Therefore, the tempera-
ture-time-pressure schedule used herein was considered
reasonable.

Table I. Nominal Chemical Composition of the Starting Powder in Wt Pct

Element Ni Cr Fe Nb Mo Ti Al C N Ta

Alloy 718 51.67 19.09 bal. 5.31 3.12 0.89 0.53 0.04 0.02 < 0.01

Fig. 1—(a) CAD geometry of the investigated EBM build
comprising rods and cuboids. The specimens characterized in the
as-built and post-treated conditions are marked. (b) Simplified
schematic showing contour and hatch melting strategies for
specimens with a circular cross-section, where ‘multi-spot’ melting
was employed for contour and bidirectional raster scanning was used
for hatch. The arrow and the encircled dot indicate the build
direction.
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sections, the microstructure of the contour thus becomes
critical. It is worth mentioning that the order of contour
and hatch scanning can be modified, and typically for
EBM manufacturing of Alloy 718, the contour is melted
before the hatch.

Alloy 718 is a precipitation-hardened Ni-based super-
alloy, which is used in varied operating environments,
such as for high temperature as well as cryogenic
applications in diverse fields such as aerospace, oil and
gas, nuclear industries, etc. Such extensive usage is
attributed to its high strength and excellent corrosion
resistance combined with good weldability, creep and
fatigue properties.[10] Alloy 718 derives strength mainly
by the coherent metastable c¢¢(Ni3Nb) and c¢(Ni3(Al,Ti))
precipitates present in the c-FCC matrix. Other phases
present in Alloy 718 impart additional properties. For
instance, the thermodynamically stable d phase (Ni3Nb)
present at the grain boundaries is known to control
grain size during heat treatment and thermo-mechanical
working. While the c¢¢, c¢ and d phases precipitate during
solid-state transformation, the primary carbides form
during solidification as stated in the solidification path
proposed by Knorovsky et al.[11] based on the differen-
tial thermal analysis. The MC-type primary carbides
(M = Nb, Ti) are also known to pin grain boundaries
at high temperatures as observed by Kirka et al.,[12] who
attributed the lack of grain growth after hot isostatic
pressing (HIP) (at 1200 �C) of EBM Alloy 718 to Zener
pinning by these carbides present at the grain bound-
aries. The precipitation of c¢¢, d, primary NbC carbides
is related mainly to the Nb segregation, Nb being a key
alloying element in Alloy 718. During solidification, Nb
segregates in the interdendritic regions because of its
larger atomic radius.[13] The degree of segregation
depends on the solidification parameters, such as the
cooling rate. Zhang et al.[14] simulated the cooling rates
for Alloy 718 during LBPF and casting and found it to
be significantly higher in the former (103 to 106 K/s)
compared to the latter (3.8 K/s). In EBM Alloy 718,
prior work by Kirka et al.[15] has experimentally
approximated (through primary dendrite arm spacing)
the cooling rate to be 103 K/s. In this context it is worth
mentioning that, in cast alloy 718, both Mitchell[16] and
Patel et al.[17] have observed that an increase in cooling
rate caused a decrease in carbide size.

There have been significant research efforts on EBM
processing of Alloy 718, such as tailoring the grain
structure through both experiments and modeling by
Helmer et al.,[18] Raghavan et al.,[19] Balachandramurthi
et al.[20] and others. For instance, Helmer et al.[18] have
shown that the microstructure in the EBM-built Alloy
718 can be tailored by changing the scanning strategy
and thus the thermal gradient during solidification. If
the thermal gradient is aligned in the preferred direction,
columnar grains grow; otherwise, equiaxed grains can
form. Raghavan et al.[19] found that the preheating
temperature (one of the indirect control parameters in
the Arcam process) has a significant effect on the volume
fraction of the formed equiaxed grains. Balachandra-
murthi et al.[20] have shown that for the ‘multi-spot’
meting strategy the microstructure is affected by the
relationship among processing parameters, melting

patterns and part geometry and also by the control of
energy input. Such increased understanding of the
process-structure correlation has not been comple-
mented by understanding the influence of thermal
post-treatments on the microstructure. The latter can
potentially suppress the inevitable defects (gas porosity,
shrinkage porosity and lack-of-fusion), undesirable
micro-segregation, etc., present in the microstructure.
The commonly applied post-treatments include HIP and
heat treatment (HT). The latter typically involves
solution treatment and aging. The majority of past
research efforts on the application of post-treatments
focused on the hatch region of EBM Alloy 718 as
previously detailed by Deng et al.,[21] Nandwana et al.[22]

and others. The hatch region typically consists of
elongated columnar c grains having strong h001i texture
in the build direction. The contour region, on the other
hand, usually exhibits a mix of fine equiaxed grains,
curved thin columnar grains and wide columnar
grains.[21] Deng et al.[21] attributed the observed differ-
ence in the grain structures of the hatch vs. contour
regions to the different melting strategies. Given the
significant differences in the microstructure, there is a
need for investigating the effect of post-treatments,
between these regions, of the EBM-built Alloy 718. This
has been an important motivation behind this study.
Although prior work by the authors has involved
investigation of aspects related to uniformity in a typical
EBM Alloy 718 build,[23] inclusions and precipitates in
as-built and post-treated material,[24] extent of defect
closure during HIPing in builds with intentionally
introduced defects,[25] etc., the response of hatch and
contour regions to identical post-treatments remains not
fully investigated.
In the present study, detailed microstructural analysis

of EBM-built Alloy 718 was carried out and followed
with different post-treatment cycles. The two post-treat-
ments carried out were: HIP and HIP + HT. The latter
involved solution treatment and two-step aging pre-
ceded by HIP and was carried out as a single cycle inside
the HIP vessel. The texture, grain morphology and grain
size were comprehensively investigated using scanning
electron microscopy (SEM) and electron backscattered
diffraction (EBSD). Moreover, the defects, carbides, d
phase and c¢¢/c¢ phases in the material and the micro-
hardness were investigated.

II. EXPERIMENTAL PROCEDURE

A. EBM Manufacturing of Alloy 718

Plasma wire atomized Alloy 718 powder used in the
current study was supplied by AP&C (Quebec, Canada).
This powder had a nominal size range of 45 to 106 lm,
and its chemical composition is given in Table I. An
A2X EBM machine (Arcam AB, Sweden) was used for
the production of Alloy 718 specimens. Two builds were
produced using the recommended EBM process param-
eter settings (process theme 4.1.22 and EBMC 4.1) as
stated in a previous study by Goel et al.[24] The following
specimens were manufactured: (1) rods (100 9 15 mm)

METALLURGICAL AND MATERIALS TRANSACTIONS A

oriented along the build direction [CAD geometry of the
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done to sinter the powder particles using a beam current
of 48 mA, and the post-heating was carried out based on
the automatic power calculation in the EBM machine.
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pass 3. All the contour passes were processed with the
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applied. For every added layer, the scanning direction
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respectively.
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635 �C for second age-hardening and holding for 10
hours at 131 MPa, and then quenching to room
temperature. Argon was used as the inert process gas.
Unlike HIP + HT, the HIP treatment was carried out
at constant pressure of 120 MPa, which can be seen
from the process graphs previously given in Reference
24. HIPing parameters were chosen based on the
previously published research on mechanical property
evaluation of the EBM-built Alloy 718.[12] It may be
noted that the HIPing conditions for the HIP and the
HIP + HT (as stated above) were different. Given the
high processing cost in an industrial large-volume HIP
furnace, a pre-planned client run for AM-built Alloy
718 was used for this one of the first reported research
on combined post-treatment of Alloy 718. In this
regard, it is worth mentioning that previously reported
studies on HIPing of Alloy 718 have shown that a
decrease in duration from 4 to 3 hours[26] and increase in
pressure by 50 MPa[27] led to only modest change in the
number of defects. Therefore, the tempera-
ture-time-pressure schedule used herein was considered
reasonable.

Table I. Nominal Chemical Composition of the Starting Powder in Wt Pct

Element Ni Cr Fe Nb Mo Ti Al C N Ta

Alloy 718 51.67 19.09 bal. 5.31 3.12 0.89 0.53 0.04 0.02 < 0.01

Fig. 1—(a) CAD geometry of the investigated EBM build
comprising rods and cuboids. The specimens characterized in the
as-built and post-treated conditions are marked. (b) Simplified
schematic showing contour and hatch melting strategies for
specimens with a circular cross-section, where ‘multi-spot’ melting
was employed for contour and bidirectional raster scanning was used
for hatch. The arrow and the encircled dot indicate the build
direction.
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C. Materials Characterization

For microstructural investigation, sections along and
perpendicular (henceforth referred as transverse direc-
tion) to the build direction were taken from the middle
of the length of the as-built and post-treated rod
specimens. Sectioning was performed by employing
precision cutting with an alumina blade, and the
extracted specimens were hot mounted. Samples were
semi-automatically polished using the Buehler Pow-
erPro 5000 (Buehler) system. The polished specimens
were etched via electrolytic etching (2 to 4 V, 3 to 10
seconds) using oxalic acid and Kallings’ 2 reagent (50
pct diluted with ethanol) and were then examined under
an optical microscope (OM) (OlympusTM BX60M,
HOFSTRAgroup�) and two SEMs (HitachiTM

TM3000, ZeissTM 1550 Gemini equipped with an
HKL Nordlys EBSD detector). Image analysis was
employed for quantification of defects and carbide
content (using the ASTM E1245-03[28] automatic image
analysis method and the open source ImageJ software),
and the average value ± 95 pct confidence interval has
been reported as recommended in the above-mentioned
ASTM standard. It should be mentioned that, for defect
quantification, the samples were analyzed prior to
etching to avoid etching artifacts. Defect and carbide
analyses were done using ten image fields. For image
analysis, recognizing the threshold can influence the
results; therefore, for each analysis, a similar threshold
was used across different samples.

For detailed EBSD analysis of flat specimens, the
as-built and post-treated flat specimens were sectioned
only along the build direction. The samples were
metallographically prepared and electropolished in an
electrolyte of 80:20 (methanol:perchloric acid), 20 V DC
and � 20 �C. Measurements were made on a FeiTM

Nova Nano SEM with an EDAXTM EBSD + EDS
(energy dispersive X-ray spectroscopy) system. The
EBSD data were processed to obtain the orientation
maps, kernel average misorientation (KAM), grain
average misorientation (GAM) and grain orientation
spread (GOS). Average misorientation between any
pixel point and its immediate neighbors (six in the
present case using a hexagonal grid) was considered as
KAM, provided any of these misorientation did not
exceed 5 deg. KAM, calculated for the ith pixel, was
defined as[29]:

KAMi ¼
1
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where gi represents the misorientation between the ith
pixel and its neighboring points (gj). For estimates of
GAM or GOS, a grain definition was essential. A
grain was defined as a region bound by ‡ 5 deg contin-
uous boundary. GAM represented the average misori-
entation between each measurement point in such
grains and was evaluated as follows[29]:
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For estimating GOS, the average (quaternion average)
grain orientation was calculated. Misorientation
between the average orientation and all measurement
points within the grain provided the GOS value. GOS,
calculated for each grain, was defined as[29]:
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where gav is the quaternion average of the grain
orientation. Vickers micro-hardness testing (HMV-2,
Shimadzu Corp., Japan) on the polished cross-sections
of all the rod and flat specimens was performed using a
500 g load, which was applied for 15 seconds. Ten
indents were recorded on each of the investigated
specimens.

III. RESULTS AND DISCUSSION

Rod specimens from the EBM-built Alloy 718, shown
in Figure 1(a), were extensively characterized in as-built
and post-treated conditions. In addition, 5-mm-thick
flat specimens were also studied in as-built and
post-treated conditions. This was to assess the effects
of a given post-treatment on different EBM specimens.
Unless stated otherwise, the provided results and dis-
cussion are related to the rod specimens shown in
Figure 1(a).

A. As-Built EBM Alloy 718

During EBM production, each layer was melted in
two stages. First, the contour was melted to create a
frame of the specimens. Later, hatch scanning was
employed to consolidate the interior of the sample
contained by the contour. The contour region was ~ 1.5
mm wide as observed from Figure 2. Thus, the majority
(~ 12 mm out of 15 mm diameter) of the rod specimen
was produced by hatch scanning. The contour and hatch
regions exhibited characteristic microstructures as
described below. This can be attributed to the differ-
ences in melting order, strategy and parameters (such as,
beam current, beam speed, spot time) used.

1. Grain structure

a. Contour The contour was composed of three
passes, numbered as 1, 2 and 3; see Figure 1(b). As
shown in Figure 1(b), pass 1 and 2 are the inner
contours and pass 3 is the outer contour. Pass 3 also
constituted the very perimeter of the specimen cross-sec-
tions in each deposited layer. From the SEM investiga-
tion of the entire contour, heterogeneous grain
morphologies were observed as shown in Figures 2(a)
and (b). The outermost part (third contour) exhibited
fine equiaxed grains because of the partially molten
powder particles that were stuck to the contour region
as shown in Figures 2(c) and (d). The adjoining region
within the third contour exhibited columnar grains,
which appeared to curve and converge towards the
centerline of the contour pass when viewed along the
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build direction. The overlap regions between the con-
tour passes (3-2 and 2-1) were characterized by the
presence of wide columnar grains. The wide columnar
grains exhibited lath morphology when observed in the
transverse direction as visualized in Figure 2(a).
Towards the centerline of contour pass 2 and 1, again
slim curved columnar grains were observed. However,
the columnar grains in contour pass 1 and the con-
tour-hatch transition region appeared to converge
towards the direction of the hatch region. Overall in

the contour region no preferential texture was observed
as seen from the EBSD orientation map given in
Figure 2(e). Similar observation of heterogeneity in
texture and grain morphologies in the contour region
and the reason for the same have been widely reported
for EBM-built Alloy 718 by Balachandramurthi et al.[30]

as well as for Ti-6Al-4V by Antonysamy et al.[31] The
authors have attributed it to be a result of several
factors, i.e., the surrounding powder, shape of the melt
pool, epitaxial growth over previously deposited layers

Fig. 2—SEM micrographs revealing the grain structure of the hatch and contour regions in the as-built condition in (a) transverse direction and
(b) along the build direction, as marked by the encircled dot and the arrow, respectively; (c) and (d) high-magnification micrographs of the
corresponding regions marked in (b). EBSD orientation maps across (e) the contour and contour-hatch transition regions and a larger area scan
only in (f) the hatch region are also shown. The maps are presented in inverse pole figure (IPF) coloring with respect to the build direction, and
the corresponding color code is provided. The contour melting trajectories (1, 2 and 3) and the onset of the contour-hatch transition region are
also specified at appropriate places (Color figure online).

METALLURGICAL AND MATERIALS TRANSACTIONS A



C. Materials Characterization

For microstructural investigation, sections along and
perpendicular (henceforth referred as transverse direc-
tion) to the build direction were taken from the middle
of the length of the as-built and post-treated rod
specimens. Sectioning was performed by employing
precision cutting with an alumina blade, and the
extracted specimens were hot mounted. Samples were
semi-automatically polished using the Buehler Pow-
erPro 5000 (Buehler) system. The polished specimens
were etched via electrolytic etching (2 to 4 V, 3 to 10
seconds) using oxalic acid and Kallings’ 2 reagent (50
pct diluted with ethanol) and were then examined under
an optical microscope (OM) (OlympusTM BX60M,
HOFSTRAgroup�) and two SEMs (HitachiTM

TM3000, ZeissTM 1550 Gemini equipped with an
HKL Nordlys EBSD detector). Image analysis was
employed for quantification of defects and carbide
content (using the ASTM E1245-03[28] automatic image
analysis method and the open source ImageJ software),
and the average value ± 95 pct confidence interval has
been reported as recommended in the above-mentioned
ASTM standard. It should be mentioned that, for defect
quantification, the samples were analyzed prior to
etching to avoid etching artifacts. Defect and carbide
analyses were done using ten image fields. For image
analysis, recognizing the threshold can influence the
results; therefore, for each analysis, a similar threshold
was used across different samples.

For detailed EBSD analysis of flat specimens, the
as-built and post-treated flat specimens were sectioned
only along the build direction. The samples were
metallographically prepared and electropolished in an
electrolyte of 80:20 (methanol:perchloric acid), 20 V DC
and � 20 �C. Measurements were made on a FeiTM

Nova Nano SEM with an EDAXTM EBSD + EDS
(energy dispersive X-ray spectroscopy) system. The
EBSD data were processed to obtain the orientation
maps, kernel average misorientation (KAM), grain
average misorientation (GAM) and grain orientation
spread (GOS). Average misorientation between any
pixel point and its immediate neighbors (six in the
present case using a hexagonal grid) was considered as
KAM, provided any of these misorientation did not
exceed 5 deg. KAM, calculated for the ith pixel, was
defined as[29]:

KAMi ¼
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where gi represents the misorientation between the ith
pixel and its neighboring points (gj). For estimates of
GAM or GOS, a grain definition was essential. A
grain was defined as a region bound by ‡ 5 deg contin-
uous boundary. GAM represented the average misori-
entation between each measurement point in such
grains and was evaluated as follows[29]:
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For estimating GOS, the average (quaternion average)
grain orientation was calculated. Misorientation
between the average orientation and all measurement
points within the grain provided the GOS value. GOS,
calculated for each grain, was defined as[29]:
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where gav is the quaternion average of the grain
orientation. Vickers micro-hardness testing (HMV-2,
Shimadzu Corp., Japan) on the polished cross-sections
of all the rod and flat specimens was performed using a
500 g load, which was applied for 15 seconds. Ten
indents were recorded on each of the investigated
specimens.

III. RESULTS AND DISCUSSION

Rod specimens from the EBM-built Alloy 718, shown
in Figure 1(a), were extensively characterized in as-built
and post-treated conditions. In addition, 5-mm-thick
flat specimens were also studied in as-built and
post-treated conditions. This was to assess the effects
of a given post-treatment on different EBM specimens.
Unless stated otherwise, the provided results and dis-
cussion are related to the rod specimens shown in
Figure 1(a).

A. As-Built EBM Alloy 718

During EBM production, each layer was melted in
two stages. First, the contour was melted to create a
frame of the specimens. Later, hatch scanning was
employed to consolidate the interior of the sample
contained by the contour. The contour region was ~ 1.5
mm wide as observed from Figure 2. Thus, the majority
(~ 12 mm out of 15 mm diameter) of the rod specimen
was produced by hatch scanning. The contour and hatch
regions exhibited characteristic microstructures as
described below. This can be attributed to the differ-
ences in melting order, strategy and parameters (such as,
beam current, beam speed, spot time) used.

1. Grain structure

a. Contour The contour was composed of three
passes, numbered as 1, 2 and 3; see Figure 1(b). As
shown in Figure 1(b), pass 1 and 2 are the inner
contours and pass 3 is the outer contour. Pass 3 also
constituted the very perimeter of the specimen cross-sec-
tions in each deposited layer. From the SEM investiga-
tion of the entire contour, heterogeneous grain
morphologies were observed as shown in Figures 2(a)
and (b). The outermost part (third contour) exhibited
fine equiaxed grains because of the partially molten
powder particles that were stuck to the contour region
as shown in Figures 2(c) and (d). The adjoining region
within the third contour exhibited columnar grains,
which appeared to curve and converge towards the
centerline of the contour pass when viewed along the
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build direction. The overlap regions between the con-
tour passes (3-2 and 2-1) were characterized by the
presence of wide columnar grains. The wide columnar
grains exhibited lath morphology when observed in the
transverse direction as visualized in Figure 2(a).
Towards the centerline of contour pass 2 and 1, again
slim curved columnar grains were observed. However,
the columnar grains in contour pass 1 and the con-
tour-hatch transition region appeared to converge
towards the direction of the hatch region. Overall in

the contour region no preferential texture was observed
as seen from the EBSD orientation map given in
Figure 2(e). Similar observation of heterogeneity in
texture and grain morphologies in the contour region
and the reason for the same have been widely reported
for EBM-built Alloy 718 by Balachandramurthi et al.[30]

as well as for Ti-6Al-4V by Antonysamy et al.[31] The
authors have attributed it to be a result of several
factors, i.e., the surrounding powder, shape of the melt
pool, epitaxial growth over previously deposited layers

Fig. 2—SEM micrographs revealing the grain structure of the hatch and contour regions in the as-built condition in (a) transverse direction and
(b) along the build direction, as marked by the encircled dot and the arrow, respectively; (c) and (d) high-magnification micrographs of the
corresponding regions marked in (b). EBSD orientation maps across (e) the contour and contour-hatch transition regions and a larger area scan
only in (f) the hatch region are also shown. The maps are presented in inverse pole figure (IPF) coloring with respect to the build direction, and
the corresponding color code is provided. The contour melting trajectories (1, 2 and 3) and the onset of the contour-hatch transition region are
also specified at appropriate places (Color figure online).
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and re-melting of the overlap region between the
contour passes. Lastly, it is worth mentioning that the
roughness (also contributed by the partially molten
powder particles) in the third contour could be
improved by changing the processing parameters, such
as scanning speed, number of contours, etc.[32]

b. Hatch Unlike the contour region, the hatch was
found to be mainly composed of columnar grains with
strong texture along h100i as can be seen from SEM and
EBSD results shown in Figures 2(b) and (f), respec-
tively. This has been widely investigated and was first
reported by Strondl et al.[33] These grains appear to be
rather equiaxed when viewed perpendicular to the build
direction as seen in Figure 2(a). Therefore, the grains
were elongated only along the build direction. The
length of the columnar grains was observed to extend up
to the order of millimeters as shown in Figure 2(b). This
is common for EBM-built Alloy 718 as reported in
Reference 21. It is worth mentioning that some stray
grains were also observed in the hatch region
(Figure 2(f)), which are likely caused by grain nucleation
ahead of the solidification front as suggested by Helmer
et al.[34]

2. Phase constitution
Both the hatch and contour regions exhibited similar

types of phases. The presence of network-like features
and globular particles inside the c matrix was discerned
from SEM micrographs given in Figures 3(a) and (b).
EDS analysis given in Figure 3(c) shows that the
globular particles were rich in Nb and carbon, and
depleted of Ni, indicating that the precipitates are NbC
carbide. Such primary carbides precipitate during solid-
ification and preferentially form in the interdendritic
regions rich in Nb as elaborated by Knorovsky et al.[11]

who also proposed a solidification diagram of Alloy 718.
In this context it is worth mentioning that Laves phase
forms towards the end of solidification and no Laves
phase was observed in the as-built samples as they were
extracted from the middle of a tall 100-mm rod. In such
an EBM Alloy 718 build, prior work by Kirka et al.[15]

has shown Laves phase to be only present in the top few
100 microns, for explained reasons. It is known and was
previously reported by Goel et al.,[24] through detailed
electron microscopic investigation, that NbC can nucle-
ate on TiN particles. Hence, the Ti-peak in the EDS
spectrum (Figure 3(c)) may be a result of such a carbide.
Ti atoms can also substitute for Nb during formation of
carbide as reported for cast Alloy 718.[13] However, due
to the observed dark core and predominance of Nb
inside the carbides, these are referred to as NbC.
Sundararaman and Mukhopadhyay[35] have reported
that the primary carbide phase does not have any
particular crystallographic relationship to the c matrix.
Comparing SEM micrographs of the contour and hatch
regions, given in Figures 3(a) and (b), respectively,
shows that the former exhibited finer carbides. This
observation is further supported by the quantitative
analysis of the carbides provided in the next section. The
size, shape and amount of carbides depend on the local

chemistry and solidification conditions. In case of cast
Alloy 718, both Carlson and Radavich[13] and Mitch-
ell[16] have experimentally observed that an increase in
cooling rate (liquid to solid) leads to a decrease in the
carbide size. Therefore, the size of carbides could reflect
differences in cooling rate in the hatch and contour
regions. In this context, it is worth mentioning that by
choice of higher cooling rate in the contour region
(during simulation) compared to the hatch, Akram
et al.[36] found a better fit between their results from
detailed grain simulation analysis and experimental
observation. Therefore, the cooling rate in the contour
region might have been higher than in the hatch, which
could have resulted in the formation of finer carbides in
the former.
Higher magnification SEM analysis of both hatch and

contour regions revealed that the intragranular net-
work-like features were composed of arrays of needle-
like d phase particles, which were stacked parallel to
each other as shown in Figure 4. Some dispersed
intragranular d phase particles were also observed.
However, the d phase particles at intergranular areas
were found to be present in isolated form. Although the
reason for the observed differences in the arrangement
of inter- and intragranular d phase is still elusive,
isolated grain boundary particles and clustered arrange-
ment of intragranular d phase have also been previously
observed in an Alloy 718 bar by Vanderesse et al.[37]

Intragranular precipitation of d phase is expected to
have occurred at the interdendritic areas because of the
generally observed tendency to interdendritic segrega-
tion of Nb in Alloy 718. Kirka et al.[15] have reported
interdendritic precipitation of d phase in EBM Alloy 718
and attributed it to segregation of Nb in the interden-
dritic region left after the dissolution of Laves phase.
Moreover, with prolonged exposure to high temperature
(< ~ 900 �C), Sundararaman et al.[38] observed intra-
granular d phase precipitation to be facilitated by the
stacking faults within c’’ phase. On the other hand, at
higher temperatures (~900 �C to 1000 �C), the d phase
may precipitate directly from the matrix as reported by
Sundararaman et al.[39] In the hatch region of EBM-
built Alloy 718, previous studies have reported various
kinds of d phase precipitations. In one study by Deng
et al.,[21] d phase was found to be preferentially
precipitated at the high-angle grain boundaries. How-
ever, spurious precipitation of d phase across the
columnar grains in the hatch region has been reported
by Kirka et al.,[15] and Unocic et al.[40] observed the
presence of only intragranular d phases, which were
coarser close to the top and finer near the bottom of a
97-mm-tall rod build upright. Nandwana et al.[22]

reported that in EBM-built Alloy 718 produced at
lower powder bed temperature (~ 915 �C) both intra-
granular and intergranular d phase particles were
present; however, the build manufactured at higher
temperature (~ 990 �C) contained only intergranular d
phase. Karimi et al.[41] observed a higher content and
longer length of d phase needles in specimens built at a
height of 45 mm from the build plate compared to those
built on or close (2 mm) to the build plate. On the other
hand, when specimens were built on top of each other
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and separated by support structures, Goel et al.[42]

found decreased d phase precipitation with increasing
height of the specimens from the build plate. To
summarize the above, variation in d phase precipitation
can be attributed to the thermal history of the specific
build designs. For instance, specimen size,[40] build
design or height of the sample from the build plate,[41,42]

type of cooling after manufacturing,[43] powder bed
preheat temperature,[22] etc., can all be influencing
factors. A more elaborate explanation was given by
Balachandramurthi et al.[44]

It is pertinent to mention that the d phase particles in
both the hatch and contour regions exhibited similar
wide variation in size, and no evident difference in the
two regions was observed. This can be understood as
follows. The d phase forms during solid-state phase
transformation after solidification of the molten pow-
der. Although the solidification conditions of the con-
tour and hatch regions were different, as evident from
the different grain structure and carbide sizes in the two
regions, after consolidation, the hatch and contour
region of the specimen might have been exposed to

Fig. 3—SEM micrographs showing (a) finer carbide particles in the contour and (b) coarser carbides in the hatch regions in the as-built
condition. (c) EDS analysis of a carbide particle and the matrix in the as-built material. The arrow on the left side indicates the build direction.

Fig. 4—SEM micrographs of as-built material showing d phase present as isolated and stacked particles at the intergranular and intragranular
regions, respectively, in both (a) contour and (b) hatch regions. The arrow on the left side indicates the build direction.
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and re-melting of the overlap region between the
contour passes. Lastly, it is worth mentioning that the
roughness (also contributed by the partially molten
powder particles) in the third contour could be
improved by changing the processing parameters, such
as scanning speed, number of contours, etc.[32]

b. Hatch Unlike the contour region, the hatch was
found to be mainly composed of columnar grains with
strong texture along h100i as can be seen from SEM and
EBSD results shown in Figures 2(b) and (f), respec-
tively. This has been widely investigated and was first
reported by Strondl et al.[33] These grains appear to be
rather equiaxed when viewed perpendicular to the build
direction as seen in Figure 2(a). Therefore, the grains
were elongated only along the build direction. The
length of the columnar grains was observed to extend up
to the order of millimeters as shown in Figure 2(b). This
is common for EBM-built Alloy 718 as reported in
Reference 21. It is worth mentioning that some stray
grains were also observed in the hatch region
(Figure 2(f)), which are likely caused by grain nucleation
ahead of the solidification front as suggested by Helmer
et al.[34]

2. Phase constitution
Both the hatch and contour regions exhibited similar

types of phases. The presence of network-like features
and globular particles inside the c matrix was discerned
from SEM micrographs given in Figures 3(a) and (b).
EDS analysis given in Figure 3(c) shows that the
globular particles were rich in Nb and carbon, and
depleted of Ni, indicating that the precipitates are NbC
carbide. Such primary carbides precipitate during solid-
ification and preferentially form in the interdendritic
regions rich in Nb as elaborated by Knorovsky et al.[11]

who also proposed a solidification diagram of Alloy 718.
In this context it is worth mentioning that Laves phase
forms towards the end of solidification and no Laves
phase was observed in the as-built samples as they were
extracted from the middle of a tall 100-mm rod. In such
an EBM Alloy 718 build, prior work by Kirka et al.[15]

has shown Laves phase to be only present in the top few
100 microns, for explained reasons. It is known and was
previously reported by Goel et al.,[24] through detailed
electron microscopic investigation, that NbC can nucle-
ate on TiN particles. Hence, the Ti-peak in the EDS
spectrum (Figure 3(c)) may be a result of such a carbide.
Ti atoms can also substitute for Nb during formation of
carbide as reported for cast Alloy 718.[13] However, due
to the observed dark core and predominance of Nb
inside the carbides, these are referred to as NbC.
Sundararaman and Mukhopadhyay[35] have reported
that the primary carbide phase does not have any
particular crystallographic relationship to the c matrix.
Comparing SEM micrographs of the contour and hatch
regions, given in Figures 3(a) and (b), respectively,
shows that the former exhibited finer carbides. This
observation is further supported by the quantitative
analysis of the carbides provided in the next section. The
size, shape and amount of carbides depend on the local

chemistry and solidification conditions. In case of cast
Alloy 718, both Carlson and Radavich[13] and Mitch-
ell[16] have experimentally observed that an increase in
cooling rate (liquid to solid) leads to a decrease in the
carbide size. Therefore, the size of carbides could reflect
differences in cooling rate in the hatch and contour
regions. In this context, it is worth mentioning that by
choice of higher cooling rate in the contour region
(during simulation) compared to the hatch, Akram
et al.[36] found a better fit between their results from
detailed grain simulation analysis and experimental
observation. Therefore, the cooling rate in the contour
region might have been higher than in the hatch, which
could have resulted in the formation of finer carbides in
the former.
Higher magnification SEM analysis of both hatch and

contour regions revealed that the intragranular net-
work-like features were composed of arrays of needle-
like d phase particles, which were stacked parallel to
each other as shown in Figure 4. Some dispersed
intragranular d phase particles were also observed.
However, the d phase particles at intergranular areas
were found to be present in isolated form. Although the
reason for the observed differences in the arrangement
of inter- and intragranular d phase is still elusive,
isolated grain boundary particles and clustered arrange-
ment of intragranular d phase have also been previously
observed in an Alloy 718 bar by Vanderesse et al.[37]

Intragranular precipitation of d phase is expected to
have occurred at the interdendritic areas because of the
generally observed tendency to interdendritic segrega-
tion of Nb in Alloy 718. Kirka et al.[15] have reported
interdendritic precipitation of d phase in EBM Alloy 718
and attributed it to segregation of Nb in the interden-
dritic region left after the dissolution of Laves phase.
Moreover, with prolonged exposure to high temperature
(< ~ 900 �C), Sundararaman et al.[38] observed intra-
granular d phase precipitation to be facilitated by the
stacking faults within c’’ phase. On the other hand, at
higher temperatures (~900 �C to 1000 �C), the d phase
may precipitate directly from the matrix as reported by
Sundararaman et al.[39] In the hatch region of EBM-
built Alloy 718, previous studies have reported various
kinds of d phase precipitations. In one study by Deng
et al.,[21] d phase was found to be preferentially
precipitated at the high-angle grain boundaries. How-
ever, spurious precipitation of d phase across the
columnar grains in the hatch region has been reported
by Kirka et al.,[15] and Unocic et al.[40] observed the
presence of only intragranular d phases, which were
coarser close to the top and finer near the bottom of a
97-mm-tall rod build upright. Nandwana et al.[22]

reported that in EBM-built Alloy 718 produced at
lower powder bed temperature (~ 915 �C) both intra-
granular and intergranular d phase particles were
present; however, the build manufactured at higher
temperature (~ 990 �C) contained only intergranular d
phase. Karimi et al.[41] observed a higher content and
longer length of d phase needles in specimens built at a
height of 45 mm from the build plate compared to those
built on or close (2 mm) to the build plate. On the other
hand, when specimens were built on top of each other
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and separated by support structures, Goel et al.[42]

found decreased d phase precipitation with increasing
height of the specimens from the build plate. To
summarize the above, variation in d phase precipitation
can be attributed to the thermal history of the specific
build designs. For instance, specimen size,[40] build
design or height of the sample from the build plate,[41,42]

type of cooling after manufacturing,[43] powder bed
preheat temperature,[22] etc., can all be influencing
factors. A more elaborate explanation was given by
Balachandramurthi et al.[44]

It is pertinent to mention that the d phase particles in
both the hatch and contour regions exhibited similar
wide variation in size, and no evident difference in the
two regions was observed. This can be understood as
follows. The d phase forms during solid-state phase
transformation after solidification of the molten pow-
der. Although the solidification conditions of the con-
tour and hatch regions were different, as evident from
the different grain structure and carbide sizes in the two
regions, after consolidation, the hatch and contour
region of the specimen might have been exposed to

Fig. 3—SEM micrographs showing (a) finer carbide particles in the contour and (b) coarser carbides in the hatch regions in the as-built
condition. (c) EDS analysis of a carbide particle and the matrix in the as-built material. The arrow on the left side indicates the build direction.

Fig. 4—SEM micrographs of as-built material showing d phase present as isolated and stacked particles at the intergranular and intragranular
regions, respectively, in both (a) contour and (b) hatch regions. The arrow on the left side indicates the build direction.
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reasonably similar thermal history inside the heated
powder-bed. This similarity in solid-state temperature
history of the contour and hatch regions is also reflected
in the hardness of the specimens, since Alloy 718 is
primarily hardened by the c¢¢ and c¢ phases, which are
formed during solid-state transformation as previously
investigated by Slama et al.[45] The distribution of c¢¢ and
c¢ in the c matrix and the hardness of the hatch and
contour regions of the as-built material are discussed
later along with the results from the post-treated
material to enable easier comparison.

B. Effect of Post-treatments

1. Defects
In the as-built material, the overall defect content in

the contour and hatch regions was observed to be 0.50 ±
0.3 pct and 0.42 ± 0.2 pct, respectively (Figure 5(a)).
Although the total defect content was similar, the
contour seemingly exhibited clustered defects compared
to the hatch as shown in Figures 5(b) and (c), respec-
tively. Such clustered arrangement of defects has been
previously observed by Karimi et al.[46] in thin walls of
EBM Alloy 718 formed by 1 to 50 layers. Both the
post-treatments resulted in a decrease in defect content
by an order of magnitude in both the hatch and contour
regions as shown in Figure 5(a) and visualized in
Figures 5(d) through (g).

2. Grain structure
After HIP treatment, abnormal grain growth in both

the hatch and contour regions was observed when
viewed in transverse direction and along the build
direction (Figures 6(a) and (c), respectively). However,
for the specimen subjected to HIP + HT, the observed
abnormal grain growth was mainly restricted to the
contour and contour-hatch transition regions, with the
hatch region being largely unaffected as evident from the
comparison of Figures 6(b) and (d) with 2(a) and (b).
The grain growth is likely caused by the HIP step, which
was carried out at 1185 �C. It is also worth mentioning
that the strong texture in the hatch region was also
largely unaffected by the HIP + HT as shown in
Figure 6(f). The observed distinct grain growth behavior
after the two HIP treatments could be due to the use of
different temperatures (1185 �C and 1200 �C). This
finding is in agreement with a previously reported work
by Chang et al.[47] on HIP’ed cast Alloy 718. Though the
hatch region exhibited different responses after HIP and
HIP + HT, the contour (and surrounding) region,
which showed grain growth after both the post-treat-
ments, invariably contained annealing twins. Moreover,
fewer (grown) grains with different orientations, com-
pared to the as-built specimen (refer Figure 2(e)), were
observed in the contour region as seen from the EBSD
orientation map for the HIP + HT specimen shown in
Figure 6(e). The abnormal grain growth in the contour
region after HIP and HIP + HT is linked to the low
density of precipitates, which, if present, can pin the
grain boundaries and inhibit their movement. The

observed heterogeneous distribution of grain boundary
pinning d phase could have contributed to the observed
abnormal grain growth. In addition, the carbide phase
was also heterogeneously present and might have also
contributed to the above.[48]

The contour region was observed to be more prone to
grain growth compared to the hatch region, as noted
above for the rod specimens. Therefore, the contour

Fig. 5—(a) Defect content in all the rod specimens, where contour
and hatch are represented by ‘C’ and ‘H’, respectively. Also shown
are OM micrographs visualizing defects in the contour and hatch
regions of the (b), (c) as-built, (f), (g) HIP and (h), (i) HIP + HT
specimen, respectively. (d), (e) Illustrative SEM micrographs (at
higher magnification) clearly showing various morphologies of
defects present in the as-built condition. The arrow indicates the
build direction.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 6—SEM micrographs of rod specimens showing the grain structure of contour, contour-hatch transition and hatch regions, in transverse
direction and along the build direction for the (a), (c) HIP and (b), (d) HIP + HT specimen, respectively. EBSD orientation maps in inverse
pole figure (IPF) coloring for the HIP + HT specimen showing (e) extensive grain growth in the contour and contour-hatch transition regions
and (f) no significant grain growth in the hatch. The maps are colored with respect to the build direction (indicated by the arrow), and the
corresponding color code is provided. For corresponding SEM and EBSD images of the as-built specimen, see Fig. 2 (Color figure online).
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reasonably similar thermal history inside the heated
powder-bed. This similarity in solid-state temperature
history of the contour and hatch regions is also reflected
in the hardness of the specimens, since Alloy 718 is
primarily hardened by the c¢¢ and c¢ phases, which are
formed during solid-state transformation as previously
investigated by Slama et al.[45] The distribution of c¢¢ and
c¢ in the c matrix and the hardness of the hatch and
contour regions of the as-built material are discussed
later along with the results from the post-treated
material to enable easier comparison.

B. Effect of Post-treatments

1. Defects
In the as-built material, the overall defect content in

the contour and hatch regions was observed to be 0.50 ±
0.3 pct and 0.42 ± 0.2 pct, respectively (Figure 5(a)).
Although the total defect content was similar, the
contour seemingly exhibited clustered defects compared
to the hatch as shown in Figures 5(b) and (c), respec-
tively. Such clustered arrangement of defects has been
previously observed by Karimi et al.[46] in thin walls of
EBM Alloy 718 formed by 1 to 50 layers. Both the
post-treatments resulted in a decrease in defect content
by an order of magnitude in both the hatch and contour
regions as shown in Figure 5(a) and visualized in
Figures 5(d) through (g).

2. Grain structure
After HIP treatment, abnormal grain growth in both

the hatch and contour regions was observed when
viewed in transverse direction and along the build
direction (Figures 6(a) and (c), respectively). However,
for the specimen subjected to HIP + HT, the observed
abnormal grain growth was mainly restricted to the
contour and contour-hatch transition regions, with the
hatch region being largely unaffected as evident from the
comparison of Figures 6(b) and (d) with 2(a) and (b).
The grain growth is likely caused by the HIP step, which
was carried out at 1185 �C. It is also worth mentioning
that the strong texture in the hatch region was also
largely unaffected by the HIP + HT as shown in
Figure 6(f). The observed distinct grain growth behavior
after the two HIP treatments could be due to the use of
different temperatures (1185 �C and 1200 �C). This
finding is in agreement with a previously reported work
by Chang et al.[47] on HIP’ed cast Alloy 718. Though the
hatch region exhibited different responses after HIP and
HIP + HT, the contour (and surrounding) region,
which showed grain growth after both the post-treat-
ments, invariably contained annealing twins. Moreover,
fewer (grown) grains with different orientations, com-
pared to the as-built specimen (refer Figure 2(e)), were
observed in the contour region as seen from the EBSD
orientation map for the HIP + HT specimen shown in
Figure 6(e). The abnormal grain growth in the contour
region after HIP and HIP + HT is linked to the low
density of precipitates, which, if present, can pin the
grain boundaries and inhibit their movement. The

observed heterogeneous distribution of grain boundary
pinning d phase could have contributed to the observed
abnormal grain growth. In addition, the carbide phase
was also heterogeneously present and might have also
contributed to the above.[48]

The contour region was observed to be more prone to
grain growth compared to the hatch region, as noted
above for the rod specimens. Therefore, the contour

Fig. 5—(a) Defect content in all the rod specimens, where contour
and hatch are represented by ‘C’ and ‘H’, respectively. Also shown
are OM micrographs visualizing defects in the contour and hatch
regions of the (b), (c) as-built, (f), (g) HIP and (h), (i) HIP + HT
specimen, respectively. (d), (e) Illustrative SEM micrographs (at
higher magnification) clearly showing various morphologies of
defects present in the as-built condition. The arrow indicates the
build direction.
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Fig. 6—SEM micrographs of rod specimens showing the grain structure of contour, contour-hatch transition and hatch regions, in transverse
direction and along the build direction for the (a), (c) HIP and (b), (d) HIP + HT specimen, respectively. EBSD orientation maps in inverse
pole figure (IPF) coloring for the HIP + HT specimen showing (e) extensive grain growth in the contour and contour-hatch transition regions
and (f) no significant grain growth in the hatch. The maps are colored with respect to the build direction (indicated by the arrow), and the
corresponding color code is provided. For corresponding SEM and EBSD images of the as-built specimen, see Fig. 2 (Color figure online).
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region was further examined in another EBM Alloy 718
build comprising flat specimens. After post-treatments
(HIP and HIP + HT) these specimens also exhibited
significant grain growth in the contour region as shown
in Figure 7. Similar to the rod specimens, annealing
twins can be seen in the contour region of the flat
specimen after the post-treatments. The EBSD data of
the flat specimens in as-built, HIP and HIP + HT
conditions were further processed to obtain the KAM,
GAM and GOS maps. Figure 7 collates the information
on misorientation developments in the as-built, HIP and
HIP + HT samples. The scans, especially in terms of
the inverse pole figure or IPF map (Figure 7(a)), showed
a mostly columnar structure in the as-built specimen.
HIP or HIP + HT clearly did not alter the grain
morphology in the hatch region significantly. In other
words, post-treatment of the as-built microstructures
did not appear to involve extensive plastic deformation
(in the HIP process) and post-deformation (in the
HIP + HT) recrystallization and grain coarsening (ex-
cept in the contour region). Notably the contour region
showed grain coarsening, a phenomenon also previously
reported during HIP of EBM-built Alloy 718 by
Balachandramurthi et al.[30]

The local misorientation or the KAM distribution
(Figure 7(b)) in the as-built specimen was largely
restricted to the grain boundaries. This is not unex-
pected in a solidification structure, an effect of impinge-
ment of the solidifying grains as explained by Verlinden
et al.[49] GAM in the as-built specimen was more in the
contour region (Figure 7(c)), while GOS (Figure 7(d))
was higher at the center hatch region. GAM represents
point-to-point misorientation of a grain, and the aver-
age GAM value for a grain thus indicates developments
in lattice curvatures (a measure of the overall plastic
deformation) in that grain. GOS, on the other hand,
indicates point-to-origin or long-range misorientation.
Therefore, the GOS is expected to indicate any
growth-related lattice curvatures, as generated by the
heat flux during solidification. The HIP did spread the
KAM distribution from the near grain boundaries to
grain interior, while HIP + HT reduced it. The patterns
of change in the average numerical values of KAM,
GAM and GOS are shown in Figure 7(e). Numerically
lower misorientations of the as-built specimen were
enhanced by HIP, while HIP + HT brought it back to
the original value (clearly through thermal recovery).
Figure 7 thus provides a composite picture of misorien-
tation developments in the as-built specimen, but more
importantly the misorientations after HIP and
HIP + HT.

A closer look to determine the causes of grain growth
during post-treatment, and to shed light on the reason
for the varied response of the hatch and contour regions
of the rod specimens, revealed the following influencing
factors: (1) size of grains, (2) orientations of grains, (3)
curvature of the grain boundary and (4) Ostwald
ripening of carbides. In the as-built material, the
contour region had fine columnar and equiaxed grains,
with random orientations compared to the relatively
strongly textured columnar grains in the hatch region
with only few stray grains as previously shown in

Figure 2. Moreover, the grain boundaries in the contour
region were curved in more than one plane compared to
the hatch region, where the columnar grain boundaries
appeared to be curved mainly in the transverse direction.
The observed sensitivity for grain growth in the contour
region can be attributed to the higher grain boundary
curvature. The additional contribution of Ostwald
ripening of carbides is described below. It is also worth
mentioning that for the HIPed (1200 �C) flat specimen,
no evident grain growth was observed in the hatch
region. In EBM Alloy 718, Kirka et al.[12] also observed
no grain growth after HIP (1200 �C) in the hatch region,
with columnar grain structure, and attributed this to the
Zener pinning by carbides present at the grain bound-
aries. In contrast, in the hatch region with an equiaxed
grain structure, they observed grain growth after HIP,
which was rationalized by the lack of carbides and
precipitates along the grain boundaries. Nandwana
et al.[22] also reported differences in the extent of grain
growth during HIP (1200 �C) of two different columnar
microstructures depending on the number of grain
boundary carbides in the microstructure. Thus, it is
evident that the stability of the grains in the hatch region
depends on the starting microstructure. Therefore,
further investigation is required to determine the reason
for the observed differences in response to HIP for the
two EBM builds investigated in the present study; see
Figures 6 and 7.

3. Phase constitution
The carbide particles were retained in the hatch and

contour regions of the HIP and HIP + HT rod
specimens, as shown in Figure 8. As stated earlier, the
contour region contained smaller carbides compared to
the hatch region; however, after post-treatment, both
the regions appear more comparable in terms of carbide
size, which was seen from the results of the quantitative
carbide assessment given in Figure 9(a). After
post-treatment, the relative increase in larger carbides
(> 1 lm in diameter) was much larger in the contour
region compared to the hatch. The total NbC content in
the two regions was found to be unaffected after
post-treatment, as shown in Figure 9(b). The results
are indicative of Ostwald ripening of carbides after
post-treatment in the contour region, which could have
contributed to the observed grain growth. It is impor-
tant to mention that Seede et al.[50] found Ostwald
ripening of carbides to be associated with grain growth
during thermal treatments of LPBF Alloy 718. The
grain growth after HIPing at 1160 �C was attributed to
the combined effect of Ostwald ripening of carbides and
lack of prior particle boundaries. Sames[51] reported the
growth of large carbides in the hatch region of
EBM-built Alloy 718 after heat treatment at 1200 �C.
In cast material, Poole et al.[52] observed an increase in
the coarsening of carbides with an increase in temper-
ature for heat treatment in the range of 1150 �C to
1191 �C.
The hatch and contour regions of the as-built material

contained d and c¢¢/c¢ phases as shown in Figures 10(a)
to (c), respectively, with no significant difference in their
distribution in the two regions noted. Although HIPing
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Fig. 7—EBSD scans were taken across the entire width of the 5-mm-thick flat specimen in all three conditions: as-built, HIP and HIP + HT.
These are shown as maps of the (a) inverse pole figure (IPF), (b) kernel average misorientation (KAM), (c) grain average misorientation (GAM)
and (d) grain orientation spread (GOS). (e) Average KAM, GAM and GOS are also plotted for the respective specimens. The arrow indicates
the build direction.

METALLURGICAL AND MATERIALS TRANSACTIONS A



region was further examined in another EBM Alloy 718
build comprising flat specimens. After post-treatments
(HIP and HIP + HT) these specimens also exhibited
significant grain growth in the contour region as shown
in Figure 7. Similar to the rod specimens, annealing
twins can be seen in the contour region of the flat
specimen after the post-treatments. The EBSD data of
the flat specimens in as-built, HIP and HIP + HT
conditions were further processed to obtain the KAM,
GAM and GOS maps. Figure 7 collates the information
on misorientation developments in the as-built, HIP and
HIP + HT samples. The scans, especially in terms of
the inverse pole figure or IPF map (Figure 7(a)), showed
a mostly columnar structure in the as-built specimen.
HIP or HIP + HT clearly did not alter the grain
morphology in the hatch region significantly. In other
words, post-treatment of the as-built microstructures
did not appear to involve extensive plastic deformation
(in the HIP process) and post-deformation (in the
HIP + HT) recrystallization and grain coarsening (ex-
cept in the contour region). Notably the contour region
showed grain coarsening, a phenomenon also previously
reported during HIP of EBM-built Alloy 718 by
Balachandramurthi et al.[30]

The local misorientation or the KAM distribution
(Figure 7(b)) in the as-built specimen was largely
restricted to the grain boundaries. This is not unex-
pected in a solidification structure, an effect of impinge-
ment of the solidifying grains as explained by Verlinden
et al.[49] GAM in the as-built specimen was more in the
contour region (Figure 7(c)), while GOS (Figure 7(d))
was higher at the center hatch region. GAM represents
point-to-point misorientation of a grain, and the aver-
age GAM value for a grain thus indicates developments
in lattice curvatures (a measure of the overall plastic
deformation) in that grain. GOS, on the other hand,
indicates point-to-origin or long-range misorientation.
Therefore, the GOS is expected to indicate any
growth-related lattice curvatures, as generated by the
heat flux during solidification. The HIP did spread the
KAM distribution from the near grain boundaries to
grain interior, while HIP + HT reduced it. The patterns
of change in the average numerical values of KAM,
GAM and GOS are shown in Figure 7(e). Numerically
lower misorientations of the as-built specimen were
enhanced by HIP, while HIP + HT brought it back to
the original value (clearly through thermal recovery).
Figure 7 thus provides a composite picture of misorien-
tation developments in the as-built specimen, but more
importantly the misorientations after HIP and
HIP + HT.

A closer look to determine the causes of grain growth
during post-treatment, and to shed light on the reason
for the varied response of the hatch and contour regions
of the rod specimens, revealed the following influencing
factors: (1) size of grains, (2) orientations of grains, (3)
curvature of the grain boundary and (4) Ostwald
ripening of carbides. In the as-built material, the
contour region had fine columnar and equiaxed grains,
with random orientations compared to the relatively
strongly textured columnar grains in the hatch region
with only few stray grains as previously shown in

Figure 2. Moreover, the grain boundaries in the contour
region were curved in more than one plane compared to
the hatch region, where the columnar grain boundaries
appeared to be curved mainly in the transverse direction.
The observed sensitivity for grain growth in the contour
region can be attributed to the higher grain boundary
curvature. The additional contribution of Ostwald
ripening of carbides is described below. It is also worth
mentioning that for the HIPed (1200 �C) flat specimen,
no evident grain growth was observed in the hatch
region. In EBM Alloy 718, Kirka et al.[12] also observed
no grain growth after HIP (1200 �C) in the hatch region,
with columnar grain structure, and attributed this to the
Zener pinning by carbides present at the grain bound-
aries. In contrast, in the hatch region with an equiaxed
grain structure, they observed grain growth after HIP,
which was rationalized by the lack of carbides and
precipitates along the grain boundaries. Nandwana
et al.[22] also reported differences in the extent of grain
growth during HIP (1200 �C) of two different columnar
microstructures depending on the number of grain
boundary carbides in the microstructure. Thus, it is
evident that the stability of the grains in the hatch region
depends on the starting microstructure. Therefore,
further investigation is required to determine the reason
for the observed differences in response to HIP for the
two EBM builds investigated in the present study; see
Figures 6 and 7.

3. Phase constitution
The carbide particles were retained in the hatch and

contour regions of the HIP and HIP + HT rod
specimens, as shown in Figure 8. As stated earlier, the
contour region contained smaller carbides compared to
the hatch region; however, after post-treatment, both
the regions appear more comparable in terms of carbide
size, which was seen from the results of the quantitative
carbide assessment given in Figure 9(a). After
post-treatment, the relative increase in larger carbides
(> 1 lm in diameter) was much larger in the contour
region compared to the hatch. The total NbC content in
the two regions was found to be unaffected after
post-treatment, as shown in Figure 9(b). The results
are indicative of Ostwald ripening of carbides after
post-treatment in the contour region, which could have
contributed to the observed grain growth. It is impor-
tant to mention that Seede et al.[50] found Ostwald
ripening of carbides to be associated with grain growth
during thermal treatments of LPBF Alloy 718. The
grain growth after HIPing at 1160 �C was attributed to
the combined effect of Ostwald ripening of carbides and
lack of prior particle boundaries. Sames[51] reported the
growth of large carbides in the hatch region of
EBM-built Alloy 718 after heat treatment at 1200 �C.
In cast material, Poole et al.[52] observed an increase in
the coarsening of carbides with an increase in temper-
ature for heat treatment in the range of 1150 �C to
1191 �C.
The hatch and contour regions of the as-built material

contained d and c¢¢/c¢ phases as shown in Figures 10(a)
to (c), respectively, with no significant difference in their
distribution in the two regions noted. Although HIPing
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Fig. 7—EBSD scans were taken across the entire width of the 5-mm-thick flat specimen in all three conditions: as-built, HIP and HIP + HT.
These are shown as maps of the (a) inverse pole figure (IPF), (b) kernel average misorientation (KAM), (c) grain average misorientation (GAM)
and (d) grain orientation spread (GOS). (e) Average KAM, GAM and GOS are also plotted for the respective specimens. The arrow indicates
the build direction.
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resulted in complete dissolution of these phases
(Figure 10(d)) because of their lower solvus temperature
(d: ~ 1000 �C, c¢¢/c¢: 900 �C/850 �C[53]) than the process
temperature, after HIP + HT the c¢¢/c¢ precipitates
were re-precipitated (Figure 10(e)) in both the hatch
and contour regions because of the aging step involved
in the post-treatment cycle. These microstructural dif-
ferences were also reflected in the hardness results as
described below.

4. Microhardness
The contour and hatch regions exhibited similar

microhardness values in transverse and build direction
as shown in Figure 11(a). The hardness of age-harden-
ing Alloy 718 is mainly influenced by the amount and
size of the strengthening precipitates that hinder dislo-
cation motion. Noting the above, Fisk et al.[54] also
reported a rise in hardness with increase in the size of
strengthening precipitates, measured through small-an-
gle X-ray scattering, during early stages of precipitation.
The observed similarity in hardness (and microstructure
shown in Figures 10(a) and (b)) in the contour and
hatch regions and the small standard deviation in the
values suggest that the distribution, volume fraction and
size of the main strengthening phases c¢¢/c¢ are similar in
the two regions. During EBM production, the process
temperature (~ 1000 �C) is above the solutionizing
temperature of c¢¢ (900 �C)/c¢ (850 �C); therefore, c¢¢/c¢
are expected to precipitate during cooling. From the
similar hardness, it can be inferred that the contour and
hatch regions of the EBM specimen might have been
cooled with similar cooling rates (solid-to-solid) during
the precipitation temperature range for c¢¢/c¢ as per the
time-temperature-transformation diagram of Alloy 718
experimentally developed by Brooks and Bridges.[55]

After HIP, the hardness dropped to nearly half of the
as-built material in both the hatch and contour regions
as given in Figure 11(a). This was followed by a
regaining of hardness by HIP + HT treatment because
of the two-step aging involved. The hardness values
after HIP + HT exceed the AMS specification values
for precipitation-hardened wrought (346 kgf/mm2, AMS
5662) and cast (326 to 427 kgf/mm2, AMS 5383) Alloy
718.[56,57] The microhardness similarity in the contour
and hatch regions of the as-built specimen, decrease
after HIP and ‘recovery’ after HIP + HT were also
observed in flat specimens as given in Figure 11(b). This
indicates that the hardness was not significantly influ-
enced by the grain size in the present case because after
HIP or HIP + HT the grains in the contour region were
coarser compared to the hatch. In this context it is worth
mentioning that Popovich et al.[58] found the hardness of
heat-treated LPBF-manufactured Alloy 718 to vary with
grain size.

IV. CONCLUSION

The present study involved a detailed investigation of
the microstructure of the hatch and contour regions of
EBM-built Alloy 718 in as-built and post-treated
conditions comprising HIP and HIP + HT. Both
post-treatments resulted in significant densification of
the two regions. This was accompanied by grain growth
largely in and around the contour region. The grain
growth was attributed to the distinct grain size, grain
orientations, curvature of grain boundaries and Ostwald
ripening of carbides in the contour region compared to
the hatch. In the as-built condition, overall the contour
region exhibited heterogeneous grain morphologies with
no preferred texture, whereas the hatch comprised
strongly textured columnar grains. The contour region

Fig. 8—SEM micrographs of contour and hatch regions in (a), (b)
HIP and (c), (d) HIP + HT specimens, respectively. The arrow
indicates the build direction.

Fig. 9—(a) Pie charts showing the relative number of smaller (< 1
lm) and larger carbides (> 1 lm) in the contour and hatch regions
of as-built, HIP and HIP + HT specimens. (b) Quantification of
NbC content in the two regions for as-built, HIP and HIP + HT
specimens.
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also exhibited greater density of fine carbide particles
compared to the hatch. However, after post-treatment
(HIP/HIP + HT), the carbide size distribution was
found to be relatively similar in the two regions.
Post-treatment also resulted in complete dissolution of
the d phase. The d phase initially present in the as-built
material (in both hatch and contour) was found to
exhibit two different arrangements. The intragranular d
phase showed a stacked appearance, whereas the

intergranular precipitates were present as isolated par-
ticles. Lastly, for both as-built and post-treated speci-
mens, qualitatively no discernible difference in the c¢¢/c¢
phase content of the hatch and contour regions was
found, which was also reflected in the similar hardness
of the two regions. While the c¢¢/c¢ content in the
HIP + HT specimen was higher than that in the
as-built sample, these precipitates were not found in
the HIPed material.
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Fig. 10—Higher resolution SEM micrographs showing precipitates (d, c¢¢/c¢) in the (a) hatch and (b) contour regions of an as-built specimen.
SEM micrographs revealing precipitates present in the hatch region of the (c) as-built and (e) HIP + HT specimen, but absent in the (d) HIP
sample. The arrow on the right side indicates the build direction.

Fig. 11—Microhardness results for all the investigated (a) rod
specimens tested in build direction (BD) and transverse direction
(TD) and for (b) flat specimens tested along the BD. The
abbreviations ‘C’ and ‘H’ denote contour and hatch, respectively.
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resulted in complete dissolution of these phases
(Figure 10(d)) because of their lower solvus temperature
(d: ~ 1000 �C, c¢¢/c¢: 900 �C/850 �C[53]) than the process
temperature, after HIP + HT the c¢¢/c¢ precipitates
were re-precipitated (Figure 10(e)) in both the hatch
and contour regions because of the aging step involved
in the post-treatment cycle. These microstructural dif-
ferences were also reflected in the hardness results as
described below.

4. Microhardness
The contour and hatch regions exhibited similar

microhardness values in transverse and build direction
as shown in Figure 11(a). The hardness of age-harden-
ing Alloy 718 is mainly influenced by the amount and
size of the strengthening precipitates that hinder dislo-
cation motion. Noting the above, Fisk et al.[54] also
reported a rise in hardness with increase in the size of
strengthening precipitates, measured through small-an-
gle X-ray scattering, during early stages of precipitation.
The observed similarity in hardness (and microstructure
shown in Figures 10(a) and (b)) in the contour and
hatch regions and the small standard deviation in the
values suggest that the distribution, volume fraction and
size of the main strengthening phases c¢¢/c¢ are similar in
the two regions. During EBM production, the process
temperature (~ 1000 �C) is above the solutionizing
temperature of c¢¢ (900 �C)/c¢ (850 �C); therefore, c¢¢/c¢
are expected to precipitate during cooling. From the
similar hardness, it can be inferred that the contour and
hatch regions of the EBM specimen might have been
cooled with similar cooling rates (solid-to-solid) during
the precipitation temperature range for c¢¢/c¢ as per the
time-temperature-transformation diagram of Alloy 718
experimentally developed by Brooks and Bridges.[55]

After HIP, the hardness dropped to nearly half of the
as-built material in both the hatch and contour regions
as given in Figure 11(a). This was followed by a
regaining of hardness by HIP + HT treatment because
of the two-step aging involved. The hardness values
after HIP + HT exceed the AMS specification values
for precipitation-hardened wrought (346 kgf/mm2, AMS
5662) and cast (326 to 427 kgf/mm2, AMS 5383) Alloy
718.[56,57] The microhardness similarity in the contour
and hatch regions of the as-built specimen, decrease
after HIP and ‘recovery’ after HIP + HT were also
observed in flat specimens as given in Figure 11(b). This
indicates that the hardness was not significantly influ-
enced by the grain size in the present case because after
HIP or HIP + HT the grains in the contour region were
coarser compared to the hatch. In this context it is worth
mentioning that Popovich et al.[58] found the hardness of
heat-treated LPBF-manufactured Alloy 718 to vary with
grain size.

IV. CONCLUSION

The present study involved a detailed investigation of
the microstructure of the hatch and contour regions of
EBM-built Alloy 718 in as-built and post-treated
conditions comprising HIP and HIP + HT. Both
post-treatments resulted in significant densification of
the two regions. This was accompanied by grain growth
largely in and around the contour region. The grain
growth was attributed to the distinct grain size, grain
orientations, curvature of grain boundaries and Ostwald
ripening of carbides in the contour region compared to
the hatch. In the as-built condition, overall the contour
region exhibited heterogeneous grain morphologies with
no preferred texture, whereas the hatch comprised
strongly textured columnar grains. The contour region

Fig. 8—SEM micrographs of contour and hatch regions in (a), (b)
HIP and (c), (d) HIP + HT specimens, respectively. The arrow
indicates the build direction.

Fig. 9—(a) Pie charts showing the relative number of smaller (< 1
lm) and larger carbides (> 1 lm) in the contour and hatch regions
of as-built, HIP and HIP + HT specimens. (b) Quantification of
NbC content in the two regions for as-built, HIP and HIP + HT
specimens.
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also exhibited greater density of fine carbide particles
compared to the hatch. However, after post-treatment
(HIP/HIP + HT), the carbide size distribution was
found to be relatively similar in the two regions.
Post-treatment also resulted in complete dissolution of
the d phase. The d phase initially present in the as-built
material (in both hatch and contour) was found to
exhibit two different arrangements. The intragranular d
phase showed a stacked appearance, whereas the

intergranular precipitates were present as isolated par-
ticles. Lastly, for both as-built and post-treated speci-
mens, qualitatively no discernible difference in the c¢¢/c¢
phase content of the hatch and contour regions was
found, which was also reflected in the similar hardness
of the two regions. While the c¢¢/c¢ content in the
HIP + HT specimen was higher than that in the
as-built sample, these precipitates were not found in
the HIPed material.
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Fig. 10—Higher resolution SEM micrographs showing precipitates (d, c¢¢/c¢) in the (a) hatch and (b) contour regions of an as-built specimen.
SEM micrographs revealing precipitates present in the hatch region of the (c) as-built and (e) HIP + HT specimen, but absent in the (d) HIP
sample. The arrow on the right side indicates the build direction.

Fig. 11—Microhardness results for all the investigated (a) rod
specimens tested in build direction (BD) and transverse direction
(TD) and for (b) flat specimens tested along the BD. The
abbreviations ‘C’ and ‘H’ denote contour and hatch, respectively.
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Thermal post-treatment of Alloy 718 
produced by electron beam melting
Additive manufacturing (AM), commonly known as 3D printing, has rapidly advanced to 
be acknowledged as a disruptive technology which has revolutionized manufacturing. 
Electron beam melting (EBM) is an AM technique by which near net shape metallic parts 
of complex geometries can be produced via layer-by-layer fusion of selective regions of 
successive preplaced layers of powder using an electron beam. EBM production of Alloy 
718 components is promising for aerospace as well as other sectors which highly value 
rapid production of complex components with large scope for design flexibility. Howev-
er, challenges associated with detrimental inevitable defects, microstructural variabili-
ty, anisotropy etc. are of concern. Consequently, EBM-built Alloy 718 parts have to be 
subjected to thermal post-treatment to ensure that they eventually meet critical service 
requirements. 
The focus of this research was to investigate the response of EBM Alloy 718 subject-
ed to thermal post-treatments, which include hot isostatic pressing (HIPing) and heat 
treatment (HT); the latter involving solution treatment and aging. Subjecting EBM Alloy 
718 to HIPing led to more than an order of magnitude reduction in defect content, which 
further improved fatigue life of the material. While HIPing also increased homogenization 
of the material, the carbides and other inclusions were found to remain unaffected. Sys-
tematic investigation of microstructure evolution during each stage of post-treatment 
revealed promising prospects for significantly shortening the entire protocol. An addition-
al pathway for shortening post-treatment by integrated HIPing and HT in a single un-
interrupted cycle was also successfully implemented. The shortened protocols can help 
reduce capital investment, lead time and can improve overall resource utilization.
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