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Additiv tillverkning (eng. Additive Manufacturing, AM) involverar olika metoder 
där komponenter tillverkas lager för lager. Bland de befintliga AM-processerna 
för metall har metoden med pulverbäddsteknik, i vilket en energistråle smälter 
metallpulver lager-på-lager, möjliggjort tillverkning av geometrier som inte 
tidigare varit möjliga att tillverka med konventionella metoder. De två 
huvudpulverbäddsteknikerna är Electron Beam Powder Bed Fusion (EB-PBF), i 
vilket en elektronstråle smälter pulvret, och Laser Beam Powder Bed Fusion (LB-
PBF), i vilket en laserstråle smälter pulvret. Pulverbäddtekniken erbjuder flera 
fördelar; emellertid måste dessa processers lämplighet undersökas i detalj innan 
de kan ersätta konventionella processer. För att kunna tillverka högpresterande 
komponenter med denna teknik är det därför viktigt att förstå 
pulverbäddsprocessen – efterbehandling – mikrostruktur – egenskaper, samt 
sambanden mellan dessa. Detta arbete är avgränsat till att undersöka och förstå 
sambandet mellan utmattningsegenskaperna och mikrostrukturen hos legeringen 
Alloy 718 tillverkad med pulverbäddstekniken. Dessutom har även inverkan på 
egenskaperna av den grova byggytan hos pulverbäddtillverkat material 
undersökts.  

Den uppkomna <100> texturen i det byggda materialet leder till en anisotropisk 
elasticitetsmodul, som i sin tur resulterar i ett anisotropiskt utmattningsbeteende 
vid töjningsstyrda amplituder. Oxidinneslutningar och defekter så som icke smälta 
områden (eng. lack of fusion, LoF) samt porositet ifrån krympning, har en 
dramatiskt försämrande inverkan på utmattningslivslängden. Het isostatisk 
pressning (HIP) leder till att de flesta defekter sluts samman med förbättrad 
utmattningshållfasthet som resultat. Genom att ta bort den grova ytan hos byggt 
material förbättras utmattningslivslängden. Den grova ytan har många 
sprickinitieringspunkter och leder till en mindre spridning i data för 
utmattningslivslängden. Sprickpropageringen i pulverbäddstillverkad Alloy 718 
påverkas av kornstorlek och textur. 
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Abstract 
Title:  Towards understanding the fatigue behaviour of Alloy 718 

manufactured by Powder Bed Fusion processes 

Keywords:  Fatigue; Additive Manufacturing; Powder Bed Fusion; Superalloy; 
Microstructure; Surface Roughness  

ISBN:  978-91-88847-79-9 (Printed) 
978-91-88847-78-2 (Electronic) 

Additive Manufacturing (AM) is a disruptive modern manufacturing process in 
which parts are manufactured in a layer-wise fashion. Among the metal AM pro-
cesses, Powder Bed Fusion (PBF) technology — comprised of Electron Beam 
Powder Bed Fusion (EB-PBF) and Laser Beam Powder Bed Fusion (LB-PBF) — 
has opened up a design space that was formerly unavailable with conventional 
manufacturing processes. PBF processes offer several advantages; however, the 
suitability of these processes to replace the conventional processes must be inves-
tigated in detail. Therefore, understanding the AM process – post-processing – 
microstructure – property relationships is crucial for the manufacturing of high-
performance components. In this regard, only limited work has been done to-
wards understanding the fatigue behaviour of PBF Alloy 718. The aim of this 
work, therefore, is to understand how the fatigue behaviour of PBF Alloy 718 is 
affected by its microstructure. Besides, the influence of the rough as-built surface 
is also investigated.  

In general, the <100> fibre texture along the build direction that resulted from 
PBF processing of Alloy 718 led to anisotropy in Young’s modulus. Conse-
quently, the fatigue performance under controlled amplitudes of strain was aniso-
tropic such that the low-modulus direction had longer fatigue life and vice versa. 
This texture-induced elasticity-dependent anisotropic strain-life behaviour could 
be normalized by the pseudo-elastic stress vs fatigue life approach.  

Inclusions and defects had a detrimental effect on fatigue performance. Numer-
ous factors, such as their geometry, volume fraction, and distribution, determined 
the effect on fatigue behaviour. Hot Isostatic Pressing (HIP) eliminated most de-
fects and led to an improvement in fatigue performance. However, HIP did not 
alter the inclusions, which acted as crack initiation sites and reduced fatigue life. 
The rough as-built surface, which had numerous notch-like crack initiation sites, 
deteriorated fatigue performance; however, it lowered the scatter in fatigue life. 
Machining off the as-built surface improved fatigue life but increased the scatter.  
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1 Introduction 

Firstly, this chapter provides the necessary background information to situate the 
research topic of this thesis. It prepares the readers to appreciate the relevance of 
the chosen research problems to the manufacturing industry. Secondly, it sum-
marizes the identified research gap and the scope of this thesis, along with the 
limitations. Furthermore, it presents the research questions addressed within this 
thesis as well as the adopted research approach. Finally, it presents an outline of 
the thesis.  

 Background 

Additive Manufacturing (AM) has disrupted the manufacturing industry in such a 
way that it is considered to be the core of the fourth industrial revolution, Indus-
try 4.0 [1]. The AM industry has grown by $10.8 billion in the past decade and is 
expected to reach $47.7 billion by 2025 [1]. As the name suggests, AM is a man-
ufacturing method that is additive in nature, whereby components are built pro-
gressively by adding layers of material in a step-by-step fashion. In AM, a 
Computer-Aided Design (CAD) file corresponding to the part to be manufac-
tured, is first digitally sliced and then each slice is printed one upon the other using 
an AM machine. This method is different from conventional subtractive manufac-
turing in which components are manufactured by progressive material removal.  

Powder Bed Fusion (PBF) processes for metals, a sub-class of AM technology, 
have brought about a variety of changes in the manufacturing industry, e.g. new 
design possibilities and relatively easier manufacturing of parts with difficult-to-
process materials. In metal PBF, parts are built in a layer-upon-layer fashion — 
usually with pre-alloyed metal powder as a precursor — by selectively melting 
each layer of powder according to the required geometry, while ensuring fusion 
to the previously built layers. Depending on the heat source for melting, the pro-
cess is termed as Laser beam Powder Bed Fusion (LB-PBF) that utilizes a laser 
beam, or Electron beam Powder Bed Fusion (EB-PBF) that utilizes an electron 
beam [2]. 

AM processes are capable of manufacturing complex geometries in near-net-
shape. PBF processes have opened-up an entirely new design space, which previ-
ously has been unavailable with conventional manufacturing processes. Commer-
cial examples that have capitalized on this design space, in the aerospace and gas 
turbine industries, include fuel nozzles manufactured for CFM LEAP engines, 
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burners for SGT-800 turbine, parts for Advanced Turboprop (ATP) engine, parts 
for CT7-2E1 helicopter engine, and injection head of Ariane rocket engine to 
name a few [3–6]. The newly redesigned fuel nozzle for the LEAP engine by GE, 
while sporting an intricate system of cooling channels, is a single part in contrast 
to the older design that was fabricated by welding and brazing together 18 sepa-
rate parts [3]. The new burners for the Siemens SGT-800 are also made as a single 
part instead of a 13-part assembly. It is redesigned, with internal fuel and air pipes, 
to reduce the risk of damages. Besides, the burner front has an integrated lattice 
structure that can only be produced by PBF processes [4]. Both these parts are 
manufactured by the LB-PBF process and are 25 % lighter than the older designs. 
Similar — even more striking — examples of parts-integration and other AM en-
abled advantages, are found in the ATP engine that has 12 AM parts replacing 
855 conventionally manufactured parts [5], in the CT7-2E1 engine that has 16 
AM parts replacing more than 900 traditional parts [5] and the all-in-one injection 
head of the Ariane 6 propulsion system that replaces 248 conventional parts [6]. 
Such an extent of parts-integration not only makes these products lighter but also 
cost-efficient and, most importantly, dramatically affects the supply chain. Also, 
the use of AM in some of these cases has expedited product design and develop-
ment. At GE Aviation, EB-PBF has become the first choice process to manufac-
ture Low-Pressure Turbine (LPT) blades in titanium aluminide (TiAl), which is a 
relatively difficult-to-process material [7]. TiAl blades are used in the LPT of 
GEnx [8] and GE9X [9] engines and contribute to a 10 % reduction in fuel con-
sumption [10]. Numerous other products that exploit the AM enabled advantages 
exist beyond the aerospace and gas turbine applications such as in medicine, au-
tomotive, nuclear, tooling, etc.  

From an industrial standpoint, near-net-shaping, parts integration, and flexibility 
in design translate to lowering the manufacturing costs. So, appropriate use of 
metal AM processes, using different materials, has been explored by a variety of 
industries. At the current level of technical maturity, PBF processes suffer from 
considerably lower productivity compared to conventional processes. Therefore, 
these processes are better suited for industries with low-volume and high-value 
production environments. Though PBF processes offer numerous design and 
functional advantages, the suitability of these processes to replace conventional 
manufacturing processes must be studied in detail. For instance, the capability to 
produce components of consistent quality and reliability must be thoroughly in-
vestigated. Therefore, understanding the PBF process – post-treatment – micro-
structure – mechanical properties relationship is crucial to enable the 
manufacturing of high-performance components.  

INTRODUCTION  

5 
 

 Research gap 

Metal AM has gained significant traction in the academic research community 
concomitantly with its industrial adoption. The number of publications per year 
in metal AM has increased dramatically in the last decade, as shown in Figure 1. 
Alloy 718, being the workhorse superalloy, has been the most investigated super-
alloy using the different metal AM processes.  

 

Figure 1. Publication trend in metal AM (Source: Scopus).  

The microstructure of Alloy 718 manufactured by PBF processes is typically co-
lumnar, with <100> texture, along the build direction [11,12].  Such a textured 
microstructure gives rise to anisotropy in mechanical properties, such as Young’s 
modulus, yield strength and ductility [13,14]. It is, however, possible to manufac-
ture Alloy 718 parts with equiaxed microstructure by carefully tuning the PBF 
process parameters to control the melting strategies [15,16]. The mechanical 
properties associated with such an equiaxed microstructure are different from that 
of the columnar microstructure [14,16]. Therefore, adopting different melting 
strategies could enable site-specific microstructure control within a part, which 
remains to be investigated in detail to adopt such design strategies for manufac-
turing of components. 

Different melting strategies, however, give rise to different defect distribution pat-
terns within a manufactured part [17]. Hot Isostatic Pressing (HIP), which is rou-
tinely employed as a post-process step to eliminate porosity and other process-
induced defects in cast and powder metallurgy superalloy parts [18], is a crucial 
post-treatment step for PBF parts to eliminate porosity and lack of fusion defects. 
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post-processing steps such as HIP, SA, surface treatments etc., extensive research 
must be carried out to achieve the same extent of understanding and knowledge 
on the process–microstructure–property relationships as for cast or forged Al-
loy 718. For context, the number of research publications in fatigue of AM Al-
loy 718 compared to that of fatigue of Alloy 718 is shown in Figure 2. The 
knowledge gap in understanding the fatigue behaviour between conventionally 
manufactured Alloy 718 and AM Alloy 718 is significant. Besides, it is vital to 
determine the knockdown on fatigue properties due to the characteristic rough-
ness of the as-built surface of PBF parts and to explore ways of reducing this 
knockdown to improve the overall performance further. 

 Scope of research 

Alloy 718 is a superalloy that is widely used within the aerospace and gas turbine 
industries, usually, in the cast or wrought form. Apart from the static properties, 
the dynamic (fatigue) and time-dependent (creep) behaviours are crucial in such 
applications. Understanding how the fatigue behaviour of PBF Alloy 718 is af-
fected by the microstructure — amount and distribution of different phase con-
stituents and defects, texture — resulting from PBF processes and subsequent 
thermal post-treatments is the focus of this research. Furthermore, the effect of 
the as-built surface topography on the fatigue properties is investigated.    

 Research Questions 

The following research questions are formulated to address the identified research 
gaps and form the basis of the work presented in this thesis. 

RQ1. How does the microstructure of PBF Alloy 718, in as-built and/or 
post-treated condition, affect its fatigue behaviour? 

What is the influence of  

i. the different phase constituents?  
ii. the crystallographic texture?  
iii. the different defects? 

RQ2. How does the as-built surface roughness of PBF Alloy 718 affect its 
fatigue behaviour? 
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 Research Approach 

The research approach utilized to address the research questions was primarily 
experimental. First, specimens required for evaluating the fatigue behaviour were 
manufactured by both EB-PBF and LB-PBF processes using the process param-
eters recommended by the respective equipment manufacturers. Second, the 
specimens were subjected to a combination of thermal post-treatments and/or 
surface treatments. Third, suitable fatigue testing was carried out in as-built 
and/or post-treated conditions. Last, surface and material characterization along 
with fractography were performed to understand and map how the microstruc-
ture and the surface roughness affect the obtained properties. 

 Delimitations 

All the specimens manufactured by EB-PBF process were built using an Arcam 
A2X machine. Two different powders were utilized – plasma atomized (PA) pow-
der and gas atomized (GA) powder supplied by Arcam and Sandvik, respectively. 
Only one batch of each of the PA and GA powder has been utilized in the project.  

The specimens manufactured by LB-PBF process were built using an EOS M290 
machine and an SLM®280 machine. One batch of GA powder supplied by EOS 
was used in the EOS M290 machine, and one batch of GA powder supplied by 
Höganäs was used in the SLM®280 machine.   

The influence of different powders, manufactured by different processes and sup-
pliers that have been used in this project, has not been evaluated with regard to 
fatigue properties. All the tests have been performed on specimens that were ex-
tracted from individual cylindrical/prismatic bars or cuboidal blocks.  

 Thesis Outline 

This PhD thesis is an extension of the licentiate thesis Fatigue properties of Additively 
Manufactured Alloy 718 [26], which was presented in December 2018. Since then, 
new, and additional work has been undertaken, which are presented in this thesis. 
This PhD thesis is a compilation thesis consisting of Part I, the kappa, and 
Part II, the appended papers. As per the Swedish National Agency for Higher Edu-
cation, a kappa is an introductory text in which the different parts of a compilation 
thesis are integrated.  

Part I – Background & Theory, the kappa, consists of eight chapters. Following 
this introductory chapter are Chapters 2 and 3 that provide a background to Al-
loy 718 and PBF processing of the alloy. These chapters also include a general 
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background to Nickel-based superalloys and metal AM, respectively. Chapter 4 
provides a general background to fatigue, a review of fatigue properties of con-
ventionally manufactured Alloy 718, a summary of factors affecting fatigue be-
haviour of alloys manufactured by PBF processes and a summary of fatigue 
behaviour of PBF Alloy 718. Chapter 5 presents the details pertaining to speci-
men manufacturing and experimental methods that were utilized during the pre-
sent work. Chapter 6 presents a summary of the appended papers, which were 
published during this research. In Chapter 7, discussions are presented that situate 
the findings of the present work. Conclusions and outlook are presented in Chap-
ter 8.  

Part II – Appended Papers consists of six journal articles that have been pub-
lished in peer-reviewed international journals. The papers are not arranged in the 
chronological order of their publication, instead are arranged in a way to provide 
a logical sequence based on the content. Table 1 displays the connection between 
the different papers and the Research Questions of this thesis.  

Table 1 Research questions answered in the appended papers.  

 RQ 1 (i) RQ 1 (ii) RQ 1 (iii) RQ 2 
Paper A     
Paper B     
Paper C     
Paper D     
Paper E     
Paper F     
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2 Alloy 718 

This chapter gives a brief introduction to Alloy 718, which is the material investi-
gated during this PhD research. First, a general introduction to superalloys is pre-
sented. It is followed by a background on the microstructure of Alloy 718. Finally, 
some commonly performed heat treatments for Alloy 718 are presented.  

 Nickel-based superalloys 

Superalloys are a class of materials based on group VIIIA elements that were de-
veloped for high-temperature applications. Components intended for such appli-
cations encounter severe mechanical loading and require high corrosion resistance 
[27]. Superalloys are capable of operating at a homologous temperature, i.e., a 
ratio of the operating temperature to the melting temperature of an alloy, greater 
than 0.6 [28]. At such high temperatures, superalloys retain their properties such 
as yield strength, tensile strength, fracture toughness, fatigue strength, etc., with-
out degradation for extended times. Further, these alloys have high resistance to 
creep deformation and corrosion. Due to these reasons, superalloys are typically 
used in gas turbine engines; in fact, the development of superalloys has been con-
current with the development of gas turbine engines [27]. 

Superalloys are classified as nickel-based, cobalt-based, and iron-based superal-
loys. A remarkable feature of nickel, responsible for its success as a base material 
for superalloys, is its high tolerance for alloying while maintaining phase stability. 
Therefore, Nickel-based superalloys have complex chemistry with the addition of 
more than ten elements, with each alloying element having a specific role in gov-
erning the microstructure and, in turn, the properties.  

 Microstructure of Alloy 718 

Alloy 718 was introduced by Huntington Alloys Division of International Nickel 
Company in 1959 under the name Inconel 718 [29]. In the following years, it was 
quickly adopted by aerospace companies – first, for military engine components 
and later, for several components of space shuttle engines and commercial aircraft 
engines. The significant reasons for widespread adaptation were its high strength, 
its processability in the cast and wrought forms, its weldability and lower cost 
[29,30]. Later, the potential of Alloy 718 was also realized in the oil and gas indus-
try [31] due to its aqueous corrosion resistance. Since then, it has become one of 
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the widely used superalloys and is used as a generic alloy in nuclear and cryogenic 
applications [32].  

Alloy 718, like other superalloys, has complex chemistry; the chemical composi-
tion of aerospace-grade Alloy 718 is presented in Table 2. Typical phases found in 
the alloy are γ, γ’, γ”, δ, (Nb, Ti)C, TiN and Laves; other phases such as σ and 
M6C are not observed anymore due to better cleanliness of the alloy [33]. M23C6 

commonly found in other superalloys is not present in Alloy 718. α-Cr forms in 
small quantities only on long term exposure in the temperature range 593 °C to 
732 °C [33,34].  

Table 2. Chemical composition of Alloy 718 as per AMS 5662 [35] 

Element Min Max Element Min Max 
Ni 50.00 55.00 Mn - 0.35 
Cr 17.00 21.00 Si - 0.35 
Fe Remainder P - 0.015 
Nb 4.75 5.50 S - 0.015 
Ta - 0.05 Cu - 0.3 
Al 0.20 0.80 B - 0.006 
Ti 0.65 1.15 Pb - 5 ppm 
Mo 2.80 3.30 Bi - 0.3 ppm 
C - 0.08 Se - 3 ppm 
Co - 1.00 

2.2.1 γ matrix  

The continuous matrix in Alloy 718 is an austenitic phase with an FCC structure 
called Gamma. It is solid solution strengthened by alloying elements such as Cr, 
Fe, Co, and Mo. The partitioning behaviour of the alloying elements during so-
lidification, usually, results in a segregated microstructure with a dendritic struc-
ture. It has been shown that upon increasing the cooling rate during solidification, 
the dendritic structure transitions to a cellular structure and eventually to diffu-
sion-less transformation [36]. Diffusion-less transformation, occurring at very 
high cooling rates achieved by levitation casting, results in the formation of small 
spots from which cellular solidification starts.  

During the solidification process, besides the γ matrix, phases such as NbC and 
Laves phase form [33,36]. NbC forms between liquidus and solidus, while Laves 
phase forms during the terminal stages of solidification. Inclusions such as Al2O3, 
MgO, MgS and TiN could form in Alloy 718 depending on the processing con-
ditions. It has been shown that it is possible to achieve non-detectable levels of in-
clusions in wrought products by limiting Mg and N to below 5 ppm, and O and 
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S to below 2 ppm [37]. Other phases in Alloy 718 such as γ’, γ” and δ form due 
to solid-state transformation. 

2.2.2 γ" and γ’ phases 

The strengthening phases in Alloy 718 are γ” and γ’, which are precipitated in the 
matrix by artificial ageing treatment. γ” has a BCT crystal structure, with a general 
composition of Ni3Nb and a disc morphology. It is the primary strengthening 
phase in Alloy 718. γ’ has a primitive cubic crystal structure, with a motif such 
that it resembles an ordered FCC crystal structure. It has a general chemical com-
position of Ni3(Al, Ti) and is spherical in shape. It provides a lower strengthening 
effect compared to γ”. The precipitates confer strength by three main mecha-
nisms, namely – modulus hardening, coherency hardening and order hardening 
[27]. The lattice mismatch of γ” is 2.86 % while that of γ’ is only 0.407 % due to 
which γ” confers a higher coherency strain in the matrix. It has been shown that 
the coherency hardening contributes more to the strength of Alloy 718 [38,39]. 
γ” is a metastable phase and can transform to the stable δ phase, due to which the 
usage of Alloy 718 is limited to temperatures below 650 °C [40]. 

2.2.3 δ phase 

The δ phase is an equilibrium phase, which has an orthorhombic crystal structure 
and a general composition of Ni3Nb. It has a disc/plate morphology [41,42]. In 
general, δ phase forms by direct precipitation from the supersaturated matrix dur-
ing solution treatment at temperatures below δ solvus. As mentioned earlier, it 
can also form due to transformation of the metastable γ”. The δ phase particles 
are surrounded by a γ” denuded zone; γ’ phase is present at the γ”denuded zone 
[43]. 

In general, δ phase does not contribute to the strength to the same extent as the 
strengthening precipitates as it is incoherent with the matrix. It is often associated 
with the loss of ductility and lower strength [27,28,44]. Formation of δ phase re-
duces the volume fraction of γ” precipitates due to Nb consumption and there-
fore reduces the strength. When present in small quantities along the grain 
boundaries, it has beneficial effects; however, excessive amount, in intragranular 
form, is detrimental to the properties. The use of δ phase precipitation to pin the 
grain boundaries during forging is well known [33,41]. It also has a beneficial ef-
fect on creep strength and notch rupture strength [45–47].  

2.2.4 Laves phase 

Laves phase is a brittle, low melting phase that forms because of segregation. It is 
rich in Nb, Mo and Si relative to the matrix and is generally accepted to be of the 
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phase forms during the terminal stages of solidification. Inclusions such as Al2O3, 
MgO, MgS and TiN could form in Alloy 718 depending on the processing con-
ditions. It has been shown that it is possible to achieve non-detectable levels of in-
clusions in wrought products by limiting Mg and N to below 5 ppm, and O and 
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S to below 2 ppm [37]. Other phases in Alloy 718 such as γ’, γ” and δ form due 
to solid-state transformation. 

2.2.2 γ" and γ’ phases 

The strengthening phases in Alloy 718 are γ” and γ’, which are precipitated in the 
matrix by artificial ageing treatment. γ” has a BCT crystal structure, with a general 
composition of Ni3Nb and a disc morphology. It is the primary strengthening 
phase in Alloy 718. γ’ has a primitive cubic crystal structure, with a motif such 
that it resembles an ordered FCC crystal structure. It has a general chemical com-
position of Ni3(Al, Ti) and is spherical in shape. It provides a lower strengthening 
effect compared to γ”. The precipitates confer strength by three main mecha-
nisms, namely – modulus hardening, coherency hardening and order hardening 
[27]. The lattice mismatch of γ” is 2.86 % while that of γ’ is only 0.407 % due to 
which γ” confers a higher coherency strain in the matrix. It has been shown that 
the coherency hardening contributes more to the strength of Alloy 718 [38,39]. 
γ” is a metastable phase and can transform to the stable δ phase, due to which the 
usage of Alloy 718 is limited to temperatures below 650 °C [40]. 

2.2.3 δ phase 

The δ phase is an equilibrium phase, which has an orthorhombic crystal structure 
and a general composition of Ni3Nb. It has a disc/plate morphology [41,42]. In 
general, δ phase forms by direct precipitation from the supersaturated matrix dur-
ing solution treatment at temperatures below δ solvus. As mentioned earlier, it 
can also form due to transformation of the metastable γ”. The δ phase particles 
are surrounded by a γ” denuded zone; γ’ phase is present at the γ”denuded zone 
[43]. 

In general, δ phase does not contribute to the strength to the same extent as the 
strengthening precipitates as it is incoherent with the matrix. It is often associated 
with the loss of ductility and lower strength [27,28,44]. Formation of δ phase re-
duces the volume fraction of γ” precipitates due to Nb consumption and there-
fore reduces the strength. When present in small quantities along the grain 
boundaries, it has beneficial effects; however, excessive amount, in intragranular 
form, is detrimental to the properties. The use of δ phase precipitation to pin the 
grain boundaries during forging is well known [33,41]. It also has a beneficial ef-
fect on creep strength and notch rupture strength [45–47].  

2.2.4 Laves phase 

Laves phase is a brittle, low melting phase that forms because of segregation. It is 
rich in Nb, Mo and Si relative to the matrix and is generally accepted to be of the 
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chemical form (Ni, Fe, Cr)2(Nb, Mo, Ti) [48]. It is a topologically close-packed 
(TCP) structure with a hexagonal crystal structure. Due to the high Nb require-
ment for its formation, the Laves phase usually occurs in the heavily segregated 
interdendritic regions [33]. Suitable heat treatment can solutionize the Laves 
phase, but complete homogenization of Nb is impractical. The cooling rate during 
solidification affects the segregation of Nb, along with it, the formation of the 
Laves phase. With increasing cooling rates, segregation of Nb decreases and leads 
to a finer distribution of Laves phase. At very high cooling rates, such as those 
obtained in levitation casting, the segregation is so low that the Laves phase does 
not form [36]. 

The formation of Laves phase consumes Nb from the matrix that is essential for 
γ” precipitation and therefore lowers its volume fraction, which leads to a reduc-
tion in strength. Due to its brittle nature, Laves phase acts as a crack initiation site 
and also provides an easy crack propagation path [48]. Due to the low melting 
temperature, the presence of Laves phase could cause incipient melting during 
rapid heating. Therefore, it affects the weldability due to heat affected zone liqua-
tion cracking. Furthermore, care must be taken during the heating-up phase of 
solution treatments to avoid liquation cracking [49]. 

2.2.5 NbC 

The carbides present in Alloy 718 are NbC. Ti often substitutes for Nb, due to 
which the carbides are denoted as (Nb, Ti)C; it has a lattice parameter between 
NbC and TiC, but closer to NbC [50]. The crystal structure of NbC is FCC, and 
the elemental partition primarily drives the precipitation during solidification. 
NbC particles are often heterogeneously nucleated on TiN particles due to which 
they are called as carbonitrides [37,51]. TiN particles themselves often have an 
alumina core on which they have nucleated [37]. NbC is often characterized by 
non-uniform distribution both at intragranular sites and at grain boundaries. The 
cooling rate during solidification has an inverse relationship with the size distri-
bution of the carbides [52].  
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S to below 2 ppm [37]. Other phases in Alloy 718 such as γ’, γ” and δ form due 
to solid-state transformation. 

2.2.2 γ" and γ’ phases 

The strengthening phases in Alloy 718 are γ” and γ’, which are precipitated in the 
matrix by artificial ageing treatment. γ” has a BCT crystal structure, with a general 
composition of Ni3Nb and a disc morphology. It is the primary strengthening 
phase in Alloy 718. γ’ has a primitive cubic crystal structure, with a motif such 
that it resembles an ordered FCC crystal structure. It has a general chemical com-
position of Ni3(Al, Ti) and is spherical in shape. It provides a lower strengthening 
effect compared to γ”. The precipitates confer strength by three main mecha-
nisms, namely – modulus hardening, coherency hardening and order hardening 
[27]. The lattice mismatch of γ” is 2.86 % while that of γ’ is only 0.407 % due to 
which γ” confers a higher coherency strain in the matrix. It has been shown that 
the coherency hardening contributes more to the strength of Alloy 718 [38,39]. 
γ” is a metastable phase and can transform to the stable δ phase, due to which the 
usage of Alloy 718 is limited to temperatures below 650 °C [40]. 

2.2.3 δ phase 

The δ phase is an equilibrium phase, which has an orthorhombic crystal structure 
and a general composition of Ni3Nb. It has a disc/plate morphology [41,42]. In 
general, δ phase forms by direct precipitation from the supersaturated matrix dur-
ing solution treatment at temperatures below δ solvus. As mentioned earlier, it 
can also form due to transformation of the metastable γ”. The δ phase particles 
are surrounded by a γ” denuded zone; γ’ phase is present at the γ”denuded zone 
[43]. 

In general, δ phase does not contribute to the strength to the same extent as the 
strengthening precipitates as it is incoherent with the matrix. It is often associated 
with the loss of ductility and lower strength [27,28,44]. Formation of δ phase re-
duces the volume fraction of γ” precipitates due to Nb consumption and there-
fore reduces the strength. When present in small quantities along the grain 
boundaries, it has beneficial effects; however, excessive amount, in intragranular 
form, is detrimental to the properties. The use of δ phase precipitation to pin the 
grain boundaries during forging is well known [33,41]. It also has a beneficial ef-
fect on creep strength and notch rupture strength [45–47].  

2.2.4 Laves phase 

Laves phase is a brittle, low melting phase that forms because of segregation. It is 
rich in Nb, Mo and Si relative to the matrix and is generally accepted to be of the 
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chemical form (Ni, Fe, Cr)2(Nb, Mo, Ti) [48]. It is a topologically close-packed 
(TCP) structure with a hexagonal crystal structure. Due to the high Nb require-
ment for its formation, the Laves phase usually occurs in the heavily segregated 
interdendritic regions [33]. Suitable heat treatment can solutionize the Laves 
phase, but complete homogenization of Nb is impractical. The cooling rate during 
solidification affects the segregation of Nb, along with it, the formation of the 
Laves phase. With increasing cooling rates, segregation of Nb decreases and leads 
to a finer distribution of Laves phase. At very high cooling rates, such as those 
obtained in levitation casting, the segregation is so low that the Laves phase does 
not form [36]. 

The formation of Laves phase consumes Nb from the matrix that is essential for 
γ” precipitation and therefore lowers its volume fraction, which leads to a reduc-
tion in strength. Due to its brittle nature, Laves phase acts as a crack initiation site 
and also provides an easy crack propagation path [48]. Due to the low melting 
temperature, the presence of Laves phase could cause incipient melting during 
rapid heating. Therefore, it affects the weldability due to heat affected zone liqua-
tion cracking. Furthermore, care must be taken during the heating-up phase of 
solution treatments to avoid liquation cracking [49]. 

2.2.5 NbC 

The carbides present in Alloy 718 are NbC. Ti often substitutes for Nb, due to 
which the carbides are denoted as (Nb, Ti)C; it has a lattice parameter between 
NbC and TiC, but closer to NbC [50]. The crystal structure of NbC is FCC, and 
the elemental partition primarily drives the precipitation during solidification. 
NbC particles are often heterogeneously nucleated on TiN particles due to which 
they are called as carbonitrides [37,51]. TiN particles themselves often have an 
alumina core on which they have nucleated [37]. NbC is often characterized by 
non-uniform distribution both at intragranular sites and at grain boundaries. The 
cooling rate during solidification has an inverse relationship with the size distri-
bution of the carbides [52].  
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S to below 2 ppm [37]. Other phases in Alloy 718 such as γ’, γ” and δ form due 
to solid-state transformation. 

2.2.2 γ" and γ’ phases 

The strengthening phases in Alloy 718 are γ” and γ’, which are precipitated in the 
matrix by artificial ageing treatment. γ” has a BCT crystal structure, with a general 
composition of Ni3Nb and a disc morphology. It is the primary strengthening 
phase in Alloy 718. γ’ has a primitive cubic crystal structure, with a motif such 
that it resembles an ordered FCC crystal structure. It has a general chemical com-
position of Ni3(Al, Ti) and is spherical in shape. It provides a lower strengthening 
effect compared to γ”. The precipitates confer strength by three main mecha-
nisms, namely – modulus hardening, coherency hardening and order hardening 
[27]. The lattice mismatch of γ” is 2.86 % while that of γ’ is only 0.407 % due to 
which γ” confers a higher coherency strain in the matrix. It has been shown that 
the coherency hardening contributes more to the strength of Alloy 718 [38,39]. 
γ” is a metastable phase and can transform to the stable δ phase, due to which the 
usage of Alloy 718 is limited to temperatures below 650 °C [40]. 

2.2.3 δ phase 

The δ phase is an equilibrium phase, which has an orthorhombic crystal structure 
and a general composition of Ni3Nb. It has a disc/plate morphology [41,42]. In 
general, δ phase forms by direct precipitation from the supersaturated matrix dur-
ing solution treatment at temperatures below δ solvus. As mentioned earlier, it 
can also form due to transformation of the metastable γ”. The δ phase particles 
are surrounded by a γ” denuded zone; γ’ phase is present at the γ”denuded zone 
[43]. 

In general, δ phase does not contribute to the strength to the same extent as the 
strengthening precipitates as it is incoherent with the matrix. It is often associated 
with the loss of ductility and lower strength [27,28,44]. Formation of δ phase re-
duces the volume fraction of γ” precipitates due to Nb consumption and there-
fore reduces the strength. When present in small quantities along the grain 
boundaries, it has beneficial effects; however, excessive amount, in intragranular 
form, is detrimental to the properties. The use of δ phase precipitation to pin the 
grain boundaries during forging is well known [33,41]. It also has a beneficial ef-
fect on creep strength and notch rupture strength [45–47].  

2.2.4 Laves phase 

Laves phase is a brittle, low melting phase that forms because of segregation. It is 
rich in Nb, Mo and Si relative to the matrix and is generally accepted to be of the 
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 Heat treatments for Alloy 718 

Heat treatments, in general, rely on solid-state transformations. Heat treatments 
are routinely carried out for Alloy 718 to achieve suitable mechanical properties; 
these treatments involve multiple steps, each of which serves a different purpose. 
Homogenization treatment resets the compositional segregation incurred during 
the solidification. It is primarily carried out to dissolve the Laves phase in castings. 
Solution treatment dissolves the precipitates from the former processing steps 
and supersaturates the γ matrix. It is usually carried out at a temperature higher 
than the γ”, γ’ solvus; the temperature may be chosen to be higher than δ solvus 
to dissolve the δ phase completely or below it to precipitate δ phase only at grain 
boundaries. Ageing treatment, usually a two-step process for Alloy 718, is carried 
out to achieve uniform precipitation of γ”, γ’ phases from the supersaturated γ 
matrix. HIP is carried out, for cast Alloy 718, to eliminate casting defects such as 
porosity. It is usually performed before the homogenization treatment for cast-
ings. Wrought material, which is usually defect-free, does not require a HIP treat-
ment. Depending on whether the material is in the cast or wrought form, heat 
treatment protocols vary and the ones commonly used in aerospace applications 
are listed in Table 3. However, a few modified heat treatment protocols have been 
developed over the years, depending on manufacturing strategies for parts. One 
such protocol for cast material is listed in Table 3, which was developed to reduce 
the hardness variation between the segregated regions and the matrix [56]. An-
other modified protocol, which is used to break the prior particle boundary net-
work of oxide inclusions that form during the manufacturing of parts by powder 
metallurgy technique, uses a solution treatment at 1270 °C/1h followed by HIP 
at 1100 °C/130MPa/3h and subsequently an ageing treatment according to 
standard ASM 5562 practice. 
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3 Additive Manufacturing of Alloy 718 

This chapter presents a review of AM of Alloy 718. Firstly, general background 
to additive manufacturing is given. Secondly, the two AM processes investigated 
in this thesis – EB-PBF and LB-PBF are discussed briefly. Finally, AM of Al-
loy 718 using these two processes and the typical microstructural features are pre-
sented. 

 Additive Manufacturing 

AM has transformed significantly in the last three decades and has moved from 
being used for just prototyping to commercial production of parts. AM has dis-
rupted the manufacturing industry such that it is considered to be the core of the 
fourth industrial revolution, Industry 4.0 [1].  Since the 1980s, numerous new AM 
processes have been developed with several unique names, for manufacturing 
parts with different material classes. The ASTM F42 Committee on AM has is-
sued standard process terminology and has categorized the processes [57]. Of the 
seven categories, four pertain to metal AM – Powder Bed Fusion (PBF), Direct 
Energy Deposition (DED), Binder Jetting (BJ) and Sheet Lamination (SLam). In 
this thesis, only PBF processes are utilized, and further details regarding the same 
are presented in later sections. 

3.1.1 AM process steps 

In general, all AM processes involve building a specific geometry layer-by-layer. 
The most common steps in AM processes are listed below, as per a simplified 
form described by Gibson [2]. 

1. A Computer-Aided Design (CAD) file describing the geometry of the 
part to be built is generated either using a software program or by la-
ser/optical scanning.  

2. This CAD file is converted to a .stl (or .3mf or .amf) file, which is suitable 
for AM machines. The part is sliced into a stack of 2D profiles, process 
parameters are defined, required support structures are generated, and a 
build file is created using the manufacturer’s specific/compatible soft-
ware.  

3. The build file is transferred to an AM machine and the machine is set up 
for the build process. The building process takes place by addition of 
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 Heat treatments for Alloy 718 

Heat treatments, in general, rely on solid-state transformations. Heat treatments 
are routinely carried out for Alloy 718 to achieve suitable mechanical properties; 
these treatments involve multiple steps, each of which serves a different purpose. 
Homogenization treatment resets the compositional segregation incurred during 
the solidification. It is primarily carried out to dissolve the Laves phase in castings. 
Solution treatment dissolves the precipitates from the former processing steps 
and supersaturates the γ matrix. It is usually carried out at a temperature higher 
than the γ”, γ’ solvus; the temperature may be chosen to be higher than δ solvus 
to dissolve the δ phase completely or below it to precipitate δ phase only at grain 
boundaries. Ageing treatment, usually a two-step process for Alloy 718, is carried 
out to achieve uniform precipitation of γ”, γ’ phases from the supersaturated γ 
matrix. HIP is carried out, for cast Alloy 718, to eliminate casting defects such as 
porosity. It is usually performed before the homogenization treatment for cast-
ings. Wrought material, which is usually defect-free, does not require a HIP treat-
ment. Depending on whether the material is in the cast or wrought form, heat 
treatment protocols vary and the ones commonly used in aerospace applications 
are listed in Table 3. However, a few modified heat treatment protocols have been 
developed over the years, depending on manufacturing strategies for parts. One 
such protocol for cast material is listed in Table 3, which was developed to reduce 
the hardness variation between the segregated regions and the matrix [56]. An-
other modified protocol, which is used to break the prior particle boundary net-
work of oxide inclusions that form during the manufacturing of parts by powder 
metallurgy technique, uses a solution treatment at 1270 °C/1h followed by HIP 
at 1100 °C/130MPa/3h and subsequently an ageing treatment according to 
standard ASM 5562 practice. 
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in this thesis – EB-PBF and LB-PBF are discussed briefly. Finally, AM of Al-
loy 718 using these two processes and the typical microstructural features are pre-
sented. 

 Additive Manufacturing 

AM has transformed significantly in the last three decades and has moved from 
being used for just prototyping to commercial production of parts. AM has dis-
rupted the manufacturing industry such that it is considered to be the core of the 
fourth industrial revolution, Industry 4.0 [1].  Since the 1980s, numerous new AM 
processes have been developed with several unique names, for manufacturing 
parts with different material classes. The ASTM F42 Committee on AM has is-
sued standard process terminology and has categorized the processes [57]. Of the 
seven categories, four pertain to metal AM – Powder Bed Fusion (PBF), Direct 
Energy Deposition (DED), Binder Jetting (BJ) and Sheet Lamination (SLam). In 
this thesis, only PBF processes are utilized, and further details regarding the same 
are presented in later sections. 

3.1.1 AM process steps 

In general, all AM processes involve building a specific geometry layer-by-layer. 
The most common steps in AM processes are listed below, as per a simplified 
form described by Gibson [2]. 

1. A Computer-Aided Design (CAD) file describing the geometry of the 
part to be built is generated either using a software program or by la-
ser/optical scanning.  

2. This CAD file is converted to a .stl (or .3mf or .amf) file, which is suitable 
for AM machines. The part is sliced into a stack of 2D profiles, process 
parameters are defined, required support structures are generated, and a 
build file is created using the manufacturer’s specific/compatible soft-
ware.  

3. The build file is transferred to an AM machine and the machine is set up 
for the build process. The building process takes place by addition of 
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material corresponding to the geometry of each slice, i.e., the 2D profile, 
on top of one another until the entire part is built.  

4. The built part is removed and post-processed. The method and the ex-
tent of post-processing vary depending on the AM process that was used 
as well as the application. Common post-processing steps for metal AM 
include removal of support structures, surface post-treatment, HIP, and 
heat treatment. 

3.1.2 Benefits of AM  

AM offers unique capabilities such as geometrical complexity, material complex-
ity, and functional complexity, all of which require a new design thinking [58]. For 
instance, the constraints involved in conventional manufacturing processes do 
not apply to AM. Instead, new constraints such as mode and resolution of mate-
rial delivery, part orientation, heat dissipation direction, required post-processing, 
etc. are applicable [59].  

AM can produce complex shapes in near-net-shape, without the use of dies or 
moulds. Therefore, it leads to shorter lead-time, less material waste, and econom-
ical production of one-off or low-volume parts. It is possible to achieve design 
changes and customizations in a shorter duration. Design and manufacture of 
freeform structures such as lattice structures and topology-optimized structures 
for lightweight design are relatively straightforward. It is possible to integrate parts 
and reduce the number of assemblies; build functionally complex parts, for in-
stance, with complex conformal cooling channels etc. AM processes also offer 
possibilities for repair and remanufacture of end-of-life parts.  

3.1.3 Limitations of AM 

One of the most common limitations of AM, particularly for PBF processes, is 
the low productivity compared to conventional processes. Part size is typically 
limited to less than 1 m3, for PBF processes, due to the constraints imposed by 
the build volume. The number of different materials that are commercially avail-
able for AM is low.  

Another common problem is the poor surface finish and, therefore, the need for 
surface post-processing. Besides, defects such as porosities, lack of fusion and 
inclusions that affect the mechanical properties of the structures are a significant 
concern.  

Other challenges with AM are repeatability and reliability in the production pro-
cess. The lack of efficient feedback control to detect anomalies in-process and 
take corrective measures needs to be addressed to expedite standardization. 
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Equipment manufacturers have introduced monitoring systems for process veri-
fication and validation that are available commercially. However, efficient feed-
back control systems are necessary.  

 Powder bed fusion processes 

PBF is a sub-class of metal AM, which is constituted by LB-PBF and EB-PBF 
processes. Usually, in PBF processes, metal parts are built layer-wise by selective 
melting of a layer of pre-alloyed powder. In general, the sequence of steps in PBF 
includes spreading a layer of powder on top of the build plate or a previously 
solidified layer, selectively melting the desired geometry in the newly spread pow-
der layer and lowering the build platform corresponding to the layer thickness. 
This sequence is iterated until the whole part is built, see Figure 3. During the 
melting process, re-melting of up to five previously solidified layers occurs, which 
ensures proper fusion between all the layers [11].  

 

Figure 3: Schematic of the build cycle in LB-PBF and EB-PBF processes (adapted from 
[13,60]). 

Though the principle of part generation is similar in both LB-PBF and EB-PBF 
processes, there are differences in how each process works. The energy source in 
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LB-PBF is a laser beam, which is deflected using a mechanical assembly of mirrors 
along the required beam path. LB-PBF is carried out under an inert gas atmos-
phere. The powder particle size used is typically in the range 15~45 µm, and the 
layer thickness used is 20~40 µm. The process is carried out at room temperature; 
however, some systems offer the possibility to heat the base plate to up to 200 °C.  

The energy source in EB-PBF is an electron beam, which is deflected by magnetic 
coils. Therefore, it possible to achieve much higher beam velocities in EB-PBF. 
Since the interaction between electrons and powder particles can lead to charging 
up and mutual repulsion of the powder particles, a phenomenon known as smok-
ing, could occur. Hence, an additional step called pre-heating is required in EB-PBF 
to sinter the particles together before the melting step. The pre-heating is carried 
out using a highly defocused electron beam, which enables maintaining the pow-
der bed at a temperature >700 °C, characteristic of EB-PBF. The melting stage 
follows the pre-heating step. It is, however, possible to use another heating step 
within the melting step, called intermediate heating (that runs like pre-heating), to 
maintain the powder bed temperature. Following the melting step, a post-heat-
ing/cooling step is required to maintain the powder bed temperature. The powder 
particle size used is typically in the range 40~140 µm, and the layer thickness used 
is 50~90 µm. A consequence of carrying out the process at an elevated tempera-
ture is that, at the end of the process, the powder around an EB-PBF built part is 
in the form of a sinter cake and must be recovered by blasting in a powder recovery 
system.  

The powder size fraction, the layer thickness and the operating temperature that 
are presented above for the two processes–among others–are user preferences, 
i.e. these can be varied. Changing these preferences necessitates an appropriate 
tuning of the process parameters to achieve required part characteristics.  

In PBF, the path along which the energy beam moves to achieve the selective melting 
in a layer (including pre-heating and intermediate heating in case of EB-PBF) can 
be defined in many different ways via pre-determined scan strategies. Some com-
mon scan strategies are presented in Figure 4. Typically, the melting is carried out 
by melting the contour (periphery of the part) and the hatch (bulk of the part) sepa-
rately. The most straightforward strategy is melting the contour by a single line 
and the hatch with several unidirectional lines, as shown in Figure 4(a). The overlap 
between the individual unidirectional lines is controlled by the offset between the 
individual lines called the line offset. Similarly, the overlap between the contour and 
the hatch is defined by the hatch-contour offset. The order of melting of the contour 
and hatch regions can be changed – usually, in LB-PBF the hatch is molten first 
followed by the contour, while it is usually the reverse in EB-PBF. It is also pos-
sible to melt the contour and the hatch using spots instead of lines called spot 
melting, as shown in Figure 4(b) and Figure 4(c). The line order parameter can control 
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the order of melting the individual hatch lines. For example, instead of melting a 
sequence of 15 lines consecutively in the order 1,2,3…15, it is possible to melt in 
the sequence 1,3,5…15,2,4,6...14 with line order set as 2 and so on. Similarly, in 
the spot melting strategy, the sequence in which the individual spots are molten 
can be controlled. The direction of the hatch lines can be changed every second 
line to bidirectional hatching, also known as snaking pattern, as shown in Figure 
4(d). Another common strategy is the island strategy, as shown in Figure 4(e), in 
which the required cross-section is divided into several small boxes within which 
hatching is done using unidirectional or bidirectional patterns; the hatch direction 
in each box is usually rotated. Figure 4(f) shows the stripe strategy, in which the 
cross-section is divided into stripes of defined width and each stripe is usually 
molten with a bidirectional pattern; when the end of a stripe is reached, the adja-
cent stripe is usually started in the opposite direction. In both the island and stripe 
strategies, the overlap between the adjacent areas can be adjusted to ensure proper 
fusion between the areas. While using any of the above strategies, it is possible to 
change the angle of the scan path relative to the previous layer by the scan rotation 
parameter, the most common one being 67°.  

 

Figure 4: Some common scan strategies used in the melting step in PBF, figure adapted from [11,61]. (a) Unidirec-
tional melting in the hatch and linear melting in the contour (b) Unidirectional melting in the hatch and spot melting 
in the contour (c) Spot melting in the hatch and linear melting in the contour (d) Bidirectional melting in the hatch, 
or snaking pattern, and linear melting in the contour (e) Island strategy in the hatch and linear melting in the contour 
(f) Stripe strategy in the hatch and linear melting in the contour. 

The choice of scan strategy has a direct and significant impact on the choice of 
process parameters. For example, power and beam velocity must to optimized for 
a given strategy to ensure the elimination of process-induced defects and to 
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control grain morphology [11,12]. The resulting microstructure and residual stress 
state in the as-built condition from PBF are dependent on the scan strategy and 
the process parameters used [11,12,14,62–66]. 

 EB-PBF of Alloy 718 

At the time of writing this thesis, almost all the published research on EB-PBF 
processing of Alloy 718 has been with machines manufactured by Arcam EBM. 
In these machines, numerous process parameters can be varied, such as scanning 
strategy, beam current and velocity (or speed function that controls these two 
parameters), focus offset, line offset, line order, etc. Besides these parameters, 
there are multiple compensation functions such as thickness function, turning 
point function, which are coupled to the heat model algorithm to ensure good 
build characteristics [67]. Such a complex interaction between all the direct pro-
cess parameter settings and alterations by the compensation functions makes it 
difficult to define the local solidification conditions such as thermal gradient and 
solidification velocity or even the melt pool shape precisely.  

Typical microstructure in the hatch region, with the snaking scan strategy, is long 
columnar γ grains with strong <100> fibre texture along the building direction 
[68–71]. Further, due to the spot scan strategy, the microstructure in the contour 
region is different from that in the hatch region. The contour region has a mix of 
curved columnar grains, fine equiaxed grains and some large grains [69]. Also, it 
has been demonstrated that it is possible to attain equiaxed grain structure, or fine 
columnar grain structure with low aspect ratio, or equiaxed grains interspersed in 
fine columnar grains, or even technical single crystals by carefully modifying the 
scanning strategy during the melting step [14,62,71–77]. While using the snaking 
scan strategy, the microstructure corresponding to the last few layers in the top 
region of the built part (that is up to ~2 mm) contains Laves phase [70,74,78]. In 
the rest of the part, the Laves phase is dissolved due to in-situ homogenization that 
happens during the high-temperature processing in EB-PBF [70,78]. Typically, in 
the columnar grains, NbC precipitates occur as strings aligned along the build 
direction [68,70,74,78]. A gradient in the microstructure in terms of the size of 
the strengthening precipitates and δ phase, due to the thermal history, yields dif-
ferent properties at different heights of a specimen in the as-built condition. The 
distribution of δ phase in an as-built part is dependent not just on the processing 
temperature but is affected by other parts that are co-built during the manufac-
turing process [79,80]. The heterogeneity in δ phase distribution, i.e., the gradient 
disappears after HSA [81].  

Anisotropic tensile properties have been reported for EB-PBF Alloy 718 material, 
in terms of strength, modulus and ductility [69,70,81–83]. In general, yield 
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strength, ultimate tensile strength and ductility were found to be higher along the 
build direction in defect-free material; whereas, Young’s modulus was higher per-
pendicular to the build direction for material that had fewer defects [14,69,83]. 
Further, the equiaxed microstructure has tensile strength that is between the two 
normal directions [14]. Although the equiaxed microstructure in EB-PBF Al-
loy 718 exhibits isotropic tensile behaviour, it shows anisotropic behaviour under 
fatigue and creep loading. The time to rupture is shorter perpendicular to the build 
direction than along the build direction. The columnar microstructure has better 
creep properties than the equiaxed microstructure; it is anisotropic with the long-
est time to rupture along the build direction [84]. The anisotropy in fatigue prop-
erties of EB-PBF Alloy 718 is discussed in section 4.3.  

Common defects found in EB-PBF Alloy 718 are gas pores, shrinkage pores and 
lack of fusion (LoF) defects [82,85]. Disruption in the epitaxial growth of colum-
nar grains structure occurs above the LoF defects, and equiaxed grain clusters 
form. However, the formation of equiaxed grains is limited only up to a few mi-
crometres, after which the equiaxed grains serve for epitaxial growth [86]. An-
other less reported issue is the in-process formation of oxide inclusions in EB-
PBF Alloy 718. Helmer [83] reported this phenomenon of aluminium oxide for-
mation during solidification and attributed it to the high oxygen content in the 
powder as well as the change in the partial pressure of the build chamber due to 
desorption of gases from the powder particles during manufacturing. It was re-
ported that these oxides act as crack initiation sites in fatigue tested samples. Stud-
ies conducted on recycling of Alloy 718 powder used in EB-PBF have shown that 
the passive oxide layer, which is rich in nickel that is present on the powder sur-
face progressively changes to an oxide layer that is rich in aluminium and titanium 
[87,88]. It has also been shown that the progressive enrichment of aluminium and 
titanium in the oxide layer leads to an increase in the volume fraction of oxide 
inclusions in the built parts.  

 LB-PBF of Alloy 718 

The LB-PBF process has numerous process parameters, similar to the EB-PBF 
process. The machine parameters such as scanning strategy, beam velocity, beam 
power, layer thickness etc., control the size of the weld pool and the intrinsic 
solidification parameters, such as local thermal gradient and solidification velocity, 
which determine the type of microstructure that forms. Besides these parameters, 
the machine configurations often vary between the different equipment manufac-
turers. For instance, the number of lasers that operate in tandem, the build vol-
ume, gas flow configuration, laser exposure modes, etc. can be different. Despite 
the variety of settings and configurations across different LB-PBF equipment 
manufacturers, the common as-built microstructure is reported to have weakly 
textured, elongated grains with cellular sub-grain morphology, compared to the 
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control grain morphology [11,12]. The resulting microstructure and residual stress 
state in the as-built condition from PBF are dependent on the scan strategy and 
the process parameters used [11,12,14,62–66]. 
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strength, ultimate tensile strength and ductility were found to be higher along the 
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as-built microstructure of EB-PBF Alloy 718 [89–96]. Furthermore, unlike the 
EB-PBF Alloy 718, the difference between the contour region and the hatch re-
gion is insignificant.  

Compared to the columnar grains in EB-PBF Alloy 718, the as-built grains in LB-
PBF Alloy 718 have a lower aspect ratio and lower texture intensity. However, it 
has also been reported that the texture intensity and grain morphology can be 
varied by tweaking the process parameters [16,24,66,97]. Typically, the LB-PBF 
process is carried out at a bed temperature <200 °C, which results in high cooling 
rates and thermal gradients compared to the EB-PBF process. Consequently, the 
strengthening precipitates are absent in the as-built LB-PBF Alloy 718. The softer 
as-built material attains sufficiently high strength after suitable thermal post-treat-
ments [91,93,98–101]. The high cooling rate and rapid solidification introduce 
large residual stress/strain, which is manifested in the form of cellular solidifica-
tion structure with the cell boundaries being sites of high dislocation density 
[91,93,94,100]. The precipitation of Laves phase in these intercellular regions in 
the as-built condition, due to microsegregation of Nb, is also a commonly ob-
served phenomenon.  

In general, LB-PBF Alloy 718 exhibits anisotropic mechanical properties – par-
ticularly, tensile strength is higher transverse to the building direction than along 
the building direction and vice versa for elongation at break [89,91,95,98,102–
104]. Furthermore, different microstructures, obtained by tuning the process pa-
rameters, have different properties in both as-built and thermally post-treated 
conditions [16]. Studies on in-process changes that the powder particles undergo 
indicate that oxides rich in aluminium and titanium form on the surface of the 
powder particles in LB-PBF processing of Alloy 718, which could have similar 
implications of inclusion formation or defect formation as mentioned in EB-PBF 
processing of Alloy 718 in the previous section [105].  

 Thermal post-treatment of PBF Alloy 718 

The typical as-built microstructure in PBF Alloy 718, as described in the previous 
section, has either a heterogeneous distribution of phase constituents or one that 
is soft. Furthermore, defects such as porosity and LoF, and/or residual stress exist 
in the as-built condition. So thermal post-treatments such as stress-relieving (SR), 
HIP and solutioning and ageing (SA) are often utilized to achieve desired charac-
teristics in the microstructure and, in turn, desired mechanical performance. The 
metallurgy of PBF processes or metal AM in general, is complex and is dependent 
on the specific process settings that are utilized [12]. Consequently, it is possible 
to achieve different microstructural features, which are being explored for specific 
purposes. Therefore, the thermal post-treatments must be tailored depending on 
the starting microstructure and the specific application. Currently, ASTM F3055 
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is the only standard specification that provides guidelines for thermal post-treat-
ments of PBF Alloy 718 [106]. It involves the following steps:  

1. SR at 1065±15 °C for 85~105 min while the components are attached to 
the build platform  

2. HIP at 1120~1185 °C at ≥100 MPa for 240±60 min in an inert atmos-
phere, followed by furnace cooling to <425 °C 

3. SA as per AMS 2774 [107] (which is for wrought Alloy 718). 

The SR treatment is a common practice for LB-PBF manufactured parts due to 
the residual stress inherited from the processing. The EB-PBF manufactured 
parts, that are processed at relatively higher powder bed temperature, do not have 
similar levels of residual stress, and therefore do not require SR before the HIP 
step [11,12].  

HIP is commonly utilized to heal the residual defects and is crucial for critical 
applications. Though most defects can be healed by HIP, the ones that have par-
ticulate inclusions on the internal surface, and the ones that contain entrapped Ar 
are not fully healed [23,108]. The inclusions that are present in the as-built material 
in various shapes are also unaffected by the HIP process. Furthermore, upon the 
subsequent solution treatment and ageing steps, regrowth of Ar filled porosities 
has been observed [23]. The HIP process also does not heal the defects that are 
open to the surface. Recent studies have shown that near-surface defects could 
potentially breach the surface [22]; though this study was performed on Ti64, the 
underlying mechanism is valid for different materials. Apart from affecting the 
defects, the HIP process often affects the grain morphology, too. In EB-PBF 
Alloy 718, it has been reported that the equiaxed grains exhibit grain growth, 
whereas the columnar grains resist grain growth [14,75,79]. Similar behaviour for 
grain growth with respect to equiaxed grains and highly textured columnar grains 
has also been reported in LB-PBF Alloy 718 [16]. In LB-PBF Alloy 718, the as-
built microstructure, in addition to being finer, also has relatively higher residual 
stress that adds to the driving force for grain growth. Therefore, it is common to 
observe grain growth in LB-PBF Alloy 718 that is subjected to HIP or high-tem-
perature annealing (at typical HIP temperature) [24,96,109,110]. Furthermore, it 
has been shown that an appropriate choice of temperature during HIP or high-
temperature annealing could reset the texture inherited from using different scan 
strategies and dissolve the dislocation sub-structure [24,94]. The segregated mi-
crostructure of LB-PBF Alloy 718 is usually homogenized (by the dissolution of 
the Laves phase) during HIP.  

SA treatment or other heat treatments for precipitation of the strengthening 
phases reported in the literature follow, or are similar to, the standards and prac-
tices that are well established for wrought and cast components [13]. With a better 



24 
 

as-built microstructure of EB-PBF Alloy 718 [89–96]. Furthermore, unlike the 
EB-PBF Alloy 718, the difference between the contour region and the hatch re-
gion is insignificant.  

Compared to the columnar grains in EB-PBF Alloy 718, the as-built grains in LB-
PBF Alloy 718 have a lower aspect ratio and lower texture intensity. However, it 
has also been reported that the texture intensity and grain morphology can be 
varied by tweaking the process parameters [16,24,66,97]. Typically, the LB-PBF 
process is carried out at a bed temperature <200 °C, which results in high cooling 
rates and thermal gradients compared to the EB-PBF process. Consequently, the 
strengthening precipitates are absent in the as-built LB-PBF Alloy 718. The softer 
as-built material attains sufficiently high strength after suitable thermal post-treat-
ments [91,93,98–101]. The high cooling rate and rapid solidification introduce 
large residual stress/strain, which is manifested in the form of cellular solidifica-
tion structure with the cell boundaries being sites of high dislocation density 
[91,93,94,100]. The precipitation of Laves phase in these intercellular regions in 
the as-built condition, due to microsegregation of Nb, is also a commonly ob-
served phenomenon.  

In general, LB-PBF Alloy 718 exhibits anisotropic mechanical properties – par-
ticularly, tensile strength is higher transverse to the building direction than along 
the building direction and vice versa for elongation at break [89,91,95,98,102–
104]. Furthermore, different microstructures, obtained by tuning the process pa-
rameters, have different properties in both as-built and thermally post-treated 
conditions [16]. Studies on in-process changes that the powder particles undergo 
indicate that oxides rich in aluminium and titanium form on the surface of the 
powder particles in LB-PBF processing of Alloy 718, which could have similar 
implications of inclusion formation or defect formation as mentioned in EB-PBF 
processing of Alloy 718 in the previous section [105].  

 Thermal post-treatment of PBF Alloy 718 

The typical as-built microstructure in PBF Alloy 718, as described in the previous 
section, has either a heterogeneous distribution of phase constituents or one that 
is soft. Furthermore, defects such as porosity and LoF, and/or residual stress exist 
in the as-built condition. So thermal post-treatments such as stress-relieving (SR), 
HIP and solutioning and ageing (SA) are often utilized to achieve desired charac-
teristics in the microstructure and, in turn, desired mechanical performance. The 
metallurgy of PBF processes or metal AM in general, is complex and is dependent 
on the specific process settings that are utilized [12]. Consequently, it is possible 
to achieve different microstructural features, which are being explored for specific 
purposes. Therefore, the thermal post-treatments must be tailored depending on 
the starting microstructure and the specific application. Currently, ASTM F3055 

ADDITIVE MANUFACTURING OF ALLOY 718  

25 
 

is the only standard specification that provides guidelines for thermal post-treat-
ments of PBF Alloy 718 [106]. It involves the following steps:  

1. SR at 1065±15 °C for 85~105 min while the components are attached to 
the build platform  

2. HIP at 1120~1185 °C at ≥100 MPa for 240±60 min in an inert atmos-
phere, followed by furnace cooling to <425 °C 

3. SA as per AMS 2774 [107] (which is for wrought Alloy 718). 

The SR treatment is a common practice for LB-PBF manufactured parts due to 
the residual stress inherited from the processing. The EB-PBF manufactured 
parts, that are processed at relatively higher powder bed temperature, do not have 
similar levels of residual stress, and therefore do not require SR before the HIP 
step [11,12].  

HIP is commonly utilized to heal the residual defects and is crucial for critical 
applications. Though most defects can be healed by HIP, the ones that have par-
ticulate inclusions on the internal surface, and the ones that contain entrapped Ar 
are not fully healed [23,108]. The inclusions that are present in the as-built material 
in various shapes are also unaffected by the HIP process. Furthermore, upon the 
subsequent solution treatment and ageing steps, regrowth of Ar filled porosities 
has been observed [23]. The HIP process also does not heal the defects that are 
open to the surface. Recent studies have shown that near-surface defects could 
potentially breach the surface [22]; though this study was performed on Ti64, the 
underlying mechanism is valid for different materials. Apart from affecting the 
defects, the HIP process often affects the grain morphology, too. In EB-PBF 
Alloy 718, it has been reported that the equiaxed grains exhibit grain growth, 
whereas the columnar grains resist grain growth [14,75,79]. Similar behaviour for 
grain growth with respect to equiaxed grains and highly textured columnar grains 
has also been reported in LB-PBF Alloy 718 [16]. In LB-PBF Alloy 718, the as-
built microstructure, in addition to being finer, also has relatively higher residual 
stress that adds to the driving force for grain growth. Therefore, it is common to 
observe grain growth in LB-PBF Alloy 718 that is subjected to HIP or high-tem-
perature annealing (at typical HIP temperature) [24,96,109,110]. Furthermore, it 
has been shown that an appropriate choice of temperature during HIP or high-
temperature annealing could reset the texture inherited from using different scan 
strategies and dissolve the dislocation sub-structure [24,94]. The segregated mi-
crostructure of LB-PBF Alloy 718 is usually homogenized (by the dissolution of 
the Laves phase) during HIP.  

SA treatment or other heat treatments for precipitation of the strengthening 
phases reported in the literature follow, or are similar to, the standards and prac-
tices that are well established for wrought and cast components [13]. With a better 



26 
 

understanding of the phase transformation in AM Alloy 718 and dedicated sys-
tematic studies towards understanding the effect of thermal post-treatments on 
PBF Alloy 718, newer and tailored post-treatment protocols need to be developed 
for PBF Alloy 718 [111,112].  

 Surface roughness 

Apart from the microstructure, which includes the phases and defects, the as-built 
surface roughness resulting from PBF processing is an important feature that in-
fluences the mechanical performance. The as-built surface roughness could be a 
limiting factor for mechanical performance, especially in fatigue critical compo-
nents. In general, the surface roughness of PBF manufactured parts is dependent 
on layer thickness, part design (orientation/inclination of the surface), size frac-
tion and of the powder used and process parameters [11,12]. The major contrib-
uting factors to the surface roughness of PBF parts are the stair-case effect (a 
consequence of layer-wise manufacturing during which stepped approximation of 
curved/inclined surfaces are used), layer roundness (non-flat edges of each of the 
layers), and improper melting of the powder particles (balling phenomenon, par-
tially melted particles sticking to the part surface, etc.) [11,12].  

LB-PBF manufactured material generally has a smoother surface compared to 
EB-PBF manufactured material [11,60,113]. The effect of using finer powders 
and thinner layers on surface roughness have been investigated for EB-PBF built 
Ti-64 [113]. It was found that the roughness decreases for both cases. However, 
the reduction in roughness was larger when using finer powders for the same layer 
thickness than it was when using thinner layers for the same powder size. It has 
also been shown that by tuning the process parameters, the surface roughness can 
be reduced [12].  

For characterization of the roughness, numerous techniques such as metallog-
raphy, contact and non-contact roughness measurement methods, X-ray Com-
puted Tomography (XCT) have been investigated. In general, it has been 
observed that the areal (non-contact) methods are better suited for the purpose 
[113–115] than the contact methods; however, the features that are out of the line 
of sight are not captured in the areal methods. While using metallographic sec-
tions to measure the roughness is a reliable but destructive option, the prospect 
of using XCT is enticing because it can be used to characterize the roughness of 
internal features, while performing the non-destructive evaluation (NDE) to de-
tect defects. However, research is required in the area before a standard operating 
procedure can be reached since parameters such as magnification, filament life, 
algorithm for feature extraction have shown to influence the measured surface 
roughness [116–119]. Due to the orientation of the notch-like features with respect 
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to the line of sight and their size, the contact and non-contact methods of con-
ventional surface roughness measurement are not suitable for characterizing the 
as-built surface of the PBF manufactured parts [119]. It has been shown that the 
notch-like features in the as-built surface have a significant influence on the fatigue 
performance of PBF materials [119,120]. 

 



26 
 

understanding of the phase transformation in AM Alloy 718 and dedicated sys-
tematic studies towards understanding the effect of thermal post-treatments on 
PBF Alloy 718, newer and tailored post-treatment protocols need to be developed 
for PBF Alloy 718 [111,112].  

 Surface roughness 

Apart from the microstructure, which includes the phases and defects, the as-built 
surface roughness resulting from PBF processing is an important feature that in-
fluences the mechanical performance. The as-built surface roughness could be a 
limiting factor for mechanical performance, especially in fatigue critical compo-
nents. In general, the surface roughness of PBF manufactured parts is dependent 
on layer thickness, part design (orientation/inclination of the surface), size frac-
tion and of the powder used and process parameters [11,12]. The major contrib-
uting factors to the surface roughness of PBF parts are the stair-case effect (a 
consequence of layer-wise manufacturing during which stepped approximation of 
curved/inclined surfaces are used), layer roundness (non-flat edges of each of the 
layers), and improper melting of the powder particles (balling phenomenon, par-
tially melted particles sticking to the part surface, etc.) [11,12].  

LB-PBF manufactured material generally has a smoother surface compared to 
EB-PBF manufactured material [11,60,113]. The effect of using finer powders 
and thinner layers on surface roughness have been investigated for EB-PBF built 
Ti-64 [113]. It was found that the roughness decreases for both cases. However, 
the reduction in roughness was larger when using finer powders for the same layer 
thickness than it was when using thinner layers for the same powder size. It has 
also been shown that by tuning the process parameters, the surface roughness can 
be reduced [12].  

For characterization of the roughness, numerous techniques such as metallog-
raphy, contact and non-contact roughness measurement methods, X-ray Com-
puted Tomography (XCT) have been investigated. In general, it has been 
observed that the areal (non-contact) methods are better suited for the purpose 
[113–115] than the contact methods; however, the features that are out of the line 
of sight are not captured in the areal methods. While using metallographic sec-
tions to measure the roughness is a reliable but destructive option, the prospect 
of using XCT is enticing because it can be used to characterize the roughness of 
internal features, while performing the non-destructive evaluation (NDE) to de-
tect defects. However, research is required in the area before a standard operating 
procedure can be reached since parameters such as magnification, filament life, 
algorithm for feature extraction have shown to influence the measured surface 
roughness [116–119]. Due to the orientation of the notch-like features with respect 

ADDITIVE MANUFACTURING OF ALLOY 718  

27 
 

to the line of sight and their size, the contact and non-contact methods of con-
ventional surface roughness measurement are not suitable for characterizing the 
as-built surface of the PBF manufactured parts [119]. It has been shown that the 
notch-like features in the as-built surface have a significant influence on the fatigue 
performance of PBF materials [119,120]. 

 



29 
 

4 Fatigue  

This chapter provides a background to fatigue, which is the key area of this PhD 
thesis. The basic concepts of fatigue are introduced first. It is followed by a liter-
ature review of fatigue in conventionally manufactured Alloy 718 and fatigue in 
metal PBF. The review aims to provide an overview of various factors of the alloy 
and of the manufacturing process that affect the fatigue behaviour. In the end, a 
summary of literature in fatigue of PBF Alloy 718 is presented.  

 Introduction to fatigue 

Fatigue is defined as changes in properties which can occur in metallic material 
due to repeated application of stresses or strains, especially to those changes 
which lead to cracking or failure [121]. This definition of fatigue is generally valid 
for fatigue encountered in nonmetallic materials as well. Fatigue damage, in gen-
eral, involves nucleation of permanent damage due to microstructural changes, 
microscopic crack formation, growth and coalescence of the microscopic cracks 
to form dominant macrocracks, stable propagation of the macrocrack, and struc-
tural instability or complete fracture [121]. The total fatigue life is, therefore, the 
sum of the number of cycles to initiate a fatigue crack and the number of cycles 
to propagate it to the final crack size or failure.  

Total-life approach and damage-tolerant approach are the two major approaches 
for characterization of, and design against, fatigue. The total-life approach is the 
classical approach to fatigue design. It involves characterization of the total fatigue 
life in terms of the cyclic stress (or strain) range. In this approach, the material is 
assumed to be defect-free. Hence, the total fatigue life is inherently the number 
of cycles necessary to initiate and propagate a crack to failure under controlled 
amplitudes of stress or strain. In general, for a material that is defect-free with a 
smooth surface, the crack initiation phase constitutes a significant portion of the 
fatigue life. Therefore, the total-life approach is generally design against crack ini-
tiation.  

The damage-tolerant approach is based on fracture mechanics, and the basic 
premise is that cracks (or crack-like defects) exist in the material. The sizes of such 
pre-existing cracks (or defects) are characterized by suitable nondestructive test-
ing techniques. If no cracks are detected, a crack of the size equivalent to the 
detectability limit of the NDE technique employed is assumed to exist. The 
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number of fatigue cycles to propagate this initial pre-existing crack to a critical crack 
size is characterized in terms of stress intensity factor range.  

In this thesis, experiments were planned and performed to characterize fatigue 
life based on the total-life approach. The two different types, namely, stress–life 
approach and strain–life approach, are introduced in the following section.  

4.1.1 Stress–life approach 

The stress–life approach is, generally, applicable when deformation is primarily 
elastic due to low-amplitude cyclic stress conditions, i.e. in the so-called high-cycle 
fatigue (HCF) conditions. In this approach, fatigue tests are conducted under con-
trolled amplitudes of stress. A typical stress-controlled waveform for fatigue test-
ing and the associated nomenclature are presented in Figure 5.  

 

Figure 5: Triangular stress-controlled waveform and associated nomenclature 

In general, the fatigue life Nf is high when the stress amplitude σa is low and vice-
versa. The results from several such tests, conducted at different stress ampli-
tudes, may be plotted to obtain a stress–life curve or the S-N curve. When the S-N 
curve is approximately linear on a double-logarithmic plot, an equation of the 
form  

 𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐴𝐴′(𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓)𝑏𝑏𝑏𝑏 (1) 

maybe fitted to the data to represent the curve. In equation (1), A’ and b are con-
stants. A typical S-N curve for wrought Alloy 718 is shown in Figure 6.  
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Figure 6: Stress–life curve for wrought Alloy 718 at room temperature and Rσ=0.1 [122] 

4.1.2 Strain–life approach 

The strain–life approach applies to the so-called low-cycle fatigue (LCF) condi-
tion when the stresses are high enough to cause appreciable plastic deformation. 
In this approach, fatigue tests are conducted under controlled amplitudes of 
strain. A typical strain-controlled waveform for fatigue testing and the associated 
nomenclature are presented in Figure 7. 

 

Figure 7: Triangular strain-controlled waveform and associated nomenclature 

The basic premise in the strain–life approach is that the total strain amplitude is 
an additive partition of the elastic and plastic strain amplitudes. Since plastic 
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number of fatigue cycles to propagate this initial pre-existing crack to a critical crack 
size is characterized in terms of stress intensity factor range.  
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strains are involved in LCF, strain-controlled tests typically result in a σ-ε hystere-
sis loop, see Figure 8. These hysteresis loops, at specific strain amplitudes, could 
be used to compare different materials or different microstructures resulting from 
different processing routes. 

 

Figure 8: Typical σ-ε hysteresis loop in LCF testing  

The strain–life relationship can be derived as follows  

 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎 = 𝜀𝜀𝜀𝜀𝑒𝑒𝑒𝑒 + 𝜀𝜀𝜀𝜀𝑝𝑝𝑝𝑝 (2) 

 𝜀𝜀𝜀𝜀𝑒𝑒𝑒𝑒 =
𝜎𝜎𝜎𝜎𝑎𝑎𝑎𝑎
𝐸𝐸𝐸𝐸

= 𝐴𝐴𝐴𝐴(𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓)𝛼𝛼𝛼𝛼  (3) 

 𝜀𝜀𝜀𝜀𝑝𝑝𝑝𝑝 = 𝐵𝐵𝐵𝐵(𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓)𝛽𝛽𝛽𝛽 (4) 

 𝜀𝜀𝜀𝜀𝑎𝑎𝑎𝑎 =  𝐴𝐴𝐴𝐴(𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓)𝛼𝛼𝛼𝛼 + 𝐵𝐵𝐵𝐵(𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓)𝛽𝛽𝛽𝛽 (5) 

In general, an approximately linear relationship exists between the fatigue life Nf 
and the elastic and plastic components of the strain amplitude, independently, in 
a double-logarithmic plot. Then the constants A, α, B, and β can be obtained by 
linear regression using the equations (3) and (4). Note that the elastic component 
of the strain amplitude εe is related to stress amplitude σa and Young’s modulus E 
through the Hooke’s law. The strain–life approach is comprehensive in that it is 
suitable for both high-stress – low-life and low-stress – high-life situations, i.e. 
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when the elastic strains dominate (and no plastic strains are involved), this ap-
proach becomes equivalent to the stress-based approach. Typical strain–life curve 
for wrought Alloy 718 is shown in Figure 9.  

 

Figure 9: Strain–life curve for wrought Alloy 718 at room temperature and Rε=-1 [123] 

Besides the strain–life relationship, the data from the testing could be analyzed 
further to understand the fatigue behaviour of the material. For example, from 
the cyclic stress evolution — both its amplitude and mean — in response to the 
applied strain amplitude, it is possible to determine if the material exhibits cycle-
dependent hardening or softening, see Figure 10. Of course, a similar analysis could be 
performed on stress-controlled test data, provided that the strain response is rec-
orded by appropriate means.  

 

Figure 10: Illustration of cycle-dependent (a) hardening (b) softening corresponding to Rε=-1.  
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4.1.3 Factors affecting fatigue performance 

Fatigue performance of metals is affected by several factors, apart from the man-
ufacturing/processing route that affects their microstructure. These include fac-
tors such as alloying, grain morphology, texture, phase volume fraction and 
distribution, defects etc. Besides the microstructure, factors such as part geome-
try, surface treatment condition, chemistry and temperature of the environment 
in which the part is used, mean stress, loading frequency, residual stress, etc. affect 
the fatigue behaviour of a material [124]. The influence of some of these factors 
on fatigue performance of Alloy 718 is presented in the following section.  

 Fatigue behaviour of Alloy 718 

A thorough understanding of the fatigue behaviour of conventionally manufac-
tured Alloy 718 is essential to characterize and understand the fatigue behaviour 
of PBF Alloy 718. Fatigue behaviour, as mentioned previously, is affected by sev-
eral factors, many of which have been investigated and reported for convention-
ally manufactured Alloy 718. For example, an increase in temperature leads to a 
lower fatigue life [125,126]. Decreasing the loading frequency, introducing hold 
times in the waveform and increasing the R-ratio reduce the fatigue life, or in-
crease the fatigue crack growth rate (FCGR). Such a detrimental effect is due to 
the environmental interaction that results in an intergranular mode of cracking 
[123,126–128]. FCGR is negatively affected by hold times in stress-controlled 
mode; however, in strain-control mode, FCGR is not affected by hold time due 
to crack-tip blunting resulting from creep effects [129]. If an overload is intro-
duced into the waveform in the tensile direction, such that partial unloading oc-
curs before the hold time, it leads to a substantial reduction in FCGR [130,131]. 
Such an effect is due to crack branching and crack-tip blunting caused by the 
overloads [131].  

Various microstructural features such as the grain size, the carbides and other 
non-metallic inclusions, the strengthening precipitates etc. affect the fatigue be-
haviour of Alloy 718. A summary of these aspects is presented in this section.  

4.2.1 Effect of γ grain morphology 

Resistance to fatigue crack propagation is higher for coarse-grain material, while 
resistance to crack initiation is higher in fine-grained material [47,123,132]. Grain 
size reduction in forged Alloy 718 leads to an improvement in the low cycle fa-
tigue [125]. However, the presence of random large grains is detrimental as they 
serve as crack initiation sites and accelerate the crack growth rate [133].  
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Irrespective of the size of the strengthening precipitates, i.e. regardless of whether 
the material is in under-aged or over-aged condition, FCGR is higher in fine-
grained material compared to a coarse-grained one [134]. The beneficial effect of 
coarse grains is not due to crack closure but is related to the length of the slip 
bands. Long planar slip bands that form in the coarse-grained material can ac-
commodate dislocation reversals for more fatigue cycles than short planar slip 
bands that form in the fine-grained microstructure. Accommodation of disloca-
tion reversals gives rise to a lower rate of damage accumulation and the tendency 
for activation of additional slip systems, promoting crack advance, is reduced on 
a per cycle basis. Further, in coarse-grained microstructure, the crack-tip strain is 
averaged over a larger distance that reduces the tendency for activation of multiple 
slip systems and hence lowers the damage accumulation. The threshold for fatigue 
crack growth is also lower for coarse-grained structure [132]. 

In the creep-fatigue interaction temperature range, the reduction in fatigue per-
formance due to hold time fatigue is more severe for a fine-grained microstructure 
compared to a coarse-grained microstructure [127,135]. By controlled hot forging 
process and subsequent heat treatment, it is possible to obtain a necklace-type 
microstructure in which coarse grains are surrounded by several fine grains. 
FCGR for a necklace-type microstructure is better than a coarse-grained micro-
structure (which in turn is better than a fine-grained microstructure) because the 
crack is forced to deflect and have a more tortuous path [127,136]. Without hold 
times and at high frequency, FCGR is relatively unaffected by grain morphology 
[127,136].  

Crack initiation at twin boundaries is also common, especially within grains at the 
high end of the size distribution. Stress concentration at such twin boundaries is 
high due to the specific crystal symmetry across these boundaries [137]. The elas-
tic incompatibility leads to stress concentration and the twin boundaries owing to 
their lower slip transition ability are more prone to crack initiation compared to 
grain boundaries. In a fine-grained microstructure, increase in twin boundary den-
sity leads to a shift in crack initiation mechanism from cracking of carbides or 
nitrides to that of cracks initiating at the twin boundaries/large grains [137].  

Fatigue cracking along <111> planes that are the primary slip planes during the 
crack initiation phase and early-stage crack propagation is a common feature of 
nickel superalloys tested at room temperature. This corresponds to faceted fea-
tures that appear on the fracture surface [138]. In the near-threshold domain of 
crack growth for Alloy 718, transgranular crystallographic fracture mechanism 
has been observed to have a faceted macroscopic appearance of the fracture sur-
face [139,140]. 
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ufacturing/processing route that affects their microstructure. These include fac-
tors such as alloying, grain morphology, texture, phase volume fraction and 
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4.2.1 Effect of γ grain morphology 
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serve as crack initiation sites and accelerate the crack growth rate [133].  
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Irrespective of the size of the strengthening precipitates, i.e. regardless of whether 
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crack initiation phase and early-stage crack propagation is a common feature of 
nickel superalloys tested at room temperature. This corresponds to faceted fea-
tures that appear on the fracture surface [138]. In the near-threshold domain of 
crack growth for Alloy 718, transgranular crystallographic fracture mechanism 
has been observed to have a faceted macroscopic appearance of the fracture sur-
face [139,140]. 



36 
 

4.2.2 Effect of strengthening precipitates 

Shearing of the strengthening precipitates occurs during fatigue loading at room 
temperature and results in dislocations being confined to discrete planar slip 
bands [125,126,141]. Shearing and re-shearing of precipitates during the cyclic 
deformation leads to the formation of precipitate-free planar bands, within which 
the precipitates have very little or no resistance for movement of dislocations 
[141]. A consequence of this shearing phenomenon is cyclic softening behaviour 
[126]. Furthermore, the absence of the strengthening precipitates has been shown 
to result in pronounced cycle-dependent hardening, followed by softening [142]. 
In general, annealed materials exhibit cyclic hardening and hardened materials, by 
precipitation or otherwise, exhibit cyclic softening [121]. In Alloy 718, micro-
twinning has also been identified as a deformation mechanism — besides planar 
slip — that occurs at low strain amplitudes in the long-life regime [126,139,143]. 

It has also been shown that coarsening of γ” precipitates leads to Orowan looping 
of dislocations around the precipitates instead of shearing them, resulting in ho-
mogenous slip. Under homogenous slip conditions, dislocations pass from one 
grain to another across grain boundary without appreciable change of orientation 
that results in a transgranular mode of crack propagation [144].  

4.2.3 Effect of δ phase 

In forgings that have complex geometry, unlike sheets and bars, a forging flow pattern 
is associated with the shape of the component. Secondary phases such as carbides 
and δ phase in Alloy 718 follow the flow pattern and maybe retained following a 
direct ageing treatment. Such a preferential arrangement of the δ phase, known as 
flow-induced arrangement, results in anisotropic crack growth rates [145,146]. 
The anisotropic FCGR is due to the inherent difference between the local orien-
tation relationship of the crack front to the δ phase particles arrangement lines. 
The crack growth resistance is higher when the crack front is, locally, perpendic-
ular to the flow lines and in turn, to the δ phase particles [145]. The aspect ratio 
of the crack has also been shown to be affected by the same mechanism [146].  

The δ phase distribution, when controlled by suitable heat treatment, like the mod-
ified Merrick treatment, to form serrated grain boundaries, improves fatigue crack 
growth resistance, especially at 650 °C [147]. Grain boundary serration suppresses 
grain boundary sliding and at the same time makes the crack growth path more 
torturous by deflecting the crack. Grain boundary δ phase has a beneficial effect 
in retarding FCGR under hold time fatigue at elevated temperature, which could 
be due to the creep-fatigue interaction [127]. Grain boundary δ phase enhances 
the grain boundary strength by deflecting the cracks into the γ” denuded zone of 
the grains around the δ phase particles under creep deformation conditions [45]. 
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Extensive precipitation of δ phase in the intragranular form results in lower yield 
strength, ultimate tensile strength and ductility [44]. Such intragranular distribu-
tion affects fatigue behaviour by lowering the cyclic peak stresses under strain-
controlled fatigue testing [148]. Though the static properties and cyclic stress evo-
lution are affected by the extensive amount of intragranular δ phase, the LCF life 
and FCGR are not affected significantly [44].   

4.2.4 Effect of carbides and nitrides 

The presence of carbides at grain boundaries as discrete particles prevents grain 
boundary sliding at elevated temperatures. This has a beneficial effect on fatigue 
at the temperature domain where there is significant fatigue-creep interaction. In-
phase thermomechanical fatigue properties also show improvement with the 
presence of a good distribution of grain boundary carbides [144,149]. Carbides, 
sometimes, also have deleterious effects on fatigue properties. Such an effect is 
dependent on maximum carbide size, the frequency and location of large carbides 
and their tendency to cluster together. All these factors are dependent on the pri-
mary melting practice and further processing. NbC at the larger end of the size 
distribution when present at the surface/sub-surface locations act as crack initia-
tion sites [125,150–152]. Nitrides and carbides could crack during loading result-
ing in a crack propagating into the adjacent grain/grains. It is also possible that 
the particles could debond from the matrix resulting in crack initiation [153]. The 
tendency of carbides to crack and to initiate cracks is higher at low temperatures. 
The reduced severity of carbides at high temperatures is related to change of hard-
ness and ductility with an increase in temperature [27]. However, in the presence 
of oxygen at high temperatures, carbides present at the surface get oxidized. Due 
to oxidation induced volume expansion or oxidation induced cracking, these car-
bides act as crack initiation sites [154]. Such an oxidation phenomenon counter-
acts the effect of a good surface finish. Furthermore, the carbides at the surface 
could be damaged during the machining operation, and such damages deteriorate 
the fatigue performance [150].  

4.2.5 Effect of surface finishing 

A good surface finish, in general, is beneficial for fatigue performance. Residual 
stress at the surface from finishing operations has a more significant influence on 
the fatigue performance of Alloy 718 than the surface roughness if the roughness 
is below a critical value [155]. In general, tensile residual stresses are detrimental, 
while compressive residual stresses are beneficial for fatigue performance. There-
fore, broaching that introduces compressive residual stress is beneficial. In con-
trast, electrical discharge machining (EDM) that introduces a re-cast layer with 
micro-voids, micro-cracks, and tensile residual stress is detrimental for wrought 
Alloy 718 [154,156].  
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 Fatigue behaviour of PBF metals 

Several studies on the fatigue performance of PBF metals have been performed 
in the past decade. However, only a few key studies are summarized in this section 
to provide an overarching view of different aspects that have been investigated. 
Most of the published literature concerning fatigue of PBF metals address the 
influence of  

1. the rough as-built surface,  
2. the different types of defects, their volume fraction and distribution, and 
3. the different phases, their volume fraction and distribution.  

The notch-like features of the rough as-built surface, due to the stress concentra-
tion, act as crack initiation sites and are detrimental to the fatigue performance 
[119,157–161]. The fatigue notch factor kf due to the roughness could be as high 
as ~4 [157]. In general, the roughness has an inverse relationship with fatigue life; 
the orientation of a part surface concerning the building direction (down-skin vs 
up-skin) that results in a high roughness, and EB-PBF process that inherently 
results in a higher roughness than LB-PBF lead to a lower fatigue life [157,158].  

Like the effect of the as-built surface, the defects have a detrimental effect on the 
fatigue performance. The orientation of the defects with respect to the loading 
direction, the geometry (size and shape) and the location of the defects have a 
significant influence on the fatigue life [158]. Defects that have elongated shapes 
with sharp edges, typical of LoF defects, have the most detrimental effect under 
fatigue loading conditions [162]. Most of the investigations on fatigue of PBF 
metals regarding the influence of defects have either used the model proposed by 
Murakami [163], based on √area of the defects normal to the loading direction, or 
its modified version [162,164–166]. However, it has also been shown that the 
defects near the surface are more detrimental than the ones from Murakami anal-
ysis and such preferential distribution of defects near the surface is a common 
problem in PBF due to some of the melting strategies [17,164,167,168]. The use 
of crack growth model based on the known defect population has also been in-
vestigated to predict fatigue life in PBF processed materials [169]. The sensitivity 
to defects is pronounced in the HCF regime (in which crack initiation dominates 
the total fatigue life) compared to the LCF regime (in which crack propagation 
dominates the total fatigue life). Inclusions such as oxides, like the defects, induce 
a penalty on the fatigue life. 

Often, surface post-treatments and HIP have been employed to mitigate the ef-
fect of the as-built surface and the defects. Surface post-treatments such as ma-
chining, chemical etching, etc. have been investigated to improve fatigue 
performance [170–174]. However, an improvement in fatigue behaviour is 
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observed only when the notch-like features are removed [174]. A potential issue 
with the surface post-treatments involving material removal is that the sub-sur-
face defects could be exposed to the surface after removal of the as-built surface 
roughness, which could be detrimental for fatigue [167]. HIP is commonly used 
to heal the defects that form during the PBF process and often results in improved 
fatigue performance [158]. Unlike some of the defects, it is often impossible to 
eliminate the inclusions by HIP; therefore, such inclusions could have a detri-
mental effect even after HIP. Furthermore, if the as-built surface roughness is not 
removed, HIP does not improve the fatigue performance significantly [157].  

In general, the most significant penalty on fatigue performance is due to the as-
built surface roughness. When the rough as-built surface is removed, the next 
most detrimental effect is that of the defects/inclusions that are exposed to the 
surface due to the material removal, which is followed by sub-surface defects/in-
clusions.  

Several investigators have studied the effect of different phases focusing on fac-
tors such as grain morphology, texture, sub-grain structure, etc., and their influ-
ence on the fatigue behaviour of PBF metals. Often the columnar grain 
morphology of PBF metals results in an anisotropic crack propagation behaviour. 
The anisotropic behaviour is a consequence of cracks propagating either parallel 
or perpendicular to the columnar grains, which affects how torturous the crack 
path is [175–177]. An additional component of the anisotropic behaviour is the 
texture-induced elastic anisotropy in materials that have cubic crystal structures. In 
such materials, the <100> fibre texture along the build direction leads to a signif-
icant difference in Young’s modulus, which in turn leads to anisotropy in fatigue 
life under strain-controlled loading conditions [178]. After thermal post-treat-
ments such as HIP, high-temperature homogenization/annealing, the microstruc-
tural directionality and heterogeneity caused by the directional solidification of 
LB-PBF processing could be eliminated. Therefore, HIP provides a beneficial ef-
fect on fatigue performance by reducing the influence of both the defects and 
texture. However, in EB-PBF processed material, the columnar grains are an or-
der of magnitude longer and are usually stable under post-treatments [178]. Fur-
thermore, the strengthening mechanism influenced by the grain morphology, the 
sub-grain structure and, the strengthening precipitates has a direct influence on 
the fatigue mechanism. The presence of the cellular sub-structure, for some ma-
terials, has a positive effect on the monotonic strength and consequently has a 
beneficial effect on fatigue life. In such materials, coarsening of the microstructure 
(and dissolution of the sub-structure) after HIP leads to a reduction in monotonic 
strength and consequently a reduction in fatigue life. The post-treatments in-
tended to precipitate strengthening phases to increase the monotonic strength, 
often lead to better fatigue performance. In some materials, the relaxation of the 
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observed only when the notch-like features are removed [174]. A potential issue 
with the surface post-treatments involving material removal is that the sub-sur-
face defects could be exposed to the surface after removal of the as-built surface 
roughness, which could be detrimental for fatigue [167]. HIP is commonly used 
to heal the defects that form during the PBF process and often results in improved 
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morphology of PBF metals results in an anisotropic crack propagation behaviour. 
The anisotropic behaviour is a consequence of cracks propagating either parallel 
or perpendicular to the columnar grains, which affects how torturous the crack 
path is [175–177]. An additional component of the anisotropic behaviour is the 
texture-induced elastic anisotropy in materials that have cubic crystal structures. In 
such materials, the <100> fibre texture along the build direction leads to a signif-
icant difference in Young’s modulus, which in turn leads to anisotropy in fatigue 
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residual stress, by a suitable post-treatment, inherited from the LB-PBF pro-
cessing improves the fatigue performance [158].  

 Fatigue behaviour of PBF Alloy 718 

In general, the research on fatigue of PBF Alloy 718 has been focused on address-
ing the effect of different phases, different defects and as-built surface roughness, 
which have also been the topics of investigated for other PBF processed materials. 
A summary of the fatigue behaviour of EB-PBF Alloy 718 and LB-PBF Alloy 718 
is presented in this section. 

The typical columnar microstructure and the <100> fibre texture of EB-PBF 
Alloy 718, obtained by snaking scan strategy, exhibits anisotropic fatigue 
behaviour [178]. The strong <100> fibre texture along the build direction that 
leads to a difference of ~30 % in Young’s modulus between the build direction 
and the transverse direction. Under strain-controlled conditions, this texture-
induced anisotropy of the elastic modulus leads to anisotropic fatigue behaviour. 
The equiaxed microstructure of EB-PBF Alloy 718, obtained by spot scan 
strategy, has fatigue properties that lie between the two directions of the columnar 
microstructure. Furthermore, the equiaxed microstructure does not exhibit 
anisotropy.  

EB-PBF Alloy 718 with a columnar microstructure exhibits anisotropic dwell 
fatigue crack propagation behaviour at 550 °C. However, properties in both 
directions have better performance than wrought material [179]. The crack 
propagation becomes intergranular when the crack-tip reaches a high angle grain 
boundary. Therefore, when the crack is parallel to the columnar grains, it grows 
faster. Furthermore, the crack deflects away from its path when it is perpendicular 
to the columnar grains, which reduces the effective crack length with respect to 
the loading direction. It has also been shown that if the contour region that has a 
mixed grain morphology is not machined off, the crack propagation in the 
contour region is faster than in the hatch region of the specimen. Consequently, 
the crack grows to a greater depth in the contour region of the specimen than in 
the hatch region and the crack front deviates from being semicircular [13].  

When the as-built grain morphology of LB-PBF Alloy 718 is retained, after 
thermal post-treatments such as SA, an anisotropy exists in the dwell fatigue crack 
propagation behaviour at 550 °C. The crack growth rate, in such a case, is faster 
when the crack is parallel to the elongated grains and dwell fatigue crack growth 
behaviour is worse than that of wrought material [13]. LB-PBF Alloy 718 with 
grain morphology like wrought material, obtained by an extended 
homogenization, has similar dwell fatigue crack growth behaviour as that of 
wrought material [13]. Furthermore, the fatigue crack growth threshold is lower 
for LB-PBF Alloy 718 compared to wrought material [180,181]. Also, isotropic 
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crack propagation behaviour at room temperature has been reported for heat-
treated LB-PBF Alloy 718 with as-built grain morphology [180].  

LB-PBF Alloy 718 with the as-built grain morphology, after thermal post-treat-
ments, exhibits anisotropic HCF behaviour at room temperature. The perfor-
mance is lower than the wrought material due to the defects [109,182]. When LB-
PBF Alloy 718 is subjected to HSA (HIP+SA), the grain morphology resembles 
that of the wrought material; however, the fatigue performance is lower than the 
wrought material due to the defects that are remnant after HSA [109]. Contra-
dicting findings that the HCF performance of HSA treated LB-PBF Alloy 718 is 
equivalent to wrought material and that the behaviour is isotropic have been re-
ported [183].  

The LCF behaviour of LB-PBF Alloy 718 with the as-built grain morphology, 
after heat treatment, does not exhibit anisotropy at room temperature; the fatigue 
life is lower than that of the wrought material due to the process-induced defects 
[92,182]. When subjected to HSA, the remnant defects and a large number of 
annealing twins have been cited as reasons for lower LCF performance compared 
to the wrought material as these act as preferential crack initiation sites [92]. A 
similar result of HSA leading to lower LCF performance has been reported and 
attributed to dissolution of the cellular sub-structures and precipitation of δ phase 
at the grain boundaries, which caused localized cyclic damage [93].  

In general, the rough as-built surface has been reported to deteriorate the fatigue 
performance up to ~40 % compared to machining off the as-built surface 
[183,184]. The notch-like features in the rough surface are the cause of the detri-
mental effect. Furthermore, the orientation of parts impact the surface roughness, 
and the orientations that lead to a higher surface roughness consequently result 
in lower fatigue life [120,185,186]. The process-induced defects have a detrimental 
effect on the fatigue life of LB-PBF Alloy 718, and life has been predicted using 
the √area of the defects together with appropriate fatigue crack growth data 
[187,188]. The location of the defect and its orientation with respect to the loading 
direction have a significant influence on how detrimental the defect is.  
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residual stress, by a suitable post-treatment, inherited from the LB-PBF pro-
cessing improves the fatigue performance [158].  
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crack propagation behaviour at room temperature has been reported for heat-
treated LB-PBF Alloy 718 with as-built grain morphology [180].  
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In general, the rough as-built surface has been reported to deteriorate the fatigue 
performance up to ~40 % compared to machining off the as-built surface 
[183,184]. The notch-like features in the rough surface are the cause of the detri-
mental effect. Furthermore, the orientation of parts impact the surface roughness, 
and the orientations that lead to a higher surface roughness consequently result 
in lower fatigue life [120,185,186]. The process-induced defects have a detrimental 
effect on the fatigue life of LB-PBF Alloy 718, and life has been predicted using 
the √area of the defects together with appropriate fatigue crack growth data 
[187,188]. The location of the defect and its orientation with respect to the loading 
direction have a significant influence on how detrimental the defect is.  

 

 



43 
 

5 Materials and Methods 

In this chapter, information regarding the experimental work performed during 
this thesis is presented. It includes brief information about the manufacturing of 
specimens, thermal post-treatments, fatigue testing, and material characterization. 
For detailed information, the readers are advised to refer the papers appended to 
this thesis.  

 Specimen manufacturing 

In the work presented here, Alloy 718 material manufactured using both the EB-
PBF and LB-PBF processes was investigated. Specimens were manufactured in 
three different orientations, see Figure 11, namely – parallel to the build direction 
(shown in red), transverse to the build direction (shown in blue) and diagonal to 
the build direction (shown in yellow). In all the builds, the specimens in the par-
allel and diagonal orientation were built as individual prismatic bars or cylinders. 
In the transverse orientation, however, several specimens were extracted from 
cuboidal blocks that were built for the purpose. The details of each of the build 
configurations utilized can be found in the appended papers.  

 

Figure 11. Schematic illustration of specimen orientations on the build plate.  
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5.1.1 EB-PBF process 

The EB-PBF specimens were manufactured using an Arcam A2X EBM machine. 
Two different powders were used to build the specimens; namely – plasma atom-
ized (PA) powder provided by Arcam and gas atomized (GA) powder provided 
by Sandvik. The powders had a nominal chemical composition of Alloy 718 and 
the size fraction recommended for use in the A2X machine was used. The stand-
ard theme for Alloy 718 provided by Arcam was used to build the specimens, 
except in the microstructure tailoring project in Paper F. After build completion, the 
sintered powder was recovered from the build in a powder recovery system, and 
the specimens were sectioned off from the base plate. For further details, the 
readers are advised to refer to Paper A, Paper E, and Paper F. 

5.1.2 LB-PBF process 

The LB-PBF specimens were manufactured using two different LB-PBF ma-
chines. The specimens manufactured in EOS M290 machine were built using GA 
powder and the standard theme for Alloy 718, both provided by EOS. The spec-
imens manufactured in SLM®280 machine were built using GA powder provided 
by Höganäs, and the standard theme for Alloy 718 provided by SLM solutions. 
The powders had a nominal composition of Alloy 718, and the size fraction rec-
ommended for use in the respective machine. In both cases, the specimens were 
cut off from the base plate after the powder recovery process without any prior 
stress-relieving treatment. For further information, please refer to Paper B and 
Paper C. 

 Thermal post-treatment 

During this thesis, a total of four sub-projects were performed, each with inde-
pendent goals to address different aspects considered in the research questions. 
Since the research questions were formulated to relate the fatigue behaviour to 
the microstructure (or to the surface roughness that is not affected by the thermal-
post processing), and each of the sub-projects was planned with independent 
goals, a potential opportunity to use different thermal post-treatment protocols 
existed. Therefore, the manufactured specimens were subjected to thermal post-
treatments such as DA, SA, HSA based on the research questions of the sub-
projects; different time, temperature and pressure combinations were utilized to 
this end. Specific information regarding the post-treatment conditions are pre-
sented in Table 4 and can be found in the appended papers. The terminology used  
for the post-treatments in Table 4 are different from those in the respective papers; 
these new terms are intended for better readability of this thesis.  
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technique. An Alicona InfiniteFocusSL microscope fitted with a 20x objective 
was utilized for the purpose. Further information can be found in Paper A. 

5.4.2 Metallography 

5.4.2.1 Sample preparation  

Samples for metallographic analysis were extracted from selected specimens. 
Samples were cut using a Struers Secotom 10 precision cutting machine or by 
wire-EDM. The cut samples were mounted in phenolic/epoxy thermoset poly-
mer using a Buehler SimpliMet 3000 automatic mounting press or in a fast-curing 
acrylic thermoplastic polymer. Grinding and polishing of samples were performed 
by standard metallographic procedures using a Buehler EcoMet 300 Pro semi-
automatic machine fitted with AutoMet 300 powerhead. Samples for Electron 
Backscattering Diffraction (EBSD) were polished using non-crystallizing amor-
phous 0.02 µm colloidal silica suspension in a Buehler Vibromet 2 vibratory pol-
isher machine. Samples for microstructure evaluation were etched either by 
immersion in Beraha III reagent for ~20 seconds or by electrolytic etching with 
either oxalic acid at 3 V for ~5 seconds or Kalling’s reagent diluted with ethanol 
at 2 V for ~3 seconds. 

Samples for Transmission Electron Microscope (TEM) analysis were prepared by 
sectioning off 0.5 mm thin strips using wire-EDM. The strips were ground down 
to 100 µm thickness, and 3 mm discs were punched out. The discs were subse-
quently thinned down further by dimple grinding and electropolishing in a 10:90 
methanol:perchloric acid solution at −30 °C using a Struers Tenupol-5 twinjet 
polishing machine to obtain electron transparency.  

5.4.2.2 Microscopy 

The microstructural evaluation and characterization were performed using light 
optical microscopes (LOM) – either Olympus BX60M or Zeiss AX10. The types 
of defects present, and their amount and distribution, were analyzed in both as-
polished and etched conditions at suitable magnifications. Image analysis tech-
nique using Fiji software was utilized to determine the volume fraction of defects 
present in the specimens [189]. The ASTM E 1245 standard was followed for 
image analysis to choose an appropriate magnification, thresholding technique 
and the number of image fields [190]. Further, high magnification analysis of the 
microstructure was performed using a scanning electron microscope (SEM) – ei-
ther with a Zeiss EVO 50 SEM, a Hitachi SU70 field emission gun (FEG) SEM 
or a Zeiss Gemini 450 FEG SEM. All the SEMs had energy-dispersive X-ray 
spectroscopy (EDS) detector from Oxford Instruments together with INCA/Az-
tec software for chemical analysis. Texture analysis was performed using the 
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5.1.1 EB-PBF process 

The EB-PBF specimens were manufactured using an Arcam A2X EBM machine. 
Two different powders were used to build the specimens; namely – plasma atom-
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imens manufactured in SLM®280 machine were built using GA powder provided 
by Höganäs, and the standard theme for Alloy 718 provided by SLM solutions. 
The powders had a nominal composition of Alloy 718, and the size fraction rec-
ommended for use in the respective machine. In both cases, the specimens were 
cut off from the base plate after the powder recovery process without any prior 
stress-relieving treatment. For further information, please refer to Paper B and 
Paper C. 

 Thermal post-treatment 

During this thesis, a total of four sub-projects were performed, each with inde-
pendent goals to address different aspects considered in the research questions. 
Since the research questions were formulated to relate the fatigue behaviour to 
the microstructure (or to the surface roughness that is not affected by the thermal-
post processing), and each of the sub-projects was planned with independent 
goals, a potential opportunity to use different thermal post-treatment protocols 
existed. Therefore, the manufactured specimens were subjected to thermal post-
treatments such as DA, SA, HSA based on the research questions of the sub-
projects; different time, temperature and pressure combinations were utilized to 
this end. Specific information regarding the post-treatment conditions are pre-
sented in Table 4 and can be found in the appended papers. The terminology used  
for the post-treatments in Table 4 are different from those in the respective papers; 
these new terms are intended for better readability of this thesis.  

45
 

  

Ta
ble

 4
. D

iff
ere

nt
 th

erm
al 

po
st-

tre
at

me
nt

s e
va

lu
at

ed
 d

ur
in

g t
hi

s t
he

sis
 

Pa
pe

r 
Te

rm
s i

n 
th

e 
pa

pe
r 

Te
rm

s i
n 

th
e 

th
es

is 
H

ot
 Is

os
ta

tic
 P

re
ss

in
g 

So
lu

tio
n 

tr
ea

tm
en

t 
A

ge
in

g 
tr

ea
tm

en
t 

A
 

St
an

da
rd

 
tr

ea
tm

en
t 

H
SA

-1
 

11
21

 °
C

/1
00

 M
Pa

/4
 h

/U
RC

 
10

65
 °

C
/1

 h
/A

C
  

+
 9

54
 °

C
/1

 h
/A

C
 

76
0 

°C
/5

 h
/F

C
 to

 6
49

 °
C

  
+

 6
49

 °
C

/1
 h

/A
C

 
R

ep
ai

r 
tr

ea
tm

en
t 

H
SA

-2
 

11
21

 °
C

/1
00

 M
Pa

/4
 h

/U
RC

 
10

65
 °

C
/1

 h
/A

C
 +

  
5 

x 
95

4 
°C

/1
 h

/A
C

 
76

0 
°C

/5
 h

/F
C

 to
 6

49
 °

C
  

+
 6

49
 °

C
/1

 h
/A

C
 

B 

A
B 

A
B 

N
on

e 
N

on
e 

N
on

e 

D
A

 
D

A
 

N
on

e 
N

on
e 

71
8 

°C
/8

 h
/F

C
 to

 6
21

 °
C

  
+

 6
21

 °
C

/8
 h

/A
C

 

H
SA

 
H

SA
-3

 
11

60
 °

C
/1

00
 M

Pa
/4

 h
/U

RC
 

10
65

 °
C

/1
 h

/A
C

 
71

8 
°C

/8
 h

/F
C

 to
 6

21
 °

C
  

+
 6

21
 °

C
/8

 h
/A

C
 

C
, D

 &
 E

 
ST

A
 

SA
 

N
on

e 
10

66
 °

C
/1

 h
/A

C
 

76
0 

°C
/1

0 
h/

FC
 to

 6
49

 °
C

  
+

 6
49

 °
C

/8
 h

/A
C

 

H
IP

+
ST

A
 

H
SA

-4
 

12
00

 °
C

/1
20

 M
Pa

/4
 h

/U
RC

 
10

66
 °

C
/1

 h
/A

C
 

76
0 

°C
/1

0 
h/

FC
 to

 6
49

 °
C

  
+

 6
49

 °
C

/8
 h

/A
C

 
E

 
A

B 
A

B-
1 

N
on

e 
N

on
e 

N
on

e 
F 

In
flu

en
ce

 o
f p

os
t-t

re
at

m
en

ts
 w

as
 n

ot
 in

ve
st

ig
at

ed
. 

   

MATERIALS AND METHODS  

47 
 

technique. An Alicona InfiniteFocusSL microscope fitted with a 20x objective 
was utilized for the purpose. Further information can be found in Paper A. 

5.4.2 Metallography 

5.4.2.1 Sample preparation  

Samples for metallographic analysis were extracted from selected specimens. 
Samples were cut using a Struers Secotom 10 precision cutting machine or by 
wire-EDM. The cut samples were mounted in phenolic/epoxy thermoset poly-
mer using a Buehler SimpliMet 3000 automatic mounting press or in a fast-curing 
acrylic thermoplastic polymer. Grinding and polishing of samples were performed 
by standard metallographic procedures using a Buehler EcoMet 300 Pro semi-
automatic machine fitted with AutoMet 300 powerhead. Samples for Electron 
Backscattering Diffraction (EBSD) were polished using non-crystallizing amor-
phous 0.02 µm colloidal silica suspension in a Buehler Vibromet 2 vibratory pol-
isher machine. Samples for microstructure evaluation were etched either by 
immersion in Beraha III reagent for ~20 seconds or by electrolytic etching with 
either oxalic acid at 3 V for ~5 seconds or Kalling’s reagent diluted with ethanol 
at 2 V for ~3 seconds. 

Samples for Transmission Electron Microscope (TEM) analysis were prepared by 
sectioning off 0.5 mm thin strips using wire-EDM. The strips were ground down 
to 100 µm thickness, and 3 mm discs were punched out. The discs were subse-
quently thinned down further by dimple grinding and electropolishing in a 10:90 
methanol:perchloric acid solution at −30 °C using a Struers Tenupol-5 twinjet 
polishing machine to obtain electron transparency.  

5.4.2.2 Microscopy 

The microstructural evaluation and characterization were performed using light 
optical microscopes (LOM) – either Olympus BX60M or Zeiss AX10. The types 
of defects present, and their amount and distribution, were analyzed in both as-
polished and etched conditions at suitable magnifications. Image analysis tech-
nique using Fiji software was utilized to determine the volume fraction of defects 
present in the specimens [189]. The ASTM E 1245 standard was followed for 
image analysis to choose an appropriate magnification, thresholding technique 
and the number of image fields [190]. Further, high magnification analysis of the 
microstructure was performed using a scanning electron microscope (SEM) – ei-
ther with a Zeiss EVO 50 SEM, a Hitachi SU70 field emission gun (FEG) SEM 
or a Zeiss Gemini 450 FEG SEM. All the SEMs had energy-dispersive X-ray 
spectroscopy (EDS) detector from Oxford Instruments together with INCA/Az-
tec software for chemical analysis. Texture analysis was performed using the 
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In Paper A, all the EB-PBF specimens were subjected to HIP. One batch of ma-
terial was subjected to HSA-1. The other batch was given HSA-2, which involved 
five repetitions of the second solution treatment before the same ageing routine 
as the first batch. The intention of five repetitions of the second solution treat-
ment was to simulate typical repair welding scenario under long term service con-
ditions.  

In Paper B, the LB-PBF specimens were used in three different conditions, namely 
– as-built (AB) condition, DA and HSA-3. The idea was to evaluate the effect of 
thermal post-treatments on sub-grain morphology and strengthening phases, and 
in turn, how that affects the fatigue behaviour.   

In Paper C, Paper D and Paper E, EB-PBF and LB-PBF specimens were subjected 
to either SA or HSA-4 to study the effect of HIP on fatigue life. The goal was to 
evaluate how HIP affects grain morphology, texture, and different types of de-
fects and in turn, how these affect the fatigue life.  

 Fatigue testing 

All fatigue tests were performed to evaluate the fatigue behaviour by the total-life 
approach. In Paper A and Paper B, axial strain-controlled fatigue tests were per-
formed at room temperature. Except for the strain ratio Rε, all the test parameters 
were identical in the two papers. In Paper C, Paper D and Paper E, four-point bend-
ing fatigue tests were performed under controlled amplitudes of stress at room 
temperature. The axial fatigue tests enabled evaluation of the influence of the mi-
crostructure in the hatch region, while the bending fatigue tests enabled evalua-
tion of the influence of the microstructure in the contour region as well as that of 
the as-built surface roughness. Besides the fatigue tests, tests to characterize hard-
ness and monotonic tensile behaviour were also conducted. Detailed information 
concerning the test conditions, the number of specimens tested, and the specimen 
geometries utilized is provided in the appended papers.  

 Characterization methods 

The surface roughness and the microstructure of the material utilized in the thesis 
were characterized using the following methods.  

5.4.1 Surface roughness measurement  

Areal surface roughness parameters Sa (average mean deviation in the sampled 
area), Sv (maximum valley depth in the sampled area) and Sz (maximum total de-
viation in the sampled area) were measured by focus variation microscopy 
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by standard metallographic procedures using a Buehler EcoMet 300 Pro semi-
automatic machine fitted with AutoMet 300 powerhead. Samples for Electron 
Backscattering Diffraction (EBSD) were polished using non-crystallizing amor-
phous 0.02 µm colloidal silica suspension in a Buehler Vibromet 2 vibratory pol-
isher machine. Samples for microstructure evaluation were etched either by 
immersion in Beraha III reagent for ~20 seconds or by electrolytic etching with 
either oxalic acid at 3 V for ~5 seconds or Kalling’s reagent diluted with ethanol 
at 2 V for ~3 seconds. 

Samples for Transmission Electron Microscope (TEM) analysis were prepared by 
sectioning off 0.5 mm thin strips using wire-EDM. The strips were ground down 
to 100 µm thickness, and 3 mm discs were punched out. The discs were subse-
quently thinned down further by dimple grinding and electropolishing in a 10:90 
methanol:perchloric acid solution at −30 °C using a Struers Tenupol-5 twinjet 
polishing machine to obtain electron transparency.  

5.4.2.2 Microscopy 

The microstructural evaluation and characterization were performed using light 
optical microscopes (LOM) – either Olympus BX60M or Zeiss AX10. The types 
of defects present, and their amount and distribution, were analyzed in both as-
polished and etched conditions at suitable magnifications. Image analysis tech-
nique using Fiji software was utilized to determine the volume fraction of defects 
present in the specimens [189]. The ASTM E 1245 standard was followed for 
image analysis to choose an appropriate magnification, thresholding technique 
and the number of image fields [190]. Further, high magnification analysis of the 
microstructure was performed using a scanning electron microscope (SEM) – ei-
ther with a Zeiss EVO 50 SEM, a Hitachi SU70 field emission gun (FEG) SEM 
or a Zeiss Gemini 450 FEG SEM. All the SEMs had energy-dispersive X-ray 
spectroscopy (EDS) detector from Oxford Instruments together with INCA/Az-
tec software for chemical analysis. Texture analysis was performed using the 
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In Paper A, all the EB-PBF specimens were subjected to HIP. One batch of ma-
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thermal post-treatments on sub-grain morphology and strengthening phases, and 
in turn, how that affects the fatigue behaviour.   

In Paper C, Paper D and Paper E, EB-PBF and LB-PBF specimens were subjected 
to either SA or HSA-4 to study the effect of HIP on fatigue life. The goal was to 
evaluate how HIP affects grain morphology, texture, and different types of de-
fects and in turn, how these affect the fatigue life.  
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EBSD data acquired using the Hitachi SU70 FEG SEM or the Zeiss Gemini 450 
FEG SEM, which had EBSD detector from Oxford Instruments. The EBSD data 
were analyzed using either HKL Channel 5, Aztec Crystal, MTEX [191] or ATEX 
[192]. A suitable scanning step size was used during the analysis depending on the 
grain size. An FEI transmission electron microscope Tecnai G2 (200 kV) with 
double-tilt sample holders was used for the analysis to enable orienting the sam-
ples to two-beam conditions during dislocation analysis. 

5.4.3 Fractography  

After fatigue testing, the fracture surfaces of the failed specimens were analyzed 
using an Olympus SZX9 optical stereomicroscope. For further high magnifica-
tion fractographic analysis, the Zeiss EVO 50 SEM was utilized. Initially, one of 
the two fractured surfaces were investigated, and when deemed necessary, the 
other one was evaluated. Furthermore, crack path investigation was performed 
on metallographic sections extracted perpendicular to the fracture surface. 

 

49 
 

6 Summary of Papers 

This chapter provides a summary of the six journal articles that have been at-
tached in Part II of this thesis. The findings from each of the articles that are 
related to the Research Questions formulated for this work are summarized. The 
articles are not appended in the chronological order of their publication; instead, 
they are arranged to form a logical structure based on their content.   

 Paper A 

Anisotropic fatigue properties of Alloy 718 manufactured by Electron Beam Powder Bed Fu-
sion.  

The effect of microstructure of Alloy 718 manufactured by EB-PBF process on 
the LCF behaviour was evaluated in this paper. Specimens for fatigue testing were 
extracted by machining the specimen blanks. Therefore, only the microstructure 
corresponding to the hatch region has been characterised. Besides evaluating the 
effect of texture, the effect of amount and distribution of different phases was 
investigated by incorporating two different thermal post-treatments, namely 
HSA-1 and HSA-2 (refer Table 4). Research Questions 1(i), 1(ii) and 1(iii) are ad-
dressed in this paper.  

The microstructure of Alloy 718 manufactured by the EB-PBF process and sub-
jected to HSA-1 and HSA-2, in the gauge section of specimens, is composed of 
columnar grains with strong <100> fibre texture along the build direction. Con-
sequently, Young’s modulus along the build direction was ~35 % lower than in 
the transverse direction. Oxide inclusions, rich in Al and Ti, were present both in 
a spherical form and in shapes with high aspect ratio; these inclusions were ran-
domly distributed. Gas porosities, which were spherical, were also randomly dis-
tributed in the material. Besides these microstructural features, distribution of 
NbC was also similar after the two post-treatment conditions. The carbides were 
present both at grain boundaries and intra-granular sites, in the form of vertically 
aligned strings along the build direction.  

The difference in microstructure between HSA-1 and HSA-2 treatments was in 
the amount and distribution of δ phase and consequently, difference in the size 
of the strengthening precipitates. HSA-1 led to intra-granular and inter-granular 
precipitation of δ phase. The δ phase particles at the grain boundaries, in general, 
were relatively smaller in size and higher number density compared to the intra-
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granular sites. After HSA-2 treatment, δ phase was spread evenly throughout the 
material. However, the particles at the grain boundaries were still smaller than the 
ones within the grains. The δ phase particles were larger in both size and quantity 
compared to HSA-1 treatment. Correspondingly, the strengthening precipitates 
were smaller in size compared to HSA-1 treatment. Due to the difference in the 
amount of the δ phase, and consequently, the difference in strengthening precip-
itates, the yield strength in HSA-1 treatment condition was higher than that of 
HSA-2 treatment condition. The material in HSA-1 treated condition exhibited 
cyclic softening whereas, in HSA-2 treated condition, the material neither sof-
tened nor hardened cyclically.  

The cyclic properties were anisotropic, which was consistent with the anisotropy 
in Young’s modulus. To achieve a specific applied strain amplitude, higher stress 
was required along the transverse direction than the parallel direction. Further-
more, the material with higher modulus and lower yield strength experienced 
higher cyclic plasticity and vice-versa. With an increase in the cyclic plasticity, the 
tensile bias in the cyclic stress response that occurred due to the biased straining 
tended towards symmetry. Due to the higher modulus, and consequently higher 
cyclic plasticity, the shakedown response was higher in the transverse direction 
compared to the parallel direction at any given strain amplitude. 

Similarly, fatigue life was anisotropic. Along the parallel direction, fatigue life was 
longer than in the transverse direction, which was due to the difference in the 
stress required to achieve the applied strain amplitude. Pseudo-elastic stress 
(which can be estimated from the applied strain amplitude and Young’s modulus 
as σpseudo-elastic = εa.E), plotted against fatigue life as a log-log S-N type plot in re-
sulted in all the data points for the parallel and transverse directions to merge into 
a linear relationship. This is because the resolved shear stress acting on slip planes 
that is responsible for slip (as well as dislocation multiplication and their move-
ment) is independent of the texture. Therefore, the pseudo-elastic stress approach 
could, potentially, be used to handle anisotropy in fatigue life estimation of addi-
tively manufactured engineering components. 

 Paper B 

On the microstructure of laser beam powder bed fusion Alloy 718 and its influence on the low 
cycle fatigue behaviour. 

The effect of microstructure of Alloy 718 manufactured by LB-PBF process on 
the LCF behaviour was evaluated in this paper. Specimens for fatigue testing were 
extracted by machining the specimen blanks. Therefore, only the microstructure 
corresponding to the hatch region was characterised. The effect of amount and 
distribution of different phases was investigated by testing the material in three 
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post-treatment conditions, namely AB, DA and HAS-3 (refer Table 4). Further-
more, the effect of anisotropy was investigated by testing the material in three 
different orientations. Research Questions 1(i), 1(ii) and 1(iii) are addressed in this 
paper. 

AB microstructure of Alloy 718 manufactured by the LB-PBF process, in the 
gauge section of the specimens, is composed of elongated grains with weak 
<100> fibre texture along the build direction. The sub-grain structure had cellular 
morphology; the intercellular region consisted of dense dislocation networks, 
Laves phase and NbC. Furthermore, the strengthening precipitates were absent 
in the AB condition. Defects such as porosity and LoF were present in addition 
to inclusions such as oxides of Al and Ti. LoF and inclusions were present both 
in a spherical form and in shapes with high aspect ratio. Issues related to powder 
distribution and Ar gas flow in the chamber resulted in a high volume fraction of 
defects and inclusions.  

In the DA condition, grain morphology, texture, defects, and inclusions were 
identical to the AB condition. The cellular sub-grain structure, Laves phase and 
NbC were present at the cell boundaries and were not dissolved. Additionally, 
strengthening precipitates were present in the DA condition. In HSA-3 treated 
condition, grain growth was observed. The grain growth led to a reduction in 
texture in the material. Furthermore, the cellular sub-grain structure and most of 
the defects were eliminated. The Laves phase was dissolved, the NbC were sig-
nificantly larger than the AB and DA conditions. The strengthening precipitates 
were present, and the inclusions were unaffected.  

Due to the absence of the strengthening precipitates, the AB condition had lower 
strength compared to the DA and HSA-3 conditions that had the strengthening 
precipitates. The strength was higher in the DA condition than the HSA-3 con-
dition due to the smaller grain size. The AB condition exhibited an initial cycle-
dependent hardening followed by softening, whereas the DA and HSA-3 condi-
tions exhibited continuous cycle-dependent softening. The difference in the cycle-
dependent stress evolution behaviour is related to the absence/presence of the 
strengthening precipitates and hence the deformation mechanism. The softening 
behaviour in the DA and HSA-3 conditions was related to the precipitate shearing 
mechanism under cyclic loading. Due to the precipitate shearing, planar slip bands 
formed that act as an easy path for further dislocation movement. In the AB con-
dition, in the absence of strengthening precipitates, the deformation was homo-
geneous and was not localized in planar slip bands. The deformation-induced 
dislocations are homogeneously distributed in the matrix, and their interaction 
causes the initial hardening. Upon continued cyclic deformation, rearrangement 
of these dislocations leads to softening. 
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An asymmetric stress response to symmetric straining was observed in the AB 
condition, but not in the DA and HSA-3 conditions. The symmetric stress re-
sponse in the DA condition and defect distribution in the DA condition being 
similar to the AB condition indicated that the asymmetric stress response in the 
AB condition was due to the residual stress and not the defects.  

The presence of Laves phase in the AB and DA conditions did not have a detri-
mental effect on fatigue life. The LoF defects in the AB and DA conditions acted 
as crack initiation sites, in the parallel and diagonal orientations, and consequently 
had a detrimental effect on fatigue life. The scatter in fatigue life in the DA con-
dition was relatively higher than the AB condition as the material in the DA con-
dition was relatively more notch sensitive due to the higher strength. 
Furthermore, in the transverse orientation, the LoF defects did not have as much 
detrimental effect because the load was parallel to the longer dimension of the 
LoF defects. In the HSA-3 condition, inclusions were identified at the crack ini-
tiation sites that consequently resulted in lower fatigue life compared to the 
wrought reference data. In the AB and DA conditions, a slight anisotropy in 
Young’s modulus was observed that was related to the texture in the material; the 
HSA-3 condition had isotropic modulus. Consequently, anisotropy in the strain–
life plot was observed in the AB and DA conditions. The pseudo-elastic stress vs 
fatigue life approach was capable of handling the modulus-induced anisotropy in 
fatigue behaviour under strain-controlled conditions.  

 Paper C  

Influence of defects and as-built surface roughness on fatigue properties of additively manufactured 
Alloy 718. 

In this paper, the influence of various defects and the as-built surface roughness 
on fatigue properties of PBF Alloy 718 were investigated. The post-treatments 
utilized were SA and HSA-4 (refer Table 4). Therefore, the influence of HIP on 
defects and hence its effect on fatigue life were investigated. Specimens were 
tested by both retaining the rough as-built surface and machining it off to evaluate 
the influence of the notch-like features in the as-built surface on fatigue life. Con-
sequently, the contour regions were not machined off. This paper addressed Re-
search Questions 1(iii) and 2. 

In EB-PBF Alloy 718, in the HSA-4 condition, the type of defects present in the 
hatch region and their distribution characteristics were similar to the HSA-1 and 
HSA-2 conditions described in Paper A, although the volume fractions were dif-
ferent due to the different powders utilized in the two studies. Defect character-
istics in the contour region, in the HSA-4 condition, was identical to the hatch 
region.  
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In the SA condition, shrinkage porosities and LoFs were additionally present in 
the hatch region compared to the HSA-4 condition. The shrinkage pores were 
present in a linear string pattern, perpendicular to the build direction. The distance 
between these strings along the build direction was ~350 μm, which was related 
to the hatch rotation angle and the speed function parameter used for manufac-
turing the specimens. The LoFs in the hatch region had a narrow separation be-
tween the faces (<10 μm) were randomly distributed. In the contour region, only 
LoFs were additionally present compared to the HSA-4 condition. LoF defects 
that had a narrow separation between the faces (<10 μm) were randomly distrib-
uted. However, LoF defects that had a wide separation between the faces 
(>10 μm) were preferentially found in the hatch-contour interface, which was re-
lated to the different melting strategies utilized in the two regions. Some of the 
LoF defects in both the hatch and contour regions had oxide inclusions associated 
with them.  

In LB-PBF Alloy 718, in the HSA-4 condition, the type of defects present in the 
hatch region was same as the HSA-3 condition described in Paper B. However, 
the volume fractions were different due to the different machines and process 
parameters utilized in the two studies. Furthermore, there was no difference in 
the defect characteristics between the hatch and contour regions.  

The as-built surface roughness, in both the processes, resulted in a low scatter in 
fatigue life because of multiple crack initiations from the notch-like features of the 
as-built surface. The scatter in fatigue life in the machined condition was higher 
as the randomness in crack initiation increased compared to the as-built surface 
condition. Furthermore, the fatigue life of specimens with the as-built surface was 
lower than the ones in the machined condition, which had fewer crack initiation 
sites.  

The HSA-4 treatment, in both surface conditions, resulted in an improvement in 
the fatigue life due to closure/partial closure of defects. The presence of oxides 
prevented complete closure and healing of LoF defects during HIP treatment. 
These un-healed LoF defects adversely affected the fatigue properties of EB-PBF 
Alloy 718. These defects, in the contour region, were not completely machined 
off; therefore, machining only marginally improved the fatigue life of EB-PBF 
Alloy 718 compared to when the as-built surface was retained. LB-PBF Alloy 718 
had approximately an order of magnitude higher fatigue life compared to EB-
PBF Alloy 718, due to the difference in volume fraction and distribution of de-
fects and inclusions. 
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istics in the contour region, in the HSA-4 condition, was identical to the hatch 
region.  
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In the SA condition, shrinkage porosities and LoFs were additionally present in 
the hatch region compared to the HSA-4 condition. The shrinkage pores were 
present in a linear string pattern, perpendicular to the build direction. The distance 
between these strings along the build direction was ~350 μm, which was related 
to the hatch rotation angle and the speed function parameter used for manufac-
turing the specimens. The LoFs in the hatch region had a narrow separation be-
tween the faces (<10 μm) were randomly distributed. In the contour region, only 
LoFs were additionally present compared to the HSA-4 condition. LoF defects 
that had a narrow separation between the faces (<10 μm) were randomly distrib-
uted. However, LoF defects that had a wide separation between the faces 
(>10 μm) were preferentially found in the hatch-contour interface, which was re-
lated to the different melting strategies utilized in the two regions. Some of the 
LoF defects in both the hatch and contour regions had oxide inclusions associated 
with them.  

In LB-PBF Alloy 718, in the HSA-4 condition, the type of defects present in the 
hatch region was same as the HSA-3 condition described in Paper B. However, 
the volume fractions were different due to the different machines and process 
parameters utilized in the two studies. Furthermore, there was no difference in 
the defect characteristics between the hatch and contour regions.  

The as-built surface roughness, in both the processes, resulted in a low scatter in 
fatigue life because of multiple crack initiations from the notch-like features of the 
as-built surface. The scatter in fatigue life in the machined condition was higher 
as the randomness in crack initiation increased compared to the as-built surface 
condition. Furthermore, the fatigue life of specimens with the as-built surface was 
lower than the ones in the machined condition, which had fewer crack initiation 
sites.  

The HSA-4 treatment, in both surface conditions, resulted in an improvement in 
the fatigue life due to closure/partial closure of defects. The presence of oxides 
prevented complete closure and healing of LoF defects during HIP treatment. 
These un-healed LoF defects adversely affected the fatigue properties of EB-PBF 
Alloy 718. These defects, in the contour region, were not completely machined 
off; therefore, machining only marginally improved the fatigue life of EB-PBF 
Alloy 718 compared to when the as-built surface was retained. LB-PBF Alloy 718 
had approximately an order of magnitude higher fatigue life compared to EB-
PBF Alloy 718, due to the difference in volume fraction and distribution of de-
fects and inclusions. 
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 Paper D  

Microstructural influence on fatigue crack propagation during high cycle fatigue testing of addi-
tively manufactured Alloy 718. 

In this paper, the microstructure of EB-PBF and LB-PBF Alloy 718 was charac-
terized. The effect of SA and HSA-4 treatments (refer Table 4) on the microstruc-
ture, and in turn, its influence on fatigue crack propagation behaviour, were 
investigated. This paper answered Research Questions 1(i) and 1(ii). 

The microstructure in the hatch region of EB-PBF Alloy 718, in both the SA and 
HSA-4 conditions, in terms of grain morphology and texture was similar to the 
one described in Paper A. In the contour region, in the SA condition, the micro-
structure had a mixed grain morphology. There were curved columnar grains, fine 
equiaxed grains and some random large grains and consequently, the texture was 
weaker compared to the strong <100> fibre texture in the hatch region. The 
mixed grain morphology was replaced by coarse grains with random orientations 
in the HSA-4 condition due to the grain growth during the HIP treatment.  

The microstructure of LB-PBF Alloy 718 was identical in the hatch and contour 
regions. In terms of grain morphology and texture, the microstructure in the SA 
condition was similar to the AB and DA conditions described in Paper B and the 
microstructure in the HSA-4 condition was similar to the HSA-3 condition in 
Paper B. 

Fatigue crack propagation was transgranular in both EB-PBF and LB-PBF Al-
loy 718, both in the SA and HSA-4 conditions. The fracture surface had a faceted 
appearance corresponding to the regions with coarse grains present in HSA-4 
condition, which was related to single-shear near-threshold crack-growth behav-
iour. 

 Paper E  

Additive Manufacturing of Alloy 718 via Electron Beam Melting: Effect of Post-treatment on 
the Microstructure and Mechanical Properties 

In this paper, the microstructure of EB-PBF Alloy 718 was characterized in AB1, 
SA and HSA-4 conditions. To mitigate the detrimental effect of defects in the 
contour region, as presented in Paper C, and to study the fatigue performance of 
the microstructure of the hatch region, smaller specimens were extracted by com-
pletely removing the contour region. Research Questions 1(i), 1(ii) and 1(iii) were ad-
dressed in this paper. 
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In the AB1 condition, the grain morphology and texture were identical to the EB-
PBF Alloy 718 in the SA condition described in Paper D. The EB-PBF Alloy 718 
specimens investigated, for this paper, in the SA and HSA-4 conditions were the 
same as the ones in Paper C and Paper D. The fatigue testing was performed only 
for the material in the SA and HSA-4 treated conditions.  

Extracting smaller specimens by machining off the contour region and the hatch-
contour interface removed most of the LoF defects compared to the larger ma-
chined specimens that retained the hatch-contour interface and parts of the con-
tour region. Consequently, the fatigue performance of the smaller specimens was 
significantly better than the larger specimens in the SA condition despite the pres-
ence of shrinkage porosities. The best fatigue performance was observed in the 
HSA-4 condition for the specimens without the contour and hatch-contour in-
terface, in which all the shrinkage porosities were healed. An order of magnitude 
improvement in the fatigue life resulted from eliminating most of the defects in 
EB-PBF Alloy 718.  

In the HSA-4 condition, the specimens with the as-built surface (with the whole 
contour and the hatch-contour interface present) and the larger machined speci-
mens (with some portion of the contour and the hatch-contour interface), faceted 
features were observed on the fracture surfaces corresponding to the coarse grains 
as described in Paper D. Furthermore, fracture surfaces of the smaller machined 
specimens (without the contour and the hatch-contour interface) did not exhibit 
faceting behaviour on the fracture surface. 

 Paper F 

Microstructure tailoring in Electron Beam Powder Bed Fusion additive manufacturing and its 
potential consequences 

The work presented in this paper is related to Research Questions 1(i) and 1(ii). In 
Paper D, it was shown that the different melting strategies resulted in different 
microstructures in the contour region and in the hatch region. Using the spot scan 
strategy — that is commonly used in the contour region — in the hatch region 
and through process parameter optimization, the possibility of site-specific mi-
crostructure control in EB-PBF manufacturing of Alloy 718 was demonstrated. 
Fatigue testing was not performed on the tailored microstructures. However, the 
implication of such microstructures on the fatigue behaviour was discussed.  

Using the spot scan strategy, the melting of a cross-section was performed by 
discrete spots. By tuning the parameters such as spot time, number of spots, etc. 
that were available under the multi-spot setting along with the usual beam parame-
ters such as beam current, beam velocity, line offset, line order, etc. hatching 
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pattern across the intended layer cross-section was varied. By varying the hatch 
pattern, it was possible to vary the melt pool shape and in turn, the thermal gra-
dient and the solidification velocity. Therefore, by carefully controlling the energy 
input, it was possible to obtain either a columnar, an equiaxed or a bimodal mi-
crostructure. It was further demonstrated that site-specific microstructure control 
could be achieved within a part. Furthermore, it was shown that a sharp transition 
from one microstructure to the other could be achieved. Such sharp transitions 
or controlling the transition could have a significant influence on the high cycle 
fatigue performance due to the elastic incompatibility at the transition zones.  
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7 Discussion 

This chapter aims to integrate the findings from each of the papers with the Re-
search Questions formulated for this thesis. Furthermore, it presents a general dis-
cussion concerning the different aspects that have been investigated.  

RQ1. How does the microstructure of PBF Alloy 718 material, in as-built 
and/or post-treated condition, affect the fatigue behaviour? 

This research question has three sub-questions that are related to the phase con-
stituents, the crystallographic texture and the defects.  

i. What is the influence of the different phase constituents? 

From the investigations, it was found that the γ matrix, the γ”/γ’ strengthening 
precipitates, the δ phase and the Laves phase did not affect the fatigue life. The 
morphology and/or size fraction of the Laves phase and NbC in PBF Alloy 718 
is different from that in cast or wrought Alloy 718. NbC particles in convention-
ally manufactured Alloy 718, when present at surface/sub-surface locations, act 
as crack initiation sites [125,150–152]. Furthermore, the Laves phase acts as crack 
initiation sites and preferential crack propagation path in cast Alloy 718 [48]. In 
the present work, the crack initiation was dominated by the defects and/or inclu-
sions. Furthermore, the smaller size of NbC and Laves phase in the PBF Al-
loy 718 had potentially contributed towards their insignificant influence.  

In Paper B, LB-PBF Alloy 718 tested in both the AB and DA conditions contained 
a significant amount of Laves phase. However, that did not have a detrimental 
effect on fatigue life. In the AB condition, Laves phase particles were unaffected 
by the cyclic deformation process. In contrast, in the DA condition, planar slip 
bands sheared some of the Laves phase particles. This difference could be related 
to the difference in deformation behaviour and relative hardness difference be-
tween the Laves phase and the matrix. In the AB condition, homogeneous defor-
mation occurred, and the matrix was softer due to the absence of the 
strengthening precipitates. Therefore, the Laves phase was efficient in hindering 
the dislocations, and the deformation continued to occur in the matrix. In the DA 
condition, deformation was inhomogeneous and localized due to the formation 
of planar slip bands. Furthermore, due to the presence of the strengthening pre-
cipitates, the relative difference hardness between the Laves phase and the matrix 
was lower compared to the AB condition, and hence the Laves phase particles 
were sheared. 
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The influence of the δ phase, from the investigations in Paper A,  was that it led 
to a softening behaviour in the cyclic stress-strain (CSS) curve. However, the in-
fluence was indirect, i.e., the precipitation of large amounts of the δ phase lowered 
the size and volume fraction of the γ”/γ’ strengthening precipitates, which was 
responsible for the observed softening. It is well known that the δ phase precipi-
tation in Alloy 718 consumes the Nb content available for γ” precipitation and 
leads to a reduction in the strengthening effect [27]. The high amounts of δ phase, 
as observed in the HSA-2 condition, did not have any detrimental effect on LCF 
life. Similar findings for conventionally manufactured Alloy 718 have also been 
reported [44]. The γ”/γ’ phases also affected the cycle-dependent hardening or 
softening behaviour. The absence of these strengthening precipitates, as shown 
in Paper B, led to an initial cycle-dependent hardening before the onset of soften-
ing. On the contrary, the presence of the strengthening precipitates led to cycle-
dependent softening, as shown in Paper A and Paper B. Such behaviour has also 
been reported for both wrought and LB-PBF Alloy 718 [93,142]. The mechanism 
behind this softening is that the strengthening precipitates are sheared by the dis-
locations during cyclic loading [141]. In the absence of the strengthening precipi-
tates, the interaction between the homogeneously-distributed deformation-
induced dislocations leads to the initial cycle-dependent hardening. Upon contin-
ued cyclic deformation, rearrangement of these dislocations leads to softening. 
This softening/hardening effect due to the presence/absence of the strengthen-
ing precipitates is a common phenomenon in metals [121].  

Furthermore, the presence/absence of the strengthening precipitates affected the 
deformation behaviour. In the absence of γ”/γ’ precipitates, the deformation was 
homogeneous as shown in Paper B. However, in the presence of γ”/γ’ precipitates 
the deformation was localized to planar slip bands, which is typical when the pre-
cipitate shearing mechanism is active.  

The γ matrix affected the crack propagation behaviour. In Paper D and Paper E, it 
was shown that the γ grain morphology influenced the presence/absence of fac-
eted features on the fracture surface. In general, the coarse equiaxed grain mor-
phology and random texture led to the formation of the facets, which was related 
to single-shear near-threshold crack-growth due to the relatively smaller size of 
the crack-tip plastic zone as discussed in Paper D.  Furthermore, as discussed in 
Paper E, the strong <100> fibre texture could also have influenced in suppressing 
the tendency for faceted fracture. Moreover, smaller specimens were used to test 
the hatch region in Paper E as the contour and the hatch-contour interface were 
machined off. The differences in stress state between the different sized speci-
mens could also have influenced the suppression of the faceting behaviour. It has 
been reported that the geometry of the test specimen has an influence on the 
stress distribution under four-point bending loading condition [193]. The grain 
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growth behaviour of the columnar and the equiaxed grains in EB-PBF Alloy 718 
is different. In tailored microstructures, such as the ones presented in Paper F, the 
difference in grain growth behaviour would result in preferential grain growth of 
equiaxed grains.    

ii. What is the influence of the crystallographic texture? 

The texture had a strong influence on the fatigue behaviour under strain-con-
trolled loading conditions, as shown in Paper A and Paper B. The texture in PBF 
Alloy 718 led to anisotropy in Young’s modulus. Under controlled amplitudes of 
strain, the orientation that had lower modulus required a lower stress amplitude 
to attain the applied strain amplitude and vice versa. Consequently, the amount 
of cyclic plastic deformation was lower in the low-modulus direction, which there-
fore led to longer fatigue life. As discussed in the papers, the pseudo-elastic stress 
vs fatigue life approach could normalize the strain–life anisotropy. This approach 
could be a potential solution to model the anisotropic fatigue behaviour of AM 
components besides the Smith-Watson-Topper (SWT) parameter approach. The 
SWT parameter approach has been successfully used to model the anisotropic 
fatigue behaviour of LB-PBF Hastelloy X [194].    

The texture, however, did not affect the fatigue performance under stress-con-
trolled loading conditions. The data for HSA-4 treated LB-PBF Alloy 718 from 
Paper C and EB-PBF Alloy 718 from Paper E, which have been tested under con-
trolled amplitudes of stress, are plotted together in Figure 12. Note that the EB-
PBF specimens had a smaller cross-section compared to the LB-PBF specimens. 
Therefore, there could be an influence of the difference in the stress state, as 
discussed earlier. Furthermore, in this comparison, the data points related to two 
specimens from an alternate batch of LB-PBF material have been removed. The 
specimens were tested one each at the two stress ranges, and both had lower life 
compared to the ones presented in the figure. Due to the limited statistics, the 
batch to batch variation of the performance has not been evaluated, although it 
is a crucial factor that needs to be investigated. From Figure 12, it could be inferred 
that EB-PBF Alloy 718 and LB-PBF Alloy 718 have equivalent HCF perfor-
mance. Moreover, the performance of PBF Alloy 718 approaches that of the 
wrought counterpart; note that the wrought data from Metallic Materials Proper-
ties Development and Standardization (MMPDS) database [122] corresponds to 
axial HCF tests.  

While comparing the EB-PBF Alloy 718 and the LB-PBF Alloy 718 four-point 
bending fatigue data, it is essential to note the following. The EB-PBF Alloy 718 
had a stronger <100> fibre texture and larger grain size than the LB-PBF Al-
loy 718. Typically, larger grain size is associated with easier crack initiation, while 
finer grain size is associated with faster crack propagation. Furthermore, due to 
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the <100> fibre texture, all the grains at the surface of EB-PBF Alloy 718 are 
favourably oriented for slip whereas, in LB-PBF Alloy 718, due to the lower tex-
ture, not all the grains at the surface are favourably oriented for slip. Moreover, 
due to the finer grain size in LB-PBF Alloy 718, relatively more grains are sub-
jected to the maximum stress. Therefore, the total fatigue performance that is 
being compared includes these complex phenomena.          

 

Figure 12. Comparison of HCF performance of EB-PBF and LB-PBF Alloy 718. 

The prospect of site-specific microstructure control is enticing and has been ex-
plored with EB-PBF [15], LB-PBF [97] and DED [195] processes. Site-specific 
microstructure in Alloy 718 was achieved with the EB-PBF process in Paper F. It 
was shown that the interfaces at the transition between the sites differing in mi-
crostructure could be sharp. Such a sharp transition is a potential site for strain or 
stress concentration, which could be critical under dynamic loading conditions. 
Furthermore, the crack propagation behaviour at the interface could be different 
from that of the adjacent sites. Of course, the transition at the interface between 
different microstructures could be controlled as well; however, the transition zone 
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iii. What is the influence of the different defects? 

In general, the defects had a detrimental effect on the fatigue performance. Apart 
from gas pores, shrinkage porosity and LoF, oxide inclusions were also detri-
mental.  The influence of the different types of defects and the inclusions has 
been addressed in Paper A, Paper B, Paper C and Paper E.  

The influence of the defects and the inclusions was dependent on their geometry 
and distribution. In general, larger size and high aspect ratio shapes, location at or 
near the surface and oriented perpendicular to the loading direction had a severe 
effect. The anisotropy in fatigue performance under stress-controlled conditions 
in metal AM is often attributed to the defects, particularly LoF [158]. Though 
subjecting AM parts to HIP can help to mitigate the effect of defects, the effect 
of inclusions cannot be mitigated by HIP. As discussed in Paper B and Paper C, if 
inclusions are associated with defects, the defects do not heal properly during 
HIP. As illustrated in Paper A, Paper B, Paper C and Paper E, the LoF defects and 
inclusions acted as crack initiation sites that led to a huge penalty in fatigue life.  

The defect volume fraction in the as-built microstructure used in the current 
work, characterized using LOM, was <0.35 %. This might appear as a small num-
ber and tempt one to suspend process optimization further and proceed to eval-
uate mechanical properties. However, if the defect distribution is heterogeneous, 
it would have severe consequences. For instance, if only a few layers have powder 
spreading issues and consequently result in more defects in a few layers, the char-
acterization of defect distribution on 2D sections using LOM techniques would 
not capture the effect satisfactorily. The defects in these few layers would be suf-
ficient to deteriorate the properties significantly. Advanced tomography tech-
niques would capture this heterogeneity in distribution but might be cost-
prohibitive to be used for process optimization. Therefore, a thorough process 
optimization (for several relevant geometries) to obtain ~99.95 % part density (or 
to a statistically undetectable level of defect volume fraction), when characterized 
by LOM techniques, would be a necessary starting condition to proceed with fur-
ther evaluations for critical components. With continued research towards under-
standing the mechanisms of defect formation using advanced techniques such as 
in-situ X-ray synchrotron studies [196], defects could potentially be mitigated by 
process optimization. Such process optimization coupled with in-situ process 
monitoring to identify the potential sites where defects could have formed and 
using a suitable NDE technique to ensure the absence of any serious defects at 
such sites are required to mature the PBF technology for manufacturing critical 
parts. A subsequent HIP treatment would still be necessary to ensure that any 
remnant defects do not have a huge penalty towards fatigue life. Recent investi-
gations using XCT it was shown that the defects present near the surface could 
breach to the surface during a HIP treatment. Therefore, care must be exercised 
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the <100> fibre texture, all the grains at the surface of EB-PBF Alloy 718 are 
favourably oriented for slip whereas, in LB-PBF Alloy 718, due to the lower tex-
ture, not all the grains at the surface are favourably oriented for slip. Moreover, 
due to the finer grain size in LB-PBF Alloy 718, relatively more grains are sub-
jected to the maximum stress. Therefore, the total fatigue performance that is 
being compared includes these complex phenomena.          
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during process optimization towards ensuring no/minimal defects adjacent to the 
surface. In the current work, a density of ~99.95 % was achieved after HIP treat-
ment. The remnant defects (mostly gas pores) did not influence the crack initia-
tion because the high aspect ratio shaped inclusions suppressed the effect of these 
defects.  

Since HIP does not affect the inclusions, the occurrence of these must be con-
trolled during the PBF process. The most appropriate way to ensure the cleanliness 
of the manufactured material is to control the primary processing – for example, 
triple melting practice to ensure the cleanliness of wrought Alloy 718 [27]. Control-
ling the quality of raw material used for the powder production and controlling 
the powder production process could eliminate inclusions carried over from the 
powder to the PBF component. However, the oxide inclusions occurring in PBF 
Alloy 718 is a complicated issue. Research on Alloy 718 powder used in PBF has 
shown that the exposure to the PBF process results in transforming the less-stable 
oxygen-containing phases, such as hydroxide and base metal oxides (NiO, Cr2O3, 
and Fe2O3), on the powder surface to stable oxides, namely Al2O3 and TiO2 

[88,105]. The powder handling is a source for moisture and oxygen pickup which 
go into the PBF process. The total amount of oxide phase and oxygen sources in 
the powder that is utilized in the PBF process can be significantly reduced by 
regular addition of virgin powder in between the build cycles and by careful pow-
der handling by minimizing/eliminating exposure to the atmosphere. Further-
more, good control of the chamber atmosphere is crucial for materials that are 
sensitive to oxygen pickup [197]. Suitable melting strategies to stop the agglom-
eration of oxides could be another solution.  

RQ2. How does the as-built surface roughness of the PBF manufactured 
parts affect the fatigue behaviour? 

The investigation with respect to the as-built surface roughness and the effect of 
its removal has been presented in Paper C and Paper E. The notch-like features 
associated with the as-built surface act as crack initiation sites due to stress 
concentration and deteriorate the fatigue life, which is well established in the 
literature [158]. Since several of these features exist, there are multiple crack 
initiations in each of the specimens. The randomness of the fatigue crack initiation 
is, thus, reduced in the presence of the as-built surface. Therefore, the scatter in 
fatigue life is also lowered. It has been reported that the roughness is part 
orientation-dependent (for example up-skin vs down-skin orientations) and 
contributes to anisotropy in HCF behaviour. However, this effect has not been 
investigated in the present work.  

It was shown in Paper C that the beneficial effect of HIP treatment is only marginal 
if the as-built surface is retained. Therefore, the effect of the as-built surface 
trumps the effect of the defects. Thus, if an AM part were intended to be used 

DISCUSSION  
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with the as-built surface, subjecting it to the HIP treatment could be overlooked. 
The improvement in fatigue performance is significant when the as-built surface 
is removed, and a subsequent HIP treatment is used. Such an approach, as 
discussed earlier, could lead to fatigue performance of PBF Alloy 718 
approaching or even being equivalent to that of the wrought counterpart, see 
Figure 12.  
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8 Conclusions and Outlook 

The research conducted for this thesis was on PBF Alloy 718 to understand the 
influence of different phase constituents, texture, various defects and as-built sur-
face roughness on its fatigue properties. This final chapter summarizes the an-
swers to the Research Questions that were defined for this thesis. An outlook for 
PBF Alloy 718 is also presented at the end. 

 Conclusions 

Fatigue behaviour of PBF Alloy 718 was characterized, and the effect of different 
phases, texture, various defects, and as-built surface roughness were evaluated. 
The findings are as follows: 

Influence of phases: 

1. The morphology of γ grains influenced the HCF crack propagation. In 
the presence of randomly oriented coarse grains, the fracture surfaces 
had a faceted appearance in the initial segment of the crack propagation 
region. 

2. The presence of γ”/γ’ strengthening phases resulted in the formation of 
planar slip bands that led to cycle-dependent softening. In contrast, their 
absence resulted in homogeneous deformation that led to an initial cycle-
dependent hardening before the onset of softening. 

3. The precipitation of δ phase affected the size and volume fraction of 
γ”/γ’ phases. Consequently, it influenced the position of the cyclic stress-
strain curve relative to the monotonic stress-strain curve.  

4. The volume fraction of δ phase did not have an influence on the fatigue 
life under strain-controlled conditions.  

5. The presence of Laves phase did not deteriorate the fatigue life under 
controlled amplitudes of strain.  

6. NbC precipitates did not have any discernable influence on the fatigue 
behaviour.  

Influence of texture:  

1. The <100> fibre texture along the build direction led to anisotropic 
Young’s modulus. Consequently, the fatigue life was anisotropic under 
strain-controlled conditions.  
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2. Under controlled amplitudes of strain, the fatigue life was longer along 
the low modulus direction and vice versa. The pseudo-elastic stress vs 
fatigue life approach could be used to handle the anisotropy in the strain–
life behaviour.  

3. The anisotropic strain–life behaviour of LB-PBF Alloy 718 could be mit-
igated by utilizing an HSA treatment, which led to grain growth and low-
ering of the texture intensity.  

Influence of defects: 

1. Defects had a detrimental effect on the fatigue performance. Numerous 
factors, such as defect type, morphology, distribution, and orientation, 
determined their influence.  

a. Lack of fusion defects, in general, acted as crack initiation sites 
and reduced fatigue life drastically, when oriented perpendicular 
and diagonal to the loading direction.   

b. Oxide inclusions had a similar effect as the lack of fusion defects.  
c. Shrinkage porosity, due to the relatively homogenous distribu-

tion, had a detrimental effect on the crack propagation part of 
the fatigue life.  

2. HIP treatment improved fatigue life by healing most of the defects. The 
fatigue performance of PBF Alloy 718 subjected to HSA was equivalent 
to that of the wrought counterpart. 

3. HIP did not affect the oxide inclusions. Therefore, oxide inclusions acted 
as a primary source of crack initiation for specimens subjected to HSA.  

Influence of as-built surface: 

1. The notch-like features in the as-built surface acted as crack initiation sites 
due to stress concentration. The high frequency of these crack initiating 
features reduced the randomness in fatigue failure, leading to a lower 
scatter in the fatigue life. 

2. The effect of the as-built surface on the fatigue life dominates that of 
defects, i.e. when the as-built surface was retained, HSA does not im-
prove the fatigue life significantly.  

 Outlook 

The focus of this thesis has been on understanding the fatigue behaviour of PBF 
Alloy 718. In general, the knowledge about fatigue behaviour of AM Alloy 718 in 
the research community is limited. Therefore, plenty of work remains to be done 
within this area.  

CONCLUSIONS AND OUTLOOK  

67 
 

The work carried out for this thesis shows that the fatigue behaviour of PBF 
Alloy 718 could be anisotropic. Modelling of this anisotropic fatigue behaviour is 
a vital step towards commercial adoption of PBF Alloy 718. In the case of LB-
PBF Alloy 718, the anisotropy could be reset by a suitable post-treatment. Alt-
hough microstructure tailoring for Alloy 718 has been demonstrated, systematic 
studies to understand the fatigue behaviour of such tailored site-specific micro-
structures must be performed. Furthermore, capturing the fatigue behaviour of 
such tailored structures with an appropriate model is necessary. 

Characterization and understanding of the fatigue behaviour in creep-fatigue in-
teraction domain, such as thermo-mechanical fatigue, is another area to be ex-
plored. The negative influence of the as-built surface on the fatigue performance 
of PBF Alloy 718 has been shown in this work. To capitalize on the design ad-
vantages offered by PBF, research must be carried out to remove the as-built 
surface roughness from complex parts efficiently. Furthermore, batch-to-batch 
variation, machine-to-machine variation, and variations between different original 
equipment manufacturers for PBF must be investigated thoroughly.  

On a general note, metal additive manufacturing has moved past being just hype 
and is already being successfully used to manufacture commercial parts. The tech-
nology is maturing at a rapid pace, and nowadays, apart from utilizing the already 
available commercial alloys, newer alloys that can capitalize on the AM process 
characteristics are being developed. Furthermore, technologies for process mon-
itoring and control, as well as increasing the productivity — which are currently 
the two major drawbacks of PBF — are being pursued. With continued research, 
it would be possible to mature the technology further to capitalize its full poten-
tial. 
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A B S T R A C T

In this study, Alloy 718 specimens manufactured by Electron Beam Powder Bed Fusion process are subjected to
two different post-treatments to have different microstructural features. Low cycle fatigue testing has been
performed both parallel and transverse to the build direction. EB-PBF Alloy 718 exhibits anisotropic fatigue
behaviour; the fatigue life is better along the parallel direction compared to the transverse direction. The ani-
sotropy in fatigue life is related to the anisotropy in the Young's modulus. The pseudo-elastic stress vs. fatigue life
approach is presented as a potential solution to handle anisotropy in fatigue life assessment of additively
manufactured engineering components.

1. Introduction

The interest in additive manufacturing (AM) of metals has con-
sistently grown among both industrial and academic research groups
across the world in the last decade. Metal AM technology is still ma-
turing and evolving, yet the high interest is primarily due to design
related advantages offered by AM for the low-volume-sector. With AM,
particularly powder bed fusion (PBF), the design space has expanded
considerably enabling manufacturing of topologically optimized struc-
tures, lattice structures and other generative designs easier and cost
efficient. AM is poised to expand rapidly in the aviation industry, with
applications such as new parts and repairs [1]. AM processes inherently
have complex physics that often result in anisotropic and/or location
specific microstructures, which are different from cast and wrought
microstructures of the same alloy [2]. While the design advantages of
AM are obvious, the mechanical behaviour and performance of the AM
material need to be characterized and understood in depth, in relation
to the microstructure, before AM parts could be used extensively in
critical applications. With increasing part complexity and criticality of
AM parts there is an urgent need in a thorough understanding of the
fatigue properties. It is imperative considering that more than half of all
the failures in aircraft components have been fatigue related [3].

Alloy 718, since its introduction in 1950s, has evolved into the most
utilized superalloy in the industry [4]. It is an iron-nickel-based

superalloy, a sub-class of nickel-based superalloys, that is precipitation
strengthened. In Alloy 718, γ” is the primary strengthening precipitate,
but it also has γ’ precipitates that contribute to the strength. The alloy
also has δ phase, that forms at the expense of γ”, which is often pre-
cipitated in a controlled manner for grain refinement and improved
notch sensitivity. Excessive amount of δ phase is detrimental for the
mechanical performance of the alloy. Other phases such as Laves,
niobium carbide (NbC) and titanium nitride (TiN) can also exist in the
alloy depending on the processing route [5,6].

Electron beam based PBF (EB-PBF) process has been successful in
processing a variety of materials including superalloys such as Alloy
718, Alloy 247, Alloy 282, Alloy 625 and CMSX-4 [7–10]. Alloy 718,
with its status as the workhorse superalloy, is the material on which
most of the EB-PBF research has been focused on so far. However, fa-
tigue research on EB-PBF processed Alloy 718 is limited [11–15]. Only
one published research, so far, is on low cycle fatigue (LCF) properties
of EB-PBF processed Alloy 718 [11], in which it has been demonstrated
that the columnar microstructure of EB-PBF processed Alloy 718 ex-
hibits anisotropic behaviour under both monotonic and cyclic loading
conditions. In fact, only limited research is available on LCF of Alloy
718 processed by any AM technique [16–21]. Apart from the evaluation
of fatigue performance using rotating bending and bending fatigue,
which the Metallic Materials Properties Database Development and
Standardization (MMPDS) discourages for the purpose of design and
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analysis of structures in aerospace systems [22], other fatigue studies
on PBF Alloy 718 has been focused on high cycle fatigue performance
evaluating the influence of surface characteristics due to part orienta-
tion [23–26], texture [27], notches [28,29] and defects [28,30].

The aim of this work, therefore, is to evaluate the room temperature
LCF performance of EB-PBF processed Alloy 718 and relate it to the
microstructural characteristics such as phase constitution, texture etc.
For this purpose, EB-PBF processed Alloy 718 is subjected to two dif-
ferent post-treatments and tested parallel and transverse to the build
direction. Furthermore, a pseudo-elastic stress approach is evaluated
and presented to handle the anisotropic behaviour exhibited by the
columnar microstructure.

2. Materials and methods

2.1. Specimen manufacturing

Specimen blanks were manufactured, in the form of cylindrical rods
and cuboidal blocks, using an Arcam A2X Electron Beam Melting (EBM)
system running EBM Control software V4.2.76. All the individual spe-
cimen blanks were bundled into a group within EBM Control, to be
molten together rather than as individual parts. A raster scanning
strategy using the Inco 4.2.76 theme, provided by Arcam, with speed
function 63 and 125 µm hatch distance was implemented for the
melting. The beam current and velocity for melting are controlled by
the heat model algorithm in EBM Control as a function of the scan
length and speed function. The scanning direction was rotated by 90°
every layer and the layer thickness used was 75 µm. The build started
once the preheat temperature reached 1025 °C. The build configuration
used for manufacturing LCF specimen blanks is shown in Fig. 1; three
such builds were manufactured to obtain the required number of spe-
cimens for the test program. The feedstock used was gas atomized Alloy
718 powder having a nominal chemical composition listed in Table 1
and particle size range of 45–106 µm.

2.2. Post-treatment

All the specimen blanks were post-treated by hot isostatic pressing
(HIP) and solution treatment (ST) and ageing. HIP was carried out in a
Quintus QIH-21 HIP unit, while ST and ageing were carried out in a
vacuum furnace. Two different post-treatment routines as listed in

Table 2 were utilized in this work to evaluate the effect of post-treat-
ment on mechanical properties. Hereafter, PT-1 is referred to as
“standard treatment” and PT-2 as “repair treatment”. The shorter
ageing cycle used in this investigation is based on studies on cast
Alloy 718 [31]. The repair treatment is a simulation of multiple repair
welding cycles, a strategy that was used to evaluate effect of multiple
repair welding cycles on properties of cast and wrought Alloy 718 [32].
Furthermore, the two post-treatments have been chosen to include HIP
to ensure that the defects resulting from the E-PBF processing do not
affect the properties. The detrimental effect of different types of defects
from E-PBF processing of Alloy 718 have already been investigated by
the authors and published elsewhere [13,33].

2.3. Fatigue testing

Strain controlled LCF tests were performed, at room temperature in
accordance with ASTM E606/E606M [34], using an Instron 8802 servo-
hydraulic machine with 8800MT controller and LCF3 software. An In-
stron 2620-602 clip on extensometer was attached at the gauge section
to measure the strains over 12,5mm. LCF test specimens were extracted
along the build direction from the cylindrical rods and in the transverse
direction from the cuboidal blocks of the LCF build Fig. 1. Button head
type specimens having a gauge diameter of 6.35 mm and gauge section
length 13.2 mm were manufactured from the blanks, as shown in Fig. 2.
LCF tests were performed using total strain ranges between 0.5% and
2% and a strain ratio Rε = 0; six specimens were tested in the trans-
verse direction in the repair treatment condition and seven specimens,
each, were tested in the other three conditions. The straining cycle
followed a triangular wave form at a constant frequency of 0.5 Hz. If the
measured plastic strain was less than 0.01% after 43,200 cycles, the
testing was switched to load controlled cycling at 5 Hz. A 20% drop in
the peak load from that of the stabilized hysteresis loop was used as the
failure criterion for the test, after which the specimens were broken

Fig. 1. Build configuration for vertical and horizontal LCF specimen blanks.
Note: Z is the building direction.

Table 1
Nominal chemical composition of the Alloy 718 powder used in this work (in
weight percent).

Ni Fe Cr Nb Mo Ti Al C

53.30 18.00 18.70 5.14 3.00 0.94 0.42 0.05

Table 2
Post-treatment details.

Post-treatment Details

PT-1
(Standard)

HIP: 1121 °C/100 MPa/4 h/URC
ST1: 1065 °C/1 h/AC
Age1: 760 °C/5 h/FC to 649 °C in
2 h

ST2: 954 °C/1 h/AC
Age2: 649 °C/1 h/AC

PT-2
(Repair)

HIP: 1121 °C/100 MPa/4 h/URC
ST1: 1065 °C/1 h/AC
Age1: 760 °C/5 h/FC to 649 °C in
2 h

ST2: 954 °C/1 h/AC (5
times)
Age2: 649 °C/1 h/AC

Note: URC – Uniform Rapid Cooling, AC – Air Cooling, FC – Furnace Cooling.

Fig. 2. LCF specimen geometry.
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apart by applying a tensile load to reveal the fracture surfaces. Some of
the specimens, however, were kept unbroken to extract metallographic
sections to investigate crack propagation path. On such specimens,
metallographic sections were extracted by electro discharge machining
(EDM) leaving the remainder of the specimen intact, which were then
broken apart to reveal the fracture surfaces.

2.4. Fractography and metallography

Fractographic investigation was performed using an Olympus SZX9
stereomicroscope and a Zeiss EVO 50 scanning electron microscope
(SEM) fitted with an Oxford XMaxN 20 mm2 energy-dispersive x-ray
spectroscopy (EDS) detector.

Metallographic samples were cut using a Struers Secotom 10 pre-
cision cutting machine or by wire-EDM. Samples were hot mounted,
ground, and polished using standard metallographic procedures fol-
lowed by a final vibropolishing with a 0.02 µm silica suspension.
Electrolytic etching was performed with oxalic acid at 3 V for 5–10 s to
reveal the microstructure. Microstructure analysis was carried out using
a Zeiss AX10 light optical microscope (LOM) and a Zeiss Gemini 450
field emission gun (FEG) SEM fitted with an Oxford ULTIM MAX
100 mm2 EDS and Oxford Symmetry electron back scatter diffraction
(EBSD) detector. Analysis and imaging were performed using both Back
Scattering Electron (BSE) and Secondary Electron (SE) modes. EBSD
data was analyzed for texture information using Aztec Crystal v1.1
software.

3. Results and discussion

3.1. Microstructure

In the present study, the mechanical test specimens were extracted
by machining, and therefore only the microstructure representative of
the test volume is presented here. The microstructure, after the two
post-treatments, is presented in this section. The microstructure in-
vestigation was performed on several metallographic samples extracted
from both the cylindrical and the cuboidal specimens. The micro-
structure was identical in both the cylindrical and the cuboidal speci-
mens. The grains were columnar parallel to the building direction
having an average grain width of 192 ± 69 µm and length in the order
of millimeters spanning several layers. EBSD grain orientation mapping
indicated a strong 〈100〉 texture along the building direction and
random orientation distribution in the transverse directions. The EBSD
inverse pole figure (IPF) showing the texture and the grain width in-
formation, representative of all the material conditions investigated, is
presented in Fig. 3; the texture and the grain width were similar in all
the investigated conditions, but are not presented here for brevity.
Oxide (rich in Al, Ti) inclusions were present both in spherical form
(< 10 µm) and in shapes with high aspect ratio (widths in 20–250 µm
range and thickness < 10 µm) Fig. 4. The inclusions were randomly
distributed in the investigated metallographic sections, with the high
aspect ratio type lying parallel to the layers. Gas porosity (< 50 µm)
were distributed randomly throughout the microstructure. All these
microstructural features are consistent with reported literature on EB-
PBF processing of Alloy 718 [14,35].

After the standard treatment, acicular δ phase was present at the
columnar grain boundaries and at intra-granular sites as in Fig. 5(a) and
(b). The δ phase particles at the grain boundaries, in general, were
relatively smaller in size and higher number density compared to the
intra-granular sites. Carbides (NbC) were present both at the grain
boundaries and at intra-granular sites as seen in Fig. 5(c) in the form of
vertically aligned strings along the building direction. The strength-
ening precipitates are shown in Fig. 5(d). After the repair treatment,
however, acicular δ phase was spread evenly throughout the material.
The δ phase particles were larger in both size and quantity compared to
the standard treatment (compare Fig. 5(b) and Fig. 6(a)), consistent

with four more hours of treatment in the δ phase precipitation tem-
perature regime for Alloy 718. Correspondingly, the strengthening
precipitates were smaller in size compared to the standard treatment
(compare Fig. 5(d) and Fig. 6(c)). The grain boundary δ phase particles
were smaller than the intra-granular ones, similar to the standard
treatment (see Figs. 5(b) and 6(b)). The carbide particles were similar in
size as the standard treatment (compare Fig. 5(b) and Fig. 6(b)) and
were vertically aligned.

3.2. Fatigue properties

3.2.1. First cycle properties
The first loading cycle was started in the tensile direction and hence

was used to evaluate the yield strength as well as the Young’s modulus
of the different material conditions; the results are presented in Table 3
along with the number of specimens used for the evaluation. The yield
strength was evaluated using the data from specimens that experienced
a plastic strain of at least 0.2% during the first loading cycle. Since the γ
matrix in Alloy 718 has an FCC structure, that usually does not exhibit
strain rate dependence, the properties from the first cycle at different
strain ranges can be treated as equivalent to monotonic properties. The
properties are anisotropic, with clear differences between the two di-
rections, as expected for a columnar microstructure. The Young’s
modulus was ~30% lower in the parallel direction than the transverse
direction. The strong 〈100〉 texture along the parallel direction is re-
sponsible for the lower modulus [36]. The yield strength was higher for
the standard treatment compared to the repair treatment in both the
directions. The formation of δ phase consumes the amount of niobium
available for the formation of γ” strengthening precipitates [5], and
therefore the repair treated condition that has significantly higher
amount of δ phase consequently has lower yield strength.

3.2.2. Cyclic stress evolution
Cyclic stress evolution and mid-life hysteresis loops for the different

material conditions tested are presented in Figs. 7 and 8 for a selection
of strain ranges. The figures indicate that the cyclic properties are also
anisotropic, following the same trend as the monotonic properties. The
cyclic stress evolution curves show that, in both post-treatment condi-
tions, a higher stress range is required along the transverse direction
than the parallel direction to achieve a specific applied strain range.
Such a difference is, as expected, consistent with the difference in
modulus between the directions. The mid-life hysteresis loops show that
at lower strain ranges the stress response is either fully elastic or un-
dergoes elastic shakedown, whereas, at higher strain ranges there is
significant cyclic plasticity. Such a response correlates well with the
monotonic properties evaluated from the first loading cycle; the ma-
terial with higher modulus and lower yield strength experiences higher
cyclic plasticity and vice-versa. Similar anisotropic cyclic plasticity
behaviour has been reported for EB-PBF Alloy 718 at 650 °C [11].

The cyclic stress evolution curves show that at lower strain ranges
the materials exhibit a pronounced level of cyclic saturation is until
failure. However, at higher strain ranges the materials undergo limited
cyclic hardening and then continuously soften until failure. Wrought
Alloy 718 also exhibits such stable cyclic response at lower strain
ranges and initial hardening followed by softening at higher strain
ranges [37]. In the present study, there is no difference in terms of cycle
dependent softening or hardening between the material conditions with
different amounts of δ phase. Such cycle dependent softening is a ty-
pical behaviour of precipitation strengthened materials due to shearing
of strengthening precipitates [38].

The stress ratio (Rσ), based on true stresses, for the first cycle and
the mid-life cycle are presented in Table 4 for a few selected strain
ranges. Rσ is calculated based on true stress, instead of engineering
stress to account for the instantaneous change in area during cyclic
loading, to evaluate the bias in stress response to the biased applied
strain. In the first cycle, in general, there is a tensile bias in the stress
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Fig. 3. (a) EBSD IPF map showing the columnar microstructure. (b) IPF map coloring legend. (c) IPF showing strong 〈100〉 texture along building direction.

Fig. 4. (a) LOM image of gas pores. (b) SE image of a gas pore at high magnification. (c) SE image of a spherical inclusion. (d) SE image of high aspect ratio oxide
inclusion.
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response (Rσ > −1) corresponding to the tensile bias in the applied
strain range (Rε = 0). With increasing applied strain range, the bias
tends towards symmetry; however, in the transverse direction sym-
metry is surpassed and even a compressive bias is attained. Such a re-
sponse indicates the existence of a tension-compression asymmetry,
which is typical of anisotropic materials such as single crystal nickel
superalloys [39,40]. This change in the stress response from tensile bias

towards symmetry (and eventually to a compressive bias in the trans-
verse direction) is due to the increasing cyclic plasticity corresponding
to the increase in the applied strain range. Accordingly, the transverse
direction that has higher Young’s modulus, and therefore higher cyclic
plasticity, exhibits a faster change in the bias compared to the parallel
direction. Furthermore, the stress ratio for the mid-life cycles indicate
that, in general, there is cycle-dependent mean stress relaxation.

Fig. 5. Microstructure in standard treatment condition. (a) SE image showing grain morphology. (b) SE image of area marked in (a) showing intra and inter-granular
δ phase. (c) BSE image showing vertically aligned carbides. (d) SE image showing strengthening precipitates.

Fig. 6. Microstructure in repair treatment condition. (a) SE image showing grain morphology and δ phase distribution. (b) SE image of area marked in (a) showing
smaller inter-granular δ phase and NbC. (c) SE image showing strengthening precipitates.
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3.2.3. Cyclic stress-strain curve
The cyclic stress-strain (CSS) curve is obtained by plotting the mid-

life stress amplitude (σa) and strain amplitude (εa). The cyclic Ramberg-

Osgood model is given by

= + ′ ′ε σ E σ H( / ) ( / )a a a
n1/ (1)

where H’ and n’ are cyclic strength coefficient and hardening exponent,
respectively. The CSS curve for the respective material conditions is
presented, together with stress-strain responses during the first cycle of
specimens that have significant plastic strains, in Fig. 9 and the cyclic
Ramberg-Osgood model constants are listed in Table 5. Cyclic softening
is observed in the standard treatment condition for both the tested di-
rections, whereas, in the repair treatment condition the CSS curve fol-
lows the monotonic curve indicating that the material undergoes nei-
ther cyclic softening nor cyclic hardening. The difference in the
softening behaviour, between the standard and the repair treatments,

Table 3
First cycle properties.

Material condition E (GPa) σYS (MPa)

Std. Par. 123 ± 7 (7) 1119 ± 12 (3)
Std. Tran. 191 ± 5 (7) 1048 ± 10 (3)
Rep. Par. 123 ± 8 (7) 835 ± 5 (3)
Rep. Tran. 185 ± 5 (6) 851 ± 13 (2)

Note: σYS is computed as Rp 0.2 offset strength in the tensile direction.

Fig. 7. Cyclic stress evolution at different applied strain ranges.
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could be explained by the differences in the strengthening precipitates
described in Section 3.1. In the standard treatment condition, the
strengthening precipitates provide sufficient strengthening effect
during the first loading cycle; however, undergo shearing, dissolution
due to multiple shearing events, etc. that is typical under cyclic loading
and therefore result in the softening behaviour. Whereas in the repair
treatment condition, due to the extensive precipitation of δ phase, both
the volume fraction and the size fraction of the primary strengthening
γ” phase could be lower as noted earlier. Therefore, the strengthening
effect during the first loading cycle is lower, to start with, than in the
standard condition. Furthermore, the shearing of neither the relatively
smaller and fewer strengthening precipitates nor the extensive amount
of δ phase lead to the same magnitude of softening as in the standard
treatment condition.

3.2.4. Strain-life relationship
The strain-life relationship is based on that the total strain ampli-

tude is an additive partition of the elastic and plastic strain amplitudes.

= +ε ε εa ea pa (2)

The elastic and plastic strain amplitudes are given by Eqs. (3) and
(4) respectively.

= =ε σ E A N( / ) . ( )ea a f
α (3)

=ε B N. ( )pa f
β (4)

The elastic strain amplitude is estimated from the mid-life stress
amplitude and the Young’s modulus using the Hooke’s law. The plastic
strain amplitude is, then, the difference between the applied total strain
amplitude and the elastic strain amplitude estimated as above. The

Fig. 8. Mid-life hysteresis loops at different applied strain ranges.

Table 4
Stress ratio (Rσ) in response to different applied strain ranges.

Material condition Δεt = 0.5% Δεt = 0.75% Δεt = 1% Δεt = 1.5% Δεt = 2%

1st Nf/2 1st Nf/2 1st Nf/2 1st Nf/2 1st Nf/2

Std. Par. 0.00 0.00 −0.02 −0.03 −0.18 −0.22 −0.49 −0.57 −0.71 −0.79
Std. Tran. 0.00 −0.05 −0.37 −0.46 −0.72 −0.83 −0.94 −1.03 −0.96 −1.03
Rep. Par. 0.00 0.00 −0.18 −0.31 −0.41 −0.51 −0.58 −0.69 −0.78 −0.91
Rep. Tran. −0.11 −0.17 −0.41 −0.53 −0.64 −0.76 −0.87 −0.98 −0.98 −1.06
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parameters of the strain-life relationship can be obtained by linear re-
gression of the strain components, independently, as a function of life as
per ASTM E739 [41].

The strain-life relationship constants for the different material
conditions are listed in Table 6 and the corresponding strain-life curves
are presented in Fig. 10 together with reference wrought data [42]. The
data points presented as open symbols indicate crack initiation from an
oxide inclusion at the surface, while the data points presented as solid
symbols indicate crack initiation from the slip at the surface. Similar
crack initiation from oxide inclusion, formed during EB-PBF processing,
and therefore deterioration of fatigue performance has been reported
[12,13]. In both the directions, the fatigue performance is similar for

the standard treatment and the repair treatment even though a differ-
ence was observed in the cyclic stress evolution, the cyclic plasticity,
and the CSS behaviour. The apparent difference seen in the parallel
direction is due to the differences in the features that initiate the fatigue
crack and not represent the microstructure related differences due to
the two post-treatments investigated.

Similar result, that of limited influence of simulated repair treat-
ments on LCF properties, has been reported for cast and wrought Alloy
718 [32]. Fig. 11 is a representative of samples tested along the parallel
direction with an inclusion-based crack initiation and crack initiation
due to slip at the surface.

The material in the parallel direction has higher fatigue life than the
transverse direction under the strain-controlled LCF condition, as
shown in Fig. 10. Furthermore, the material in the parallel direction has
better fatigue performance than the wrought material, while the ma-
terial in the transverse direction has similar performance to that of the
wrought material. Similar behaviour has been reported for EB-PBF
Alloy 718 at elevated temperature as well [11]. The anisotropic fatigue
behaviour in PBF metals, under stress-controlled high cycle fatigue
(HCF) condition, due to the orientation dependent as-built surface
roughness and the orientation of the defects w.r.t to the loading di-
rection and the building direction are well established [43–46]. Both
the sharp edges of the LoF defects and the notch-like valleys of the as-
built surface lead to high stress concentration and act as crack initiation
sites and deteriorate the HCF performance. In general, the part or-
ientation that leads to a higher surface roughness has inferior fatigue
performance. Similarly, the fatigue performance is poor when the LoF
defects are oriented perpendicular to the loading direction. In the
present study, however, the anisotropy in LCF behaviour is due to the
process-dependent texture-induced anisotropy of the Young’s modulus.

Fig. 9. Cyclic stress strain Ramberg-Osgood curves.

Table 5
Cyclic Ramberg-Osgood constants.

Material condition E (GPa) H′ (MPa) n′

Std. Par. 122 1215 0.05
Std. Tran. 189 1067 0.04
Rep. Par. 122 1659 0.14
Rep. Tran. 182 1650 0.12

Table 6
Strain-life relationship constants.

Material condition A α B β

Std. Par. 18.85 −0.31 6.72 * 105 −1.85
Std. Tran. 4.99 −0.21 6.05 * 105 −1.84
Rep. Par. 26.19 −0.35 4.63 * 106 −1.97
Rep. Tran. 3.44 −0.17 2.27 * 104 −1.38
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The better LCF performance of the material in the parallel direction
is due to the lower stress ranges required to achieve a specific strain
range than the material in the transverse direction, which is a con-
sequence of the lower Young’s modulus as described in Section 3.2.1.
Therefore, it can be assumed that the resolved shear stress acting on slip
planes that is responsible for slip (and dislocation multiplication and
their movement), for a specific strain range, is lower for the material in
parallel direction than the transverse direction. To verify this

assumption, a pseudo-elastic stress estimated from the strain amplitude
and Young’s modulus (σpseudo-elastic = εa.E) is plotted against life, as a S-
N type graph, in a double logarithmic scale as in Fig. 12. All the data
points for the parallel direction and transverse direction, in both post-
treatment conditions, merge to a linear relationship in a double loga-
rithmic plot between pseudo-elastic stress and life. In addition, the
scatter in this data is clearly related to the inclusion-based crack in-
itiations. Such a relationship between strain, anisotropic modulus due

Fig. 10. Strain amplitude vs. fatigue life plots. Note: Open symbols indicate inclusion-based crack initiation, and solid symbols indicate crack initiation due to slip at
the specimen surface. For specimens tested at εa = 0.875%, fractography was not performed as specimens were preserved for crack path investigation.

Fig. 11. (a) SE image of fracture surface of sample
with crack initiation at an oxide inclusion at the
surface. (b) High magnification SE images of the
area marked in (a) showing crack initiation site. (c)
SE image of fracture surface of sample with crack
initiation at surface. (d) High magnification SE
images of the area marked in (c) showing crack in-
itiation site.
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to crystallographic orientation and fatigue life has been shown to exist
for single crystal nickel superalloys in the past [40,47,48]. For the
wrought reference data the Young’s modulus for specimens at each of
the data points was unknown; therefore, an average value is assumed
from literature [49] and utilized in the pseudo-elastic stress estimation.
Even the wrought data, with approximated estimates, merges with the
other material conditions. Therefore, it can be inferred that the slip
resistance under fatigue loading conditions is similar in all the four
material conditions. Furthermore, in single crystal superalloys shear
stresses and shear strains estimated to act on the slip systems have
shown good correlation to fatigue life [50,51], which further
strengthens the argument regarding similarity in slip resistance for the
different material conditions evaluated in the present study. Based on
these findings, it would be worth investigating the fatigue response of
the EB-PBF manufactured Alloy 718, having a columnar microstructure,
under stress-controlled conditions.

3.2.5. Crack path investigation
Fig. 13(a)–(c) are representative fracture surfaces of specimens

tested along the parallel and the transverse direction; the fractographs
show similar features in the standard and the repair treatment condi-
tions. All the samples tested along the parallel direction have a typical
transgranular crack growth appearance as shown in Fig. 13(a), which
are confirmed by analysis of metallographic cross-sections of the crack
path (Fig. 13(d) and (g)). The cross-sections in Fig. 13(g) reveal that
there is secondary cracking along some of the grain boundaries. The
angular difference between the slip line on either side of the secondary
crack, visible in Fig. 13(g), indicate that this could be a high-angle grain
boundary. Similar crack-branching, along high angle grain boundaries,
for parallel direction has been reported for dwell-fatigue crack propa-
gation testing at 550 °C [15].

The samples tested along the transverse direction have a columnar
appearance in the fracture surfaces as shown in Fig. 13(b) and (c). The
crack propagation, in most cases, appears to be at an angle to the co-
lumnar grains Fig. 13(b); between being either completely perpendi-
cular or parallel. Metallographic sections and EBSD IPF maps perpen-
dicular to the crack plane, shown in Fig. 13(e), (f), (h) and (i), reveal
that the crack growth occurs by a combination of transgranular and
intergranular modes in all the cases, irrespective of the macro

appearance of the fracture surface. The angular difference between slip
lines on either side of the crack, at the intergranular sections of the
crack path as shown in Fig. 13(i), is high. Therefore, it is possible that
intergranular cracking occurs whenever the crack tip encounters a high-
angle grain boundary. Based on this tendency for intermittent inter-
granular cracking and secondary cracking along high-angle boundaries
that is discussed above, further in-depth research is required to un-
derstand if there are other metallurgical reasons, than strain in-
compatibility, for intergranular cracking at room temperature.

An earlier study has shown that the crack propagation rate is slower
along the parallel direction than the transverse direction [15]; however,
the two possible orientations of the crack tip w.r.t to the columnar
grains in the transverse direction were not investigated. In the present
study, only one out of the 13 specimens tested in transverse direction
had crack propagation completely parallel to the columnar grains as in
Fig. 13(c). Since only a few specimens had crack propagation being
exactly parallel or perpendicular to the columnar grains, it was difficult
to draw any meaningful conclusion about the crack propagation be-
haviour between the different orientations of the crack front to the
columnar grains, and how it affects the fatigue life. Furthermore, in-
vestigating the differences in crack propagation behaviour is outside
the scope of the current study. However, based on the fracture surface
appearance dedicated fatigue crack propagation tests are needed in
order to study if the material exhibits anisotropy in crack propagation
rates based on the orientation of the crack tip w.r.t to the columnar
grains.

4. Conclusions

In this work, LCF properties of Alloy 718 manufactured by EB-PBF
process and subjected to two different post-treatments have been in-
vestigated. The tests were conducted at room temperature under strain-
controlled conditions with a tensile bias in the applied strain range such
that Rε = 0. Alloy 718 manufactured by EB-PBF process has fatigue
properties that is comparable to, or exceeding that of, wrought mate-
rial.

• The cyclic properties exhibit anisotropy in stress evolution and
cyclic plasticity (hysteresis loops) between the parallel and trans-
verse directions, corresponding to the respective Young’s modulus
and yield strength.

• The standard and repair treatment lead to different size and volume
fraction of δ and γ” precipitates. Accordingly, the CSS behaviour is
different between the two treatments – standard treatment leads to
cyclic softening while the repair treatment leads to neither hard-
ening nor softening.

• In strain-controlled fatigue conditions, the parallel direction out-
performs the transverse direction i.e. has longer life. The difference
in fatigue life between the standard and repair treatment is not
significant.

• The pseudo-elastic stress vs. fatigue life approach indicates that the
anisotropy in life is related primarily to the anisotropy in Young’s
modulus. Such an approach can, potentially, be used to handle an-
isotropy in fatigue life estimation of additively manufactured en-
gineering components.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

The authors would like to thank KK foundation for funding the

Fig. 12. Pseudo-elastic stress amplitude vs. fatigue life plot. Note: Open sym-
bols indicate inclusion-based crack initiation, and solid symbols indicate crack
initiation due to slip at the specimen surface.

A.R. Balachandramurthi, et al. International Journal of Fatigue 141 (2020) 105898

10



study through the SUMAN Next project (20160281). The support from
Sandvik Machining Solutions AB, Quintus Technologies AB and GKN
Aerospace Engine Systems AB with Alloy 718 powder, HIP, and heat
treatment procedures, respectively, are acknowledged. The authors are
grateful for the contributions of Jonas Olsson for helping with manu-
facturing EB-PBF specimens. The authors would also like to thank Mats
Högström and Håkan Backström for their help with setting up and
performing the LCF tests. The authors thank Prajina Bhattacharya and
Peter Karlsson for their inputs towards presentation of the fractographic
information and strain-life relationship calculations, respectively.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ijfatigue.2020.105898.

References

[1] Gorelik M. Additive manufacturing in the context of structural integrity. Int J
Fatigue 2016:168–77. https://doi.org/10.1016/j.ijfatigue.2016.07.005.

[2] Seifi M, Gorelik M, Waller J, Hrabe N, Shamsaei N, Daniewicz S, et al. Progress
towards metal additive manufacturing standardization to support qualification and
certification. JOM 2017;69:439–55. https://doi.org/10.1007/s11837-017-2265-2.

[3] Findlay S, Harrison N. Why aircraft fail. 2002. https://doi.org/10.1016/S1369-
7021(02)01138-0.

[4] Sims C, Stoloff N, Hagel W. Superalloys II: High-temperature materials for aerospace
and industrial power; 1987.

[5] Radavich JF. The physical metallurgy of cast and wrought alloy 718. Superalloys
718 Metall Appl 2004:229–40. https://doi.org/10.7449/1989/Superalloys_1989_
229_240.

[6] Antonsson T, Fredriksson H. The effect of cooling rate on the solidification of
INCONEL 718. Metall Mater Trans B 2005;36:85–96. https://doi.org/10.1007/
s11663-005-0009-0.

[7] Babu SS, Raghavan N, Raplee J, Foster SJ, Frederick C, Haines M. Additive manu-
facturing of nickel superalloys: opportunities for innovation and challenges related
to qualification. Metall Mater Trans A n.d. https://doi.org/10.1007/s11661-018-
4702-4.

[8] Murr LE, Martinez E, Gaytan SM, Ramirez DA, Machado BI, Shindo PW, et al.
Microstructural architecture, microstructures, and mechanical properties for a
nickel-base superalloy fabricated by electron beam melting. Metall Mater Trans A
2011;42:3491–508. https://doi.org/10.1007/s11661-011-0748-2.

[9] Körner C. Additive manufacturing of metallic components by selective electron
beam melting — a review. Int Mater Rev 2016;61:361–77. https://doi.org/10.
1080/09506608.2016.1176289.

[10] Unocic KA, Kirka MM, Cakmak E, Greeley D, Okello AO, Dryepondt S. Evaluation of

Fig. 13. Stereomicroscope fractographs of specimen in (a) parallel direction (b) transverse direction (crack front perpendicular to columnar grains) (c) transverse
direction (crack front parallel to columnar grains). (d)-(f) EBSD IPF maps from crack initiation surface corresponding to images (a)-(c). LOM images at crack tip in a
(g) parallel specimen (h) transverse specimen. (i) Area in (h) at higher magnification. Note: Specimens were tested at different strain ranges. IPF maps are w.r.t crack
plane (not building direction). SC – Secondary Cracking, TG – Transgranular, IG – Intergranular. Readers are referred to high resolution images in the web version of
the article for details.

A.R. Balachandramurthi, et al. International Journal of Fatigue 141 (2020) 105898

11



additive electron beam melting of haynes 282 alloy. Mater Sci Eng A 2020. https://
doi.org/10.1016/j.msea.2019.138607.

[11] Kirka MM, Greeley DA, Hawkins C, Dehoff RR. Effect of anisotropy and texture on
the low cycle fatigue behavior of inconel 718 processed via electron beam melting.
Int J Fatigue 2017;105:235–43. https://doi.org/10.1016/j.ijfatigue.2017.08.021.

[12] Helmer HE. Additive Fertigung durch Selektives Elektronenstrahlschmelzen der
Nickelbasis Superlegierung IN718: Prozessfenster, Mikrostruktur und mechanische
Eigenschaften. Friedrich-Alexander-Universität Erlangen-Nürnberg; 2016.

[13] Balachandramurthi AR, Moverare J, Dixit N, Pederson R. Influence of defects and
as-built surface roughness on fatigue properties of additively manufactured Alloy
718. Mater Sci Eng A 2018;735:463–74. https://doi.org/10.1016/j.msea.2018.08.
072.

[14] Balachandramurthi AR, Moverare J, Dixit N, Deng D, Pederson R. Microstructural
influence on fatigue crack propagation during high cycle fatigue testing of addi-
tively manufactured Alloy 718. Mater Charact 2019;149:82–94. https://doi.org/10.
1016/j.matchar.2019.01.018.

[15] Deng D, Lin R, Johan P. On the superior dwell-fatigue crack propagation resistance
of a high strength superalloy manufactured by electron beam melting. Mater Sci
Eng A 2019;760:448–57. https://doi.org/10.1016/j.msea.2019.06.013.

[16] Gribbin S, Bicknell J, Jorgensen L, Tsukrov I, Knezevic M. Low cycle fatigue be-
havior of direct metal laser sintered Inconel alloy 718. Int J Fatigue
2016;93:156–67. https://doi.org/10.1016/j.ijfatigue.2016.08.003.

[17] Johnson AS, Shao S, Shamsaei N, Thompson SM, Bian L. Microstructure, fatigue
behavior, and failure mechanisms of direct laser-deposited inconel 718. JOM
2017;69:597–603. https://doi.org/10.1007/s11837-016-2225-2.

[18] Zhou Z, Hua X, Li C, Chen G. The effect of texture on the low cycle fatigue property
of Inconel 718 by selective laser melting. MATEC Web Conf 2018;165:02007.
https://doi.org/10.1051/matecconf/201816502007.

[19] Aydinöz ME, Brenne F, Schaper M, Schaak C, Tillmann W, Nellesen J, et al. On the
microstructural and mechanical properties of post-treated additively manufactured
Inconel 718 superalloy under quasi-static and cyclic loading. Mater Sci Eng A
2016;669:246–58. https://doi.org/10.1016/j.msea.2016.05.089.

[20] Pei C, Shi D, Yuan H, Li H. Assessment of mechanical properties and fatigue per-
formance of a selective laser melted nickel-base superalloy Inconel 718. Mater Sci
Eng A 2019;759:278–87. https://doi.org/10.1016/j.msea.2019.05.007.

[21] Wells D. Overview of Fatigue and Damage Tolerance Performance of Powder Bed
Fusion Alloy N07718. ASTM Comm E08/NIST Work Mech Behav Addit Manuf
Components; 2016:49.

[22] Battelle Memorial Institute. Metallic Materials Properties Development and
Standardization (MMPDS) MMPDS-09. Battelle Memorial Institute; 2014.

[23] Kelley PF, Vlahakis JK. Tensile and fatigue behavior of direct metal laser sintered
(Dmls) Inconel 718 2016;6:1–9.

[24] Sprengel M, Baca A, Gumpinger J, Connolley T, Brandao A, Rohr T, et al. Fatigue
properties of powder bed fused inconel 718 in as-built surface condition, vol. 3;
2019. p. 91–7. https://doi.org/10.1007/978-3-030-13980-3_12.

[25] Witkin DB, Patel D, Albright TV, Bean GE, McLouth T. Influence of surface condi-
tions and specimen orientation on high cycle fatigue properties of Inconel 718
prepared by laser powder bed fusion. Int J Fatigue 2020;132. https://doi.org/10.
1016/j.ijfatigue.2019.105392.

[26] Watring DS, Carter KC, Crouse D, Raeymaekers B, Spear AD. Mechanisms driving
high-cycle fatigue life of as-built Inconel 718 processed by laser powder bed fusion.
Mater Sci Eng A 2019;761:137993https://doi.org/10.1016/j.msea.2019.06.003.

[27] Gribbin S, Ghorbanpour S, Ferreri NC, Bicknell J, Tsukrov I, Knezevic M. Role of
grain structure, grain boundaries, crystallographic texture, precipitates, and por-
osity on fatigue behavior of Inconel 718 at room and elevated temperatures. Mater
Charact 2019;149:184–97. https://doi.org/10.1016/j.matchar.2019.01.028.

[28] Solberg K, Berto F. Notch-defect interaction in additively manufactured Inconel
718. Int J Fatigue 2019;122:35–45. https://doi.org/10.1016/j.ijfatigue.2018.12.
021.

[29] Witkin DB, Patel DN, Bean GE. Notched fatigue testing of Inconel 718 prepared by
selective laser melting. Fatigue Fract Eng Mater Struct 2018:1–12. https://doi.org/
10.1111/ffe.12880.

[30] Yamashita Y, Murakami T, Mihara R, Okada M, Murakami Y. Defect analysis and
fatigue design basis for Ni-based superalloy 718 manufactured by selective laser
melting. Int J Fatigue 2018;117:485–95. https://doi.org/10.1016/j.ijfatigue.2018.
08.002.

[31] Schirra JJ. Development of a improved heat treatment for investment cast inconel
718 (PWA 649); 2012. p. 439–46. https://doi.org/10.7449/1997/superalloys_

1997_439_446.
[32] Barron ML. Crack growth-based predictive methodology for the maintenance of the

structural integrity of repaired and nonrepaired aging engine stationary compo-
nents; 1999. https://doi.org/DOT/FAA/AR-97/88.

[33] Balachandramurthi A, Moverare J, Mahade S, Pederson R. Additive manufacturing
of alloy 718 via electron beam melting: effect of post-treatment on the micro-
structure and the mechanical properties. Materials (Basel) 2018;12:68. https://doi.
org/10.3390/ma12010068.

[34] ASTM E606/E606M-12, Standard Test Method for Strain-Controlled Fatigue
Testing. West Conshohocken (PA): ASTM International; 2012. https://doi.org/10.
1520/E0606_E0606M-12.

[35] Strondl A, Fischer R, Frommeyer G, Schneider A. Investigations of MX and γ’/γ“
precipitates in the nickel-based superalloy 718 produced by electron beam melting.
Mater Sci Eng A 2008;480:138–47. https://doi.org/10.1016/j.msea.2007.07.012.

[36] Kumara C, Deng D, Moverare J, Nylén P. Modelling of anisotropic elastic properties
in alloy 718 built by electron beam melting. Mater Sci Technol 2018;34:529–37.
https://doi.org/10.1080/02670836.2018.1426258.

[37] Xiao L, Chen DL, Chaturvedi MC. Low-cycle fatigue behavior of INCONEL 718 su-
peralloy with different concentrations of boron at room temperature. Metall Mater
Trans A Phys Metall Mater Sci 2005;36:2671–84. https://doi.org/10.1007/s11661-
005-0264-3.

[38] Suresh S. Fatigue of materials. Cambridge: Cambridge University Press; 1998.
https://doi.org/10.1017/CBO9780511806575.

[39] Shah DM, Duhl DN. The effect of orientation, temperature and gamma prime size on
the yield strength of a single crystal nickel base superalloy. Superalloys 1984 (Fifth
Int. Symp., TMS; 1984. p. 105–14. https://doi.org/10.7449/1984/Superalloys_
1984_105_114.

[40] Gabb TP, Gayda J, Miner RV. Orientation and temperature dependence of some
mechanical properties of the single-crystal nickel-base superalloy René N4: Part II.
Low cycle fatigue behavior. Metall Trans A 1986;17:497–505. https://doi.org/10.
1007/BF02643956.

[41] ASTM E739. Standard Practice for Statistical Analysis of Linear or Linearized Stress-
Life (S-N) and Strain-Life (∊-N) Fatigue Data. West Conshohocken (PA): ASTM
International; 2015. https://doi.org/10.1520/STP29332S.

[42] Maderbacher H, Oberwinkler B, Gänser HP, Tan W, Rollett M, Stoschka M. The
influence of microstructure and operating temperature on the fatigue endurance of
hot forged Inconel 718 components. Mater Sci Eng A 2013;585:123–31. https://doi.
org/10.1016/j.msea.2013.07.053.

[43] Molaei R, Fatemi A, Sanaei N, Pegues J, Shamsaei N, Shao S, et al. Fatigue of ad-
ditive manufactured Ti-6Al-4V, Part II: The relationship between microstructure,
material cyclic properties, and component performance. Int J Fatigue
2020;132:105363https://doi.org/10.1016/j.ijfatigue.2019.105363.

[44] Chern AH, Nandwana P, Yuan T, Kirka MM, Dehoff RR, Liaw PK, et al. A review on
the fatigue behavior of Ti-6Al-4V fabricated by electron beam melting additive
manufacturing. Int J Fatigue 2019;119:173–84. https://doi.org/10.1016/j.
ijfatigue.2018.09.022.

[45] Yadollahi A, Shamsaei N. Additive manufacturing of fatigue resistant materials:
challenges and opportunities. Int J Fatigue 2017;98:14–31. https://doi.org/10.
1016/j.ijfatigue.2017.01.001.

[46] Afkhami S, Dabiri M, Alavi SH, Björk T, Salminen A. Fatigue characteristics of steels
manufactured by selective laser melting. Int J Fatigue 2019;122:72–83. https://doi.
org/10.1016/j.ijfatigue.2018.12.029.

[47] Li SX, Ellison EG, Smith DJ. The influence of orientation on the elastic and low cycle
fatigue properties of several single crystal nickel base superalloys. J Strain Anal Eng
Des 1994;29:147–53. https://doi.org/10.1243/03093247V292147.

[48] Dalal RP, Thomas CR, Dardi LE. The Effect of Crystallographic Orientation on the
Physical and Mechanical Properties of an Investment Cast Single Crystal Nickel-
Base Superalloy. Superalloys 1984 (Fifth Int. Symp., TMS; 1984. p. 185–97. https://
doi.org/10.7449/1984/Superalloys_1984_185_197.

[49] Korth GE, Idaho G. Effects of various parameters on the fatigue life of Alloy 718. In:
Loria EA, editor. Superalloys 718, 625 Var. Deriv., The Minerals, Metals & Materials
Society; 1991. p. 457–76.

[50] Arakere NK, Swanson G. Effect of crystal orientation on fatigue failure of single
crystal nickel base turbine blade superalloys. J Eng Gas Turbines Power
2002;124:161–76. https://doi.org/10.1115/1.1413767.

[51] Shi D, Huang J, Yang X, Yu H. Effects of crystallographic orientations and dwell
types on low cycle fatigue and life modeling of a SC superalloy. Int J Fatigue
2013;49:31–9. https://doi.org/10.1016/j.ijfatigue.2012.12.005.

A.R. Balachandramurthi, et al. International Journal of Fatigue 141 (2020) 105898

12



 
 

 

 

 

 

On the microstructure of Laser Powder Bed 
Fusion Alloy 718 and its influence on the low 

cycle fatigue behaviour 

 

 

Arun Ramanathan Balachandramurthi, Nitesh Raj Jaladurgam, 
Chamara Kumara, Johan Moverare, Thomas Hansson, Johannes 

Gårdstam, Robert Pederson 

 

 

 

 

Under review in Materials 

 

 

 

 

 

 

Printed with permission

B 

95 
 

Paper B.  On the microstructure of Laser Powder Bed Fusion Alloy 718 
and its influence on the low cycle fatigue behaviour  

 

 

On the microstructure of Laser Powder Bed 
Fusion Alloy 718 and its influence on the low 

cycle fatigue behaviour 

 

Arun Ramanathan Balachandramurthi, Nitesh Raj Jaladurgam, 
Chamara Kumara, Johan Moverare, Thomas Hansson, Johannes 

Gårdstam, Robert Pederson 

 

 

 

 

Submitted to Materials 2020 

 

 

 

 

 

Printed with permission

B 



Article

On the microstructure of laser beam powder bed
fusion Alloy 718 and its influence on the low cycle
fatigue behaviour

Arun Ramanathan Balachandramurthi 1,* , Nitesh Raj Jaladurgam 2 , Chamara Kumara 1 ,
Thomas Hansson 1,3, Johan Moverare 1,4 , Johannes Gårdstam 5, Robert Pederson 1

1 Department of Engineering Science, University West, SE-461 86 Trollhättan, Sweden;
arun.balachandramurthi@hv.se; chamara.kumara@hv.se; robert.pederson@hv.se

2 Department of Physics, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden;
niteshj@chalmers.se

3 GKN Aerospace Sweden AB, SE-461 38 Trollhättan, Sweden; thomas.hansson@hv.se
4 Department of Management and Engineering, Linköping University, SE 581 83 Linköping, Sweden;

johan.moverare@liu.se
5 Qunitus Technologies AB, SE-721 66 Västerås, Sweden; johannes.gardstam@quintusteam.com
* Correspondence: arun.balachandramurthi@hv.se; Tel.: +46-762 88 35 26

Version October 27, 2020 submitted to Materials

Abstract: Additive manufacturing of Alloy 718 has become a popular subject of research in recent1

years. Understanding the process-microstructure-property relationship of additively manufactured2

Alloy 718 is crucial for maturing the technology to manufacture critical components. Fatigue3

behaviour is a key mechanical property that is required in applications such as gas turbines. Therefore,4

in the present work, low cycle fatigue behaviour of Alloy 718 manufactured by laser beam powder5

bed fusion process has been investigated. The material was tested in as-built condition as well as6

after two different thermal post-treatments. Three orientations with respect to the building direction7

were tested to evaluate the anisotropy. Testing was performed at room temperature under controlled8

amplitudes of strain. It was found that defects, inclusions, strengthening precipitates, and Young’s9

modulus influence the fatigue behaviour under strain-controlled conditions. The strengthening10

precipitates affected the deformation mechanism as well as the cycle-dependent hardening/softening11

behaviour. The defects and the inclusions had a detrimental effect on fatigue life. The presence of12

Laves phase in LB-PBF Alloy 718 did not have a detrimental effect on fatigue life. Young’s modulus13

was anisotropic and it contributed to the anisotropy in strain-life relationship. Pseudo-elastic stress14

vs. fatigue life approach could be used to handle the modulus-induced anisotropy in the strain-life15

relationship.16
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Abstract: Additive manufacturing of Alloy 718 has become a popular subject of research in recent1

years. Understanding the process-microstructure-property relationship of additively manufactured2

Alloy 718 is crucial for maturing the technology to manufacture critical components. Fatigue3

behaviour is a key mechanical property that is required in applications such as gas turbines. Therefore,4

in the present work, low cycle fatigue behaviour of Alloy 718 manufactured by laser beam powder5

bed fusion process has been investigated. The material was tested in as-built condition as well as6

after two different thermal post-treatments. Three orientations with respect to the building direction7

were tested to evaluate the anisotropy. Testing was performed at room temperature under controlled8

amplitudes of strain. It was found that defects, inclusions, strengthening precipitates, and Young’s9

modulus influence the fatigue behaviour under strain-controlled conditions. The strengthening10

precipitates affected the deformation mechanism as well as the cycle-dependent hardening/softening11

behaviour. The defects and the inclusions had a detrimental effect on fatigue life. The presence of12

Laves phase in LB-PBF Alloy 718 did not have a detrimental effect on fatigue life. Young’s modulus13

was anisotropic and it contributed to the anisotropy in strain-life relationship. Pseudo-elastic stress14

vs. fatigue life approach could be used to handle the modulus-induced anisotropy in the strain-life15

relationship.16

Keywords: powder bed fusion; additive manufacturing; fatigue; hot isostatic pressing; superalloys.17
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41

1. Introduction42

Additive manufacturing (AM) has had a disruptive influence in the manufacturing sector in43

the last decade and has become a core technology of the fourth industrial revolution, Industry44

4.0. Metal AM technology is maturing and evolving at a dramatic rate but at the current level45

of technology development, it is better suited for low-volume-sector due to the design-related46

advantages. Laser Beam Powder Bed Fusion (LB-PBF) process is one of the metal AM processes47

that is extensively investigated for manufacturing commercial parts. Like the other AM processes,48

LB-PBF process inherently involves complex physics that often results in anisotropic and/or location49

specific microstructures, which are different from the conventional manufacturing routes for the50

same alloy [1]. While the advantages of using AM are obvious, the process-microstructure-property51

relationship must be well understood before utilizing AM components in critical applications that52

involve fatigue loading.53

Alloy 718 is a precipitation strengthened iron-nickel-based superalloy. The primary strengthening54

precipitate is γ”, while γ′ precipitates also contribute to its strength. δ phase in the alloy forms at the55

expense of γ” and is often precipitated in a controlled manner for its beneficial influence on grain56

refinement and notch sensitivity. The formation of other phases such as Laves, niobium carbide (NbC)57

and titanium nitride (TiN) in the material is dependent on the processing route [2, 3]. Alloy 71858

has gained a workhorse superalloy status due to its excellent mechanical properties and corrosion59

resistance at a wide range of temperatures, and its processability [4]. Consequently, it has become the60

obvious choice to investigate the applicability of metal AM processes to superalloys. As with other61

metal AM processes, Alloy 718 is the most investigated superalloy with LB-PBF processing.62

While significant amount of work has been done towards understanding the63

process-microstructure-static properties relationship for LB-PBF Alloy 718, the research on64

understanding its fatigue behaviour is scarce. Apart from using rotating bending and bending65

fatigue tests, which are discouraged by the Metallic Materials Properties Database Development and66

Standardization (MMPDS) for the purpose of design and analysis of structures in aerospace systems67

[5], fatigue studies on LB-PBF Alloy 718 have been focused on high cycle fatigue (HCF) performance68

evaluating the influence of defects [6, 7], geometrical notches [7, 8], surface roughness characteristics69

due to part orientation [7, 9, 10, 11, 12], and texture [13]. Furthermore, only a few investigations on low70

cycle fatigue (LCF) behaviour of LB-PBF Alloy 718 exist [14, 15, 16, 17, 18]. In these studies, neither71

the anisotropy in fatigue behaviour has been characterized thoroughly nor a method to handle this72

anisotropy has been proposed. Moreover, influence of the Laves phase in LB-PBF Alloy 718 on the73

fatigue behaviour has not been thoroughly investigated. In cast Alloy 718, Laves phase has been74

reported to have a detrimental effect on crack initiation and propagation behaviour [19].75

A thorough understanding of the fatigue behaviour of LB-PBF Alloy 718 is required before it can76

replace conventionally manufactured Alloy 718 parts, especially in critical applications. Therefore, the77

aim of this work is to investigate the anisotropic LCF behaviour of LB-PBF Alloy 718 and establish78

the microstructure-fatigue behaviour relationship and propose a suitable method to handle the79

anisotropic strain-life relationship. For this purpose, LB-PBF Alloy 718 has been tested in three80

different orientations to characterize the anisotropy in fatigue behaviour. Furthermore, the material81

has been tested in as-built condition and after two different post-treatments to understand the effect of82

the different phases in the material.83
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2. Materials and Methods84

2.1. LB-PBF manufacturing85

All the specimen blanks were manufactured using an SLM® 280 machine that had a twin 400 W86

laser configuration. The standard stripes theme v2.0 for building with Alloy 718 powder was utilized.87

The layer thickness, hatch spacing, hatch rotation and build plate heating were 30 µm, 120 µm, 67 ◦
88

and 200 ◦C, respectively. The hatch region was processed with a laser power of 300 W and scanning89

speed 1.3 m/s. Each part was built with two contour scans that were processed with a laser power of90

150 W and scanning speed of 0.45 m/s. Gas atomized (GA) Alloy 718 powder that was provided by91

Höganäs AB having a size fraction of 15 to 45 µm and chemical composition as listed in table 1 was92

utilized to manufacture the specimens.93

Table 1. Nominal chemical composition of GA Alloy 718 powder

Element Ni Fe Cr Nb Mo Ti Al C
wt% 53.00 bal 18.80 5.42 3.10 1.10 0.60 0.04

To evaluate the anisotropy in the fatigue behaviour, specimen blanks were manufactured in94

three different orientations, namely parallel to the build direction (henceforth referred to as parallel95

specimens), 45◦ to the build direction (henceforth referred to as diagonal specimens), and transverse96

to the build direction (henceforth referred to as transverse specimens). Dimensions and orientation97

of the different specimen blanks are shown in schematic figure 1. Each of the parallel (red in figure98

1) and diagonal (yellow in figure 1) specimens were built as separate prismatic bars. The transverse99

specimens were extracted from cuboidal blocks (blue block in figure 1).100

Figure 1. Geometry and orientation of the specimens. Note: Z is the build direction

2.2. Post-treatment101

The specimen blanks were sectioned off from the build platform without any stress relief treatment.102

The specimen blanks in all the three orientations were sorted into three groups by randomized selection.103

One group was utilized in the as-built (AB) condition, another was subjected to direct ageing (DA),104

and the last group was subjected to hot isostatic pressing (HIP) followed by solution treatment and105

ageing (HSA). The specifics of each of the conditions are presented in table 2.106
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specific microstructures, which are different from the conventional manufacturing routes for the50

same alloy [1]. While the advantages of using AM are obvious, the process-microstructure-property51

relationship must be well understood before utilizing AM components in critical applications that52
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Alloy 718 is a precipitation strengthened iron-nickel-based superalloy. The primary strengthening54

precipitate is γ”, while γ′ precipitates also contribute to its strength. δ phase in the alloy forms at the55

expense of γ” and is often precipitated in a controlled manner for its beneficial influence on grain56

refinement and notch sensitivity. The formation of other phases such as Laves, niobium carbide (NbC)57

and titanium nitride (TiN) in the material is dependent on the processing route [2, 3]. Alloy 71858

has gained a workhorse superalloy status due to its excellent mechanical properties and corrosion59

resistance at a wide range of temperatures, and its processability [4]. Consequently, it has become the60

obvious choice to investigate the applicability of metal AM processes to superalloys. As with other61

metal AM processes, Alloy 718 is the most investigated superalloy with LB-PBF processing.62

While significant amount of work has been done towards understanding the63

process-microstructure-static properties relationship for LB-PBF Alloy 718, the research on64

understanding its fatigue behaviour is scarce. Apart from using rotating bending and bending65

fatigue tests, which are discouraged by the Metallic Materials Properties Database Development and66

Standardization (MMPDS) for the purpose of design and analysis of structures in aerospace systems67

[5], fatigue studies on LB-PBF Alloy 718 have been focused on high cycle fatigue (HCF) performance68

evaluating the influence of defects [6, 7], geometrical notches [7, 8], surface roughness characteristics69

due to part orientation [7, 9, 10, 11, 12], and texture [13]. Furthermore, only a few investigations on low70

cycle fatigue (LCF) behaviour of LB-PBF Alloy 718 exist [14, 15, 16, 17, 18]. In these studies, neither71

the anisotropy in fatigue behaviour has been characterized thoroughly nor a method to handle this72

anisotropy has been proposed. Moreover, influence of the Laves phase in LB-PBF Alloy 718 on the73

fatigue behaviour has not been thoroughly investigated. In cast Alloy 718, Laves phase has been74

reported to have a detrimental effect on crack initiation and propagation behaviour [19].75

A thorough understanding of the fatigue behaviour of LB-PBF Alloy 718 is required before it can76

replace conventionally manufactured Alloy 718 parts, especially in critical applications. Therefore, the77

aim of this work is to investigate the anisotropic LCF behaviour of LB-PBF Alloy 718 and establish78

the microstructure-fatigue behaviour relationship and propose a suitable method to handle the79

anisotropic strain-life relationship. For this purpose, LB-PBF Alloy 718 has been tested in three80

different orientations to characterize the anisotropy in fatigue behaviour. Furthermore, the material81

has been tested in as-built condition and after two different post-treatments to understand the effect of82

the different phases in the material.83
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2.1. LB-PBF manufacturing85

All the specimen blanks were manufactured using an SLM® 280 machine that had a twin 400 W86

laser configuration. The standard stripes theme v2.0 for building with Alloy 718 powder was utilized.87

The layer thickness, hatch spacing, hatch rotation and build plate heating were 30 µm, 120 µm, 67 ◦
88

and 200 ◦C, respectively. The hatch region was processed with a laser power of 300 W and scanning89

speed 1.3 m/s. Each part was built with two contour scans that were processed with a laser power of90

150 W and scanning speed of 0.45 m/s. Gas atomized (GA) Alloy 718 powder that was provided by91

Höganäs AB having a size fraction of 15 to 45 µm and chemical composition as listed in table 1 was92

utilized to manufacture the specimens.93

Table 1. Nominal chemical composition of GA Alloy 718 powder

Element Ni Fe Cr Nb Mo Ti Al C
wt% 53.00 bal 18.80 5.42 3.10 1.10 0.60 0.04

To evaluate the anisotropy in the fatigue behaviour, specimen blanks were manufactured in94

three different orientations, namely parallel to the build direction (henceforth referred to as parallel95

specimens), 45◦ to the build direction (henceforth referred to as diagonal specimens), and transverse96

to the build direction (henceforth referred to as transverse specimens). Dimensions and orientation97

of the different specimen blanks are shown in schematic figure 1. Each of the parallel (red in figure98

1) and diagonal (yellow in figure 1) specimens were built as separate prismatic bars. The transverse99

specimens were extracted from cuboidal blocks (blue block in figure 1).100

Figure 1. Geometry and orientation of the specimens. Note: Z is the build direction

2.2. Post-treatment101

The specimen blanks were sectioned off from the build platform without any stress relief treatment.102

The specimen blanks in all the three orientations were sorted into three groups by randomized selection.103

One group was utilized in the as-built (AB) condition, another was subjected to direct ageing (DA),104

and the last group was subjected to hot isostatic pressing (HIP) followed by solution treatment and105

ageing (HSA). The specifics of each of the conditions are presented in table 2.106
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Table 2. Post-treatment conditions

HIP Solution treatment Ageing
AB none none none
DA none none 718 ◦C/8 h/FC to 621 ◦C + 621 ◦C/8 h/AC
HSA 1160 ◦C/4 h/100 MPa/URC 1065 ◦C/1 h/AC 718 ◦C/8 h/FC to 621 ◦C + 621 ◦C/8 h/AC

URC: Uniform Rapid Cooling; FC: Furnace Cooling @ 55 ◦C/h; AC: Air cooling.

2.3. Fatigue testing107

Uniaxial push-pull fatigue tests were performed at room temperature under controlled amplitudes108

of total strain, in accordance with ASTM E606/E606M [20], using an Instron 8802 servo-hydraulic109

machine with 8802MT controller and LCF3 software. LCF specimens with dimensions as shown110

in figure 2 were extracted, by machining, from the corresponding specimen blanks for each of the111

three orientations. The LCF specimens were polished to Ra 0.2 µm. An Instron 2620-602 clip on112

extensometer was used to measure the strains in the gauge section over a 12,5 mm range. For each of113

the post-treatment and orientation combinations, at least six specimens were tested between strain114

amplitudes of 0.3% and 0.875% in accordance with ASTM E739 [21]. The straining cycle followed a115

symmetric triangular waveform at a constant frequency of 0.5 Hz. If the measured plastic strain after116

43,200 cycles was less than 0.01%, the testing was switched to load-controlled cycling at 5 Hz. A 20 %117

drop in the peak load from that of the stabilized hysteresis loop was used as the failure criterion for the118

test, after which the specimens were broken by applying a tensile load to reveal the fracture surfaces.119
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Figure 2. LCF specimen geometry.

2.4. Material Characterization120

Samples for metallographic investigation were cut, mounted, ground and polished using standard121

metallographic practices to observe the microstructure. The types of defects present, and their122

distribution were analyzed in the as-polished condition using a Zeiss AX10 light optical microscope123

(LOM). Image analysis technique, in accordance with ASTM E1245 [22], using the open source software124

Fiji [23] was performed to determine the volume fraction of the defects present.125

To characterize the texture and grain size, a Zeiss Gemini 450 field emission gun (FEG) scanning126

electron microscope (SEM) fitted with an Oxford Symmetry Electron Back scattering Diffraction (EBSD)127

detector was utilized. Samples for texture analysis were polished with a 0.02 µm silica suspension using128

a vibropolishing machine. EBSD analysis was performed on sections both parallel and perpendicular129

to the build direction. Texture analysis was performed using Aztec Crystal v1.1 software, while grain130

size analysis was performed, by line intercept method, using ATEX software [24] in accordance with131

ASTM E2627 [25] and ASTM E1382 [26].132
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Electrolytic etching was performed with oxalic acid at 3 V for 5-10 s or with 50:50 Kalling’s133

reagent:ethanol solution at 2 V for 3-5 s to reveal the microstructure. Microstructure characterization134

was carried out using the Zeiss AX10 LOM and the Zeiss Gemini 450 FEG SEM fitted with an Oxford135

ULTIM MAX 100 mm2 X-ray energy-dispersive spectroscopy (EDS) detector. Chemical analysis was136

performed using Aztec v4.2 software.137

To observe the dislocation structures using Transmission Electron Microscopy (TEM), thin strips138

were cut along the loading direction. The strips were ground to a thickness of 100 µm and discs,139

3 mm in diameter, were punched out. The discs were subsequently thinned down further using140

electropolishing. Electron transparency in the discs was obtained using a twinjet polishing machine141

(Tenupol-5) operating at 30 ◦C and 20.5 V with 10% perchloric acid in methanol as electrolyte. FEI142

transmission electron microscope, Tecnai G2 with double-tilt sample holder was used to enable143

orienting the samples to two-beam conditions during dislocation analysis.144

Fractography was performed using an Olympus SZX9 stereomicroscope and a Zeiss EVO 50 SEM.145

3. Results and discussion146

3.1. Microstructure147

The test specimens were extracted, by machining, from the hatch region. Therefore, only the148

microstructure from the hatch region is presented. Microstructure characterization was performed149

on several metallographic samples extracted from all the three types of specimen blanks shown in150

figure 1. The microstructure was identical in the three types of specimen blanks (for brevity, only the151

representative microstructure is presented here), and is as follows.152

3.1.1. Grain morphology and texture153

EBSD inverse pole figure (IPF) maps of the microstructure in x-z plane and x-y plane for the AB,154

DA and HSA conditions are shown in figure 3, figure 4 and figure 5, respectively. Grain size (length155

along Z and width along X in the x-z plane, length along Y and width along X in the x-y plane) in the156

different post-treatment conditions is shown in figure 6 (a); the corresponding maximum IPF texture157

intensity is presented in figure 6 (b).158

In the AB condition, as in figure 3 (a), grains were elongated in the build direction with an aspect159

ratio of ∼1.5. The grains were generally pointing upward, but not aligned with the build direction.160

As shown in figure 3 (b), the grains were equiaxed perpendicular to the build direction. Furthermore,161

a weak <100> texture along the build direction existed with an intensity of ∼2.2 MUD (multiples162

of uniform density). These observations are in agreement with the as-built microstructural features163

commonly reported for LB-PBF Alloy 718 [27, 28, 29]. In the DA condition, as shown in figure 4, the164

microstructure in terms of the grain morphology and texture was identical to that of the AB condition,165

which is in agreement with the published literature [27, 28]. In the HSA condition, as shown in figures166

5 and 6 (a), grains were ∼4 times larger than in the AB and DA conditions. The texture intensity, as167

shown in figure 6 (b), was lower than both the AB and DA conditions. Furthermore, the grains were168

elongated along the build direction with an aspect ratio of ∼1.5 and were equiaxed perpendicular169

to the build direction. The maximum IPF texture intensity was relatively higher parallel to the build170

direction than perpendicular to it. Both these facts indicate that the material has undergone recovery171

and grain growth, and not the commonly reported recrystallization and grain growth [28, 30].172
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Table 2. Post-treatment conditions

HIP Solution treatment Ageing
AB none none none
DA none none 718 ◦C/8 h/FC to 621 ◦C + 621 ◦C/8 h/AC
HSA 1160 ◦C/4 h/100 MPa/URC 1065 ◦C/1 h/AC 718 ◦C/8 h/FC to 621 ◦C + 621 ◦C/8 h/AC

URC: Uniform Rapid Cooling; FC: Furnace Cooling @ 55 ◦C/h; AC: Air cooling.
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of total strain, in accordance with ASTM E606/E606M [20], using an Instron 8802 servo-hydraulic109

machine with 8802MT controller and LCF3 software. LCF specimens with dimensions as shown110

in figure 2 were extracted, by machining, from the corresponding specimen blanks for each of the111

three orientations. The LCF specimens were polished to Ra 0.2 µm. An Instron 2620-602 clip on112

extensometer was used to measure the strains in the gauge section over a 12,5 mm range. For each of113

the post-treatment and orientation combinations, at least six specimens were tested between strain114

amplitudes of 0.3% and 0.875% in accordance with ASTM E739 [21]. The straining cycle followed a115

symmetric triangular waveform at a constant frequency of 0.5 Hz. If the measured plastic strain after116

43,200 cycles was less than 0.01%, the testing was switched to load-controlled cycling at 5 Hz. A 20 %117

drop in the peak load from that of the stabilized hysteresis loop was used as the failure criterion for the118

test, after which the specimens were broken by applying a tensile load to reveal the fracture surfaces.119
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2.4. Material Characterization120

Samples for metallographic investigation were cut, mounted, ground and polished using standard121

metallographic practices to observe the microstructure. The types of defects present, and their122

distribution were analyzed in the as-polished condition using a Zeiss AX10 light optical microscope123

(LOM). Image analysis technique, in accordance with ASTM E1245 [22], using the open source software124

Fiji [23] was performed to determine the volume fraction of the defects present.125

To characterize the texture and grain size, a Zeiss Gemini 450 field emission gun (FEG) scanning126

electron microscope (SEM) fitted with an Oxford Symmetry Electron Back scattering Diffraction (EBSD)127

detector was utilized. Samples for texture analysis were polished with a 0.02 µm silica suspension using128

a vibropolishing machine. EBSD analysis was performed on sections both parallel and perpendicular129

to the build direction. Texture analysis was performed using Aztec Crystal v1.1 software, while grain130

size analysis was performed, by line intercept method, using ATEX software [24] in accordance with131

ASTM E2627 [25] and ASTM E1382 [26].132
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Electrolytic etching was performed with oxalic acid at 3 V for 5-10 s or with 50:50 Kalling’s133

reagent:ethanol solution at 2 V for 3-5 s to reveal the microstructure. Microstructure characterization134

was carried out using the Zeiss AX10 LOM and the Zeiss Gemini 450 FEG SEM fitted with an Oxford135

ULTIM MAX 100 mm2 X-ray energy-dispersive spectroscopy (EDS) detector. Chemical analysis was136

performed using Aztec v4.2 software.137

To observe the dislocation structures using Transmission Electron Microscopy (TEM), thin strips138

were cut along the loading direction. The strips were ground to a thickness of 100 µm and discs,139

3 mm in diameter, were punched out. The discs were subsequently thinned down further using140

electropolishing. Electron transparency in the discs was obtained using a twinjet polishing machine141

(Tenupol-5) operating at 30 ◦C and 20.5 V with 10% perchloric acid in methanol as electrolyte. FEI142

transmission electron microscope, Tecnai G2 with double-tilt sample holder was used to enable143

orienting the samples to two-beam conditions during dislocation analysis.144

Fractography was performed using an Olympus SZX9 stereomicroscope and a Zeiss EVO 50 SEM.145

3. Results and discussion146

3.1. Microstructure147

The test specimens were extracted, by machining, from the hatch region. Therefore, only the148

microstructure from the hatch region is presented. Microstructure characterization was performed149

on several metallographic samples extracted from all the three types of specimen blanks shown in150

figure 1. The microstructure was identical in the three types of specimen blanks (for brevity, only the151

representative microstructure is presented here), and is as follows.152

3.1.1. Grain morphology and texture153

EBSD inverse pole figure (IPF) maps of the microstructure in x-z plane and x-y plane for the AB,154

DA and HSA conditions are shown in figure 3, figure 4 and figure 5, respectively. Grain size (length155

along Z and width along X in the x-z plane, length along Y and width along X in the x-y plane) in the156

different post-treatment conditions is shown in figure 6 (a); the corresponding maximum IPF texture157

intensity is presented in figure 6 (b).158

In the AB condition, as in figure 3 (a), grains were elongated in the build direction with an aspect159

ratio of ∼1.5. The grains were generally pointing upward, but not aligned with the build direction.160

As shown in figure 3 (b), the grains were equiaxed perpendicular to the build direction. Furthermore,161

a weak <100> texture along the build direction existed with an intensity of ∼2.2 MUD (multiples162

of uniform density). These observations are in agreement with the as-built microstructural features163

commonly reported for LB-PBF Alloy 718 [27, 28, 29]. In the DA condition, as shown in figure 4, the164

microstructure in terms of the grain morphology and texture was identical to that of the AB condition,165

which is in agreement with the published literature [27, 28]. In the HSA condition, as shown in figures166

5 and 6 (a), grains were ∼4 times larger than in the AB and DA conditions. The texture intensity, as167

shown in figure 6 (b), was lower than both the AB and DA conditions. Furthermore, the grains were168

elongated along the build direction with an aspect ratio of ∼1.5 and were equiaxed perpendicular169

to the build direction. The maximum IPF texture intensity was relatively higher parallel to the build170

direction than perpendicular to it. Both these facts indicate that the material has undergone recovery171

and grain growth, and not the commonly reported recrystallization and grain growth [28, 30].172
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Figure 3. IPF map in the AB condition (a) x-z plane (b) x-y plane.

Figure 4. IPF map in the DA condition (a) x-z plane (b) x-y plane.
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Figure 5. IPF map in the HSA condition (a) x-z plane (b) x-y plane.
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Figure 6. (a) Grain size (b) IPF texture intensity in different post-treatment conditions.

3.1.2. Sub-grain morphology and secondary phases173

The sub-grain morphology and secondary phases in the AB, DA and HSA conditions are shown174

in figure 7. In the AB condition, as shown in figure 7 (a)-(e), the typically reported segregated cellular175

morphology was found. Highly dense network of dislocations, that were inherited from the rapid176

solidification during LB-PBF processing, were present at the cell boundaries, as shown in the TEM177

image in figure 7 (d). Laves phase and NbC were found at the intercellular sites. The strengthening178

precipitates were absent in the AB condition, as shown in the selected area electron diffraction (SAED)179

pattern in 7 (e). In the DA condition, as shown in figure 7 (f)-(i), the cellular morphology and dense180

dislocation network at the cell boundary were present like the AB condition. The temperature during181

the ageing treatment was insufficient to promote complete annealing/recovery and subsequent grain182
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morphology was found. Highly dense network of dislocations, that were inherited from the rapid176

solidification during LB-PBF processing, were present at the cell boundaries, as shown in the TEM177

image in figure 7 (d). Laves phase and NbC were found at the intercellular sites. The strengthening178

precipitates were absent in the AB condition, as shown in the selected area electron diffraction (SAED)179

pattern in 7 (e). In the DA condition, as shown in figure 7 (f)-(i), the cellular morphology and dense180

dislocation network at the cell boundary were present like the AB condition. The temperature during181

the ageing treatment was insufficient to promote complete annealing/recovery and subsequent grain182
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growth in the material. The Laves phase and NbC were present at the intercellular sites; furthermore,183

the γ” and γ′ strengthening precipitates were present in the matrix following to the two step ageing184

treatment. In the HSA condition, as shown in figure 7 (j)-(l), the cellular substructure and Laves phase185

were absent. NbC, relatively larger in size compared to the AB and DA condition, were present along186

with the γ” and γ′ precipitates. The high temperature during the HIP stage of HSA is, normally,187

sufficient to dissolve the Laves phase, to anneal the dislocation structure and to trigger recovery and188

grain growth. The dissolution of Laves phase consequently leads to coarsening of NbC particles.189

Figure 7. (a)-(e) AB condition. (a)-(c) SEM images at different magnifications showing the cellular
morphology, Laves phase and NbC. (d) TEM image showing highly dense dislocation network at
the cell boundaries. (e) SAED patter showing absence of superlattice reflections of the strengthening
precipitates. (f)-(i) DA condition. (f)-(h) SEM images at different magnifications showing the cellular
morphology, Laves phase, NbC and strengthening precipitates. (i) TEM image showing highly dense
dislocation network at the cell boundaries. (j)-(l) SEM images at different magnifications showing NbC
and strengthening precipitates in the HSA condition. NOTE: Yellow arrows point to Laves Phase, blue
arrows point to NbC.

3.1.3. Defects190

In the AB condition, defects such as porosity and lack of fusion (LoF) were present (figure 8191

(a),(b)). Besides these defects, oxide inclusions rich in Al and Ti were also present (figure 8 (c),(d)).192
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The defects and inclusions were randomly distributed in the hatch region. Several LoF defects had193

oxide particles present at the surface; this was identified from the LoF defects in the fracture surfaces194

as shown in figure 8 (e),(f). In the DA condition, the volume fraction and distribution of the defects195

and inclusions were identical to that of the AB condition (for brevity these are not shown). In the196

HSA condition, a few remnant pores were present, but, the LoF defects were absent. Furthermore,197

the inclusions such as the ones in figure 8 (d) were present at a higher frequency than the other two198

conditions; these were found at the same frequency and distribution as the LoF defects, which could199

be due to closure of the LoF defects that have inclusions at the surface. The presence of LoF defects200

and inclusions in the material used in this study are attributed to issues with the powder recoating201

and Ar gas flow in the machine. The issues with the recoating and gas flow were identified during the202

root-cause analysis performed after the completion of the fatigue testing.203

Figure 8. Defects in AB condition. (a) Porosity (b) LoF (c), (d) inclusions (e) LoF from a fracture surface
(f) magnified image of area indicated in (e)
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3.2. Cyclic stress evolution204

3.2.1. First cycle data205

Young’s modulus in the different material conditions was obtained from the first loading cycle206

and is presented in table 3. The modulus was anisotropic in the AB and DA conditions, which is due207

to the <100> fiber texture in the material. Correspondingly, the modulus was the lowest in the parallel208

direction (which is the building direction) that had <100> texture. As a consequence of <100> fiber209

texture along the parallel direction, the main texture component along the diagonal direction is of <101>210

fiber type; therefore, the modulus was the highest in the diagonal direction. In the transverse direction,211

the relatively homogeneous texture resulted in a moderate modulus. The relatively weaker/nearly212

uniform texture in the HSA condition, compared to the AB and DA conditions, resulted in an isotropic213

Young’s modulus.214

Table 3. Young’s modulus (GPa) in different orientations and post-treatments

AB DA HSA
Parallel 176 ± 12 176 ± 13 199 ± 1
Transverse 187 ± 6 190 ± 6 200 ± 1
Diagonal 203 ± 5 212 ± 4 206 ± 2

The difference in yield strength between the different post-treatments could be assessed from215

the first cycle stress range of specimens that exhibit significant cyclic plastic strains. The first cycle216

stress range from specimens subjected to strain amplitude of 0.75% are presented in table 4. The AB217

condition required the lowest stress range and is therefore the softest, which is due to the absence of218

strengthening precipitates. Among the DA and HSA conditions that contain strengthening precipitates,219

the DA condition that was composed of a finer grain size (refer figure 6(b)) required a higher stress220

range. The relatively higher strength in the DA condition could be explained qualitatively by the221

Hall-Petch relationship. In the AB and DA conditions, stress range was the highest in the diagonal222

orientation, the lowest in the parallel orientation and moderate in the transverse orientation following223

the trend in the anisotropic Young’s modulus. Furthermore, stress range in the HSA condition was224

equivalent in the three orientations indicating an isotropic behaviour in strength.225

Table 4. Stress range (MPa) at εa=0.75% in different orientations and post-treatments

AB DA HSA
Parallel 1456 2617 2359
Transverse 1534 2776 2361
Diagonal 1622 2910 2386

3.2.2. Hysteresis loops226

Mid-life hysteresis loops of the transverse specimens at strain amplitude of 0.3% and 0.75% are227

presented in 9; the other two orientations are not shown for brevity, but the behaviour was identical.228

At the lowest strain amplitude of 0.3%, the cyclic behaviour was purely elastic in the DA and HSA229

conditions; however, the AB condition exhibited a small cyclic plastic strain as shown in the inset in230

figure 9 (a). As discussed earlier, the strength is lower in the AB condition due to which the material231

undergoes cyclic plasticity even at 0.3% strain amplitude. At higher strain amplitudes, for example at232

0.75%, all the material conditions exhibited cyclic plasticity as shown in figure 9 (b). The magnitude233

of cyclic plastic strain was the highest in the AB condition, moderate in the HSA condition, and the234

lowest in the DA condition. This observed trend in the cyclic plastic strain, as expected, has an inverse235

relationship with the yield strength in the different conditions.236
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Figure 9. Hysteresis of transverse specimens in different post-treatments at (a) εa=0.3% and (b)
εa=0.75%.

3.2.3. Cycle dependence of stress evolution237

At strain amplitudes that caused only an elastic cyclic response, a pronounced level of cyclic238

saturation was observed until failure irrespective of the post-treatment condition, as shown in figure 10239

(a). At higher strain amplitudes that induce significant cyclic plasticity, a difference in the cyclic stress240

evolution behaviour was observed depending on the post-treatment condition, as shown in figure 10241

(b). The DA and HSA conditions exhibited a continuous cycle-dependent softening behaviour until242

failure, whereas the AB condition exhibited an initial cycle-dependent hardening followed by softening243

until failure. The softening behaviour in the DA and HSA conditions could be explained by the244

precipitate shearing mechanism under cyclic loading [31, 32]. Due to the precipitate shearing, planar245

slip bands (as shown in 11 (d) and (f)) form that act as easy path for further dislocation movement.246

The formation of planar slip bands is responsible for the continuous softening response [32]. In the247

AB condition, in the absence of strengthening precipitates, the deformation is homogeneous and is248

not localized in planar slip bands (as shown in 11 (b)). Such homogeneous deformation while the249

precipitate shearing mechanism is inactive is well known [33]. The deformation-induced dislocations250

are homogeneously distributed in the matrix and their interaction causes the initial hardening. Upon251

continued cyclic deformation, rearrangement of these dislocations leads to softening. This observed252

difference in the deformation behaviour and cyclic stress evolution, influenced by the strengthening253

precipitates, has been reported for both wrought [34] and LB-PBF Alloy 718 [16] as well. This behaviour254

for the transverse specimens, for brevity, is presented in figure 10 (b) and for all the orientations, at255

a few selected strain amplitudes, in table 5. The ratio of maximum stress range and first cycle stress256

range indicates the magnitude of hardening, while the ratio of maximum stress range and mid-life257

stress range indicates the magnitude of softening. In general, the hardening and softening increased258

with an increase in applied strain amplitude.259
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Figure 9. Hysteresis of transverse specimens in different post-treatments at (a) εa=0.3% and (b)
εa=0.75%.
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precipitate shearing mechanism under cyclic loading [31, 32]. Due to the precipitate shearing, planar245

slip bands (as shown in 11 (d) and (f)) form that act as easy path for further dislocation movement.246

The formation of planar slip bands is responsible for the continuous softening response [32]. In the247
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Figure 10. Stress evolution of transverse specimens in different post-treatments at (a) εa=0.3% and (b)
εa=0.75%.

Table 5. Cyclic stress evolution behaviour of different material conditions

Material
condition

εa = 0.375% εa = 0.5% εa = 0.75%
∆σmax/∆σ1 ∆σmax/∆σNf /2 ∆σmax/∆σ1 ∆σmax/∆σNf /2 ∆σmax/∆σ1 ∆σmax/∆σNf /2

AB Parallel 1.03 1.00 1.06 1.03 1.09 1.11
AB Transverse 1.05 1.01 1.07 1.06 1.09 1.09
AB Diagonal 1.02 1.02 1.08 1.07 1.09 1.11
DA Parallel 1.01 1.00 1.00 1.00 1.00 1.11
DA Transverse 1.01 1.00 1.01 1.01 1.00 1.18
DA Diagonal 1.00 1.01 1.01 1.01 1.00 1.11
HSA Parallel 1.01 1.01 1.00 1.14 1.00 1.26
HSA Transverse 1.00 1.02 1.00 1.11 1.00 1.25
HSA Diagonal 1.01 1.02 1.00 1.15 1.00 1.25

3.2.4. Asymmetric stress response260

Furthermore, from the cyclic stress evolution, stress ratio (Rσ) of the first and mid-life cycles were261

determined to evaluate symmetry/asymmetry of the stress response. The Rσ was calculated based on262

true stress, instead of engineering stress, to account for the difference in cross sectional area between263

tension and compression segments of the loading cycle. The Rσ for the different material conditions264

at a few selected strain amplitudes is presented in table 6. In general, the AB condition exhibited265

significant asymmetry, while the DA and HSA conditions exhibited only minor asymmetry. The266

minor asymmetry in the DA and HSA conditions could be related to the intrinsic tension-compression267

asymmetry generally exhibited by the material [35]. In the AB condition, the observed asymmetry268

was orientation dependent i.e., in the parallel and diagonal orientations, the asymmetry was in the269

compression direction, whereas in the transverse specimens the asymmetry was in the tensile direction.270

Therefore, in the AB condition, other factors could contribute to the observed asymmetry besides the271

intrinsic tension-compression asymmetry.272
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Figure 11. SEM images of the microstructure post-deformation. (a), (b) AB condition having no planar
slip bands and un-sheared Laves phase particles. (c), (d) DA condition showing planar slip bands and
some sheared Laves phase particles. (e), (f) HSA condition showing planar shear bands.

In the presence of LoF defects, the net load-bearing cross sectional area could be different between273

tension and compression segments of the loading cycle if the faces of the LoF defects contact each other274

during compression. To assess this hypothesis, simple 2D finite element (FE) analysis was performed275

by introducing elliptical defects with the dimensions identified from optical microscopy. Defect closure276

i.e. contact between the faces of the defects did not occur even when multiple defects were assumed277

to be at the same line and a compressive displacement corresponding to the highest applied strain278

amplitude (shown in figure 17 in Appendix). Furthermore, in the DA condition, despite the similar279

distribution of defects, the asymmetry was insignificant. Therefore, it was concluded that the LoF280

defects had minimal influence towards the asymmetric stress evolution in the AB condition. Since281

the actual defects could have an acute radius of curvature than an ellipse utilized in the FE model,282

the influence of defects could not be completely discounted. However, the influence would not be283

significant. LB-PBF manufactured parts, in the AB condition, have been reported to have significant284

magnitudes of residual stress [36, 37]. Besides, the asymmetry was higher at lower strain amplitudes285

and vice versa. With increased cyclic plasticity at higher strain amplitudes, the asymmetry diminished286

due to cycle-dependent relaxation as shown in table 6. So, the residual stress could contribute towards287

the asymmetry in the AB condition. Furthermore, the lower asymmetry in the DA condition that288

had similar defect distribution as the AB condition supports the hypotheses that residual stress could289
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Figure 10. Stress evolution of transverse specimens in different post-treatments at (a) εa=0.3% and (b)
εa=0.75%.

Table 5. Cyclic stress evolution behaviour of different material conditions
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3.2.4. Asymmetric stress response260

Furthermore, from the cyclic stress evolution, stress ratio (Rσ) of the first and mid-life cycles were261

determined to evaluate symmetry/asymmetry of the stress response. The Rσ was calculated based on262

true stress, instead of engineering stress, to account for the difference in cross sectional area between263

tension and compression segments of the loading cycle. The Rσ for the different material conditions264

at a few selected strain amplitudes is presented in table 6. In general, the AB condition exhibited265

significant asymmetry, while the DA and HSA conditions exhibited only minor asymmetry. The266

minor asymmetry in the DA and HSA conditions could be related to the intrinsic tension-compression267

asymmetry generally exhibited by the material [35]. In the AB condition, the observed asymmetry268

was orientation dependent i.e., in the parallel and diagonal orientations, the asymmetry was in the269

compression direction, whereas in the transverse specimens the asymmetry was in the tensile direction.270

Therefore, in the AB condition, other factors could contribute to the observed asymmetry besides the271

intrinsic tension-compression asymmetry.272
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some sheared Laves phase particles. (e), (f) HSA condition showing planar shear bands.
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by introducing elliptical defects with the dimensions identified from optical microscopy. Defect closure276

i.e. contact between the faces of the defects did not occur even when multiple defects were assumed277
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the actual defects could have an acute radius of curvature than an ellipse utilized in the FE model,282
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significant. LB-PBF manufactured parts, in the AB condition, have been reported to have significant284
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the asymmetry in the AB condition. Furthermore, the lower asymmetry in the DA condition that288

had similar defect distribution as the AB condition supports the hypotheses that residual stress could289
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have a significant contribution, while the defects have a negligible influence. Further systematic290

investigation of the influence of residual stress on the cyclic stress evolution behaviour is needed to291

characterize this behaviour.292

Table 6. Stress ratio (Rσ) evolution with respect to different applied strain amplitudes

Material
condition

εa = 0.375% εa = 0.5% εa = 0.75%
1st Nf /2 1st Nf /2 1st Nf /2

AB Parallel -1.31 -1.32 -1.27 -1.23 -1.13 -1.05
AB Transverse -0.85 -0.87 -0.91 -0.95 -0.95 -0.99
AB Diagonal -1.08 -1.08 -1.06 -1.04 -1.03 -1.01
DA Parallel -1.02 -0.98 -1.02 -1.02 -1.02 -1.03
DA Transverse -1.01 -1.02 -1.01 -1.01 -0.98 -1.01
DA Diagonal -1.01 -1.06 -1.02 -1.08 -1.03 -1.06
HSA Parallel -0.99 -0.99 -1.01 -0.98 -1.03 -1.00
HSA Transverse -1.01 -1.00 -1.01 -1.02 -1.03 -1.01
HSA Diagonal -1.02 -1.02 -1.01 -1.02 -1.03 -1.02

3.3. Strain amplitude vs. fatigue life293

Strain amplitude vs. fatigue life plots for the different post-treatment conditions is presented in294

figure 12. The same data is re-plotted for the different orientations as in figure 13. In both the figures,295

data from literature for wrought Alloy 718 [38] as well as LB-PBF Alloy 718 [15] (subjected to stress296

relief + HSA) have been plotted. In the parallel and diagonal orientations, in both the AB and DA297

conditions, a significant scatter in fatigue life was observed; however, in the transverse orientation, in298

both the conditions, the scatter was lower. The higher scatter in the parallel and diagonal orientations is299

due to the presence of numerous LoF defects that act as crack initiation sites (figures 14 (a) and (b),(c)).300

Similar defect-induced scatter in strain-controlled fatigue testing of LB-PBF Alloy 718 have been301

reported [15, 14]. In the parallel specimens, LoF defects were oriented normal to the loading direction302

and in the diagonal specimens, LoF defects were oriented at 45 ◦ to the loading direction. Therefore, in303

these two orientations the LoF defects cause significant stress concentration and eventually initiate304

cracks at the sharp edges. In the transverse specimens, however, LoF defects are oriented parallel305

to the loading direction and are not as detrimental as the other two cases. Though the presence of306

LoF defects is a discontinuity and causes stress concentration, cracks are not initiated since the sharp307

edges of the defects are aligned with the loading direction. Therefore, in the transverse specimens308

LoF defects cause crack initiation only if located at the surface (figures 14 (d),(e)). Such an anisotropic309

fatigue behaviour in metal AM that is related to the orientation of LoF defects with respect to the310

loading direction is well known [39]. In general, when LoF defects are oriented along the loading311

direction the fatigue performance is better, which is also observed in the present study. The fatigue life312

is relatively lower in the DA condition than the AB condition, as shown in figures 13 (a) and (c). The313

relatively higher strength in the DA condition leads to a higher notch sensitivity. Consequently, the314

crack initiation is relatively easier, which leads to lower life. In the HSA treated condition, all three315

orientations had equivalent fatigue performance as shown in figure 12 (c). Thus, the HIP treatment316

that eliminated most of the defects nullified the defect-induced anisotropy in the fatigue performance.317

The fatigue performance of the HSA treated material is equivalent to the published LB-PBF 718 data318

[15], but is worse than the wrought data due to the inclusions associated with crack initiation (figures319

14 (h),(i)).320
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Figure 13. Strain vs. life plots for the different orientations.

Furthermore, in the transverse orientation, as in figure 13 (b), the fatigue life in the AB and DA321

conditions was equivalent to that of the HSA treated specimens, which indicates that the orientation of322

LoF defects with respect to the loading direction has the largest impact on the fatigue performance.323

In cases when the fatigue life was poorer than the HSA condition, the fatigue crack had initiated at a324

defect located at the surface. When the fatigue crack initiation was not associated with a defect, the325

fatigue life in the AB and DA conditions was better than the HSA condition. Similar inferences could326

be drawn from the other two orientations as well, which is shown in figure 15 (a). The figure 15 (a)327

shows all the data from figure 12 (in 103 and 105 life range) to reveal that the fatigue life in the AB and328

DA conditions, sometimes, exceed that of the HSA condition. Similar reduction in fatigue performance329

of the HSA treated LB-PBF Alloy 718 has been reported, but, the reasons were not explored thoroughly330

[16]. The lower fatigue life in the HSA condition is somewhat counter intuitive. The HIP treatment331

healed most of the defects and reduced the defect-induced anisotropy; therefore, a higher fatigue life332

in the HSA condition would be expected. Furthermore, since Laves phase is present in both the AB333

and DA conditions, lower fatigue performance would be expected as Laves phase has been reported to334

be preferential site for crack initiation and crack propagation in cast Alloy 718 [40]. However, the size335

fraction of Laves phase in LB-PBF Alloy 718 is smaller than that of cast material, which could explain336

the absence of detrimental effect of Laves phase in the present case.337
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have a significant contribution, while the defects have a negligible influence. Further systematic290

investigation of the influence of residual stress on the cyclic stress evolution behaviour is needed to291

characterize this behaviour.292

Table 6. Stress ratio (Rσ) evolution with respect to different applied strain amplitudes

Material
condition

εa = 0.375% εa = 0.5% εa = 0.75%
1st Nf /2 1st Nf /2 1st Nf /2
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AB Transverse -0.85 -0.87 -0.91 -0.95 -0.95 -0.99
AB Diagonal -1.08 -1.08 -1.06 -1.04 -1.03 -1.01
DA Parallel -1.02 -0.98 -1.02 -1.02 -1.02 -1.03
DA Transverse -1.01 -1.02 -1.01 -1.01 -0.98 -1.01
DA Diagonal -1.01 -1.06 -1.02 -1.08 -1.03 -1.06
HSA Parallel -0.99 -0.99 -1.01 -0.98 -1.03 -1.00
HSA Transverse -1.01 -1.00 -1.01 -1.02 -1.03 -1.01
HSA Diagonal -1.02 -1.02 -1.01 -1.02 -1.03 -1.02

3.3. Strain amplitude vs. fatigue life293

Strain amplitude vs. fatigue life plots for the different post-treatment conditions is presented in294

figure 12. The same data is re-plotted for the different orientations as in figure 13. In both the figures,295

data from literature for wrought Alloy 718 [38] as well as LB-PBF Alloy 718 [15] (subjected to stress296

relief + HSA) have been plotted. In the parallel and diagonal orientations, in both the AB and DA297

conditions, a significant scatter in fatigue life was observed; however, in the transverse orientation, in298

both the conditions, the scatter was lower. The higher scatter in the parallel and diagonal orientations is299

due to the presence of numerous LoF defects that act as crack initiation sites (figures 14 (a) and (b),(c)).300

Similar defect-induced scatter in strain-controlled fatigue testing of LB-PBF Alloy 718 have been301

reported [15, 14]. In the parallel specimens, LoF defects were oriented normal to the loading direction302

and in the diagonal specimens, LoF defects were oriented at 45 ◦ to the loading direction. Therefore, in303

these two orientations the LoF defects cause significant stress concentration and eventually initiate304

cracks at the sharp edges. In the transverse specimens, however, LoF defects are oriented parallel305

to the loading direction and are not as detrimental as the other two cases. Though the presence of306

LoF defects is a discontinuity and causes stress concentration, cracks are not initiated since the sharp307

edges of the defects are aligned with the loading direction. Therefore, in the transverse specimens308

LoF defects cause crack initiation only if located at the surface (figures 14 (d),(e)). Such an anisotropic309

fatigue behaviour in metal AM that is related to the orientation of LoF defects with respect to the310

loading direction is well known [39]. In general, when LoF defects are oriented along the loading311

direction the fatigue performance is better, which is also observed in the present study. The fatigue life312

is relatively lower in the DA condition than the AB condition, as shown in figures 13 (a) and (c). The313

relatively higher strength in the DA condition leads to a higher notch sensitivity. Consequently, the314

crack initiation is relatively easier, which leads to lower life. In the HSA treated condition, all three315

orientations had equivalent fatigue performance as shown in figure 12 (c). Thus, the HIP treatment316

that eliminated most of the defects nullified the defect-induced anisotropy in the fatigue performance.317

The fatigue performance of the HSA treated material is equivalent to the published LB-PBF 718 data318

[15], but is worse than the wrought data due to the inclusions associated with crack initiation (figures319

14 (h),(i)).320
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Furthermore, in the transverse orientation, as in figure 13 (b), the fatigue life in the AB and DA321

conditions was equivalent to that of the HSA treated specimens, which indicates that the orientation of322

LoF defects with respect to the loading direction has the largest impact on the fatigue performance.323

In cases when the fatigue life was poorer than the HSA condition, the fatigue crack had initiated at a324

defect located at the surface. When the fatigue crack initiation was not associated with a defect, the325

fatigue life in the AB and DA conditions was better than the HSA condition. Similar inferences could326

be drawn from the other two orientations as well, which is shown in figure 15 (a). The figure 15 (a)327

shows all the data from figure 12 (in 103 and 105 life range) to reveal that the fatigue life in the AB and328

DA conditions, sometimes, exceed that of the HSA condition. Similar reduction in fatigue performance329

of the HSA treated LB-PBF Alloy 718 has been reported, but, the reasons were not explored thoroughly330

[16]. The lower fatigue life in the HSA condition is somewhat counter intuitive. The HIP treatment331

healed most of the defects and reduced the defect-induced anisotropy; therefore, a higher fatigue life332

in the HSA condition would be expected. Furthermore, since Laves phase is present in both the AB333

and DA conditions, lower fatigue performance would be expected as Laves phase has been reported to334

be preferential site for crack initiation and crack propagation in cast Alloy 718 [40]. However, the size335

fraction of Laves phase in LB-PBF Alloy 718 is smaller than that of cast material, which could explain336

the absence of detrimental effect of Laves phase in the present case.337
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Figure 14. SEM fractographs. (a) AB parallel specimen with numerous LoF defects. (b), (c) AB parallel
specimen without LoF defects in the fracture surface and crack initiation from the surface. (d), (e) AB
transverse specimen with crack initiation from LoF defect at the surface. (f), (g) AB transverse specimen
without LoF defects in the fracture surface and crack initiation from the surface. (h), (i) HSA diagonal
specimen with tiny inclusions at the crack initiation site.

In strain-controlled fatigue testing, the stress response is proportional to the Young’s modulus i.e.338

to achieve a given total strain, the material that has higher Young’s modulus would require higher339

stress and vice versa. Therefore, the material that has a higher modulus would experience a higher340

stress and consequently a higher critical resolved shear stress, which results in higher deformation341

and eventually lower fatigue life. As discussed earlier, the Young’s modulus was different between342

the different orientations and the post-treatment conditions (refer table 3). The equivalent modulus343

of the three orientations in the HSA condition rendered equivalent fatigue life, and only the material344

with a lower modulus than the HSA condition have better fatigue life, both of which are in accordance345

with the hypothesis. Similar elasticity-induced anisotropic fatigue behaviour has been reported for346

EB-PBF Alloy 718 [41]. It has also been shown that the pseudo-elastic stress amplitude vs. fatigue347

life approach could be used to handle the anisotropy observed in the strain-life relationship [41]. The348

pseudo-elastic stress amplitude is estimated from the applied strain amplitude (εa) and the Young’s349

modulus (E) as σpseudo−elastic = εa.E. Pseudo-elastic stress amplitude vs. fatigue life plot is shown in350

figure 15 (b). In this plot, the data points collapse to a linear relationship with a relatively lower scatter,351

which is highlighted in the insets in figure 15 (a) and (b). The data points that deviate from the linear352

relationship are related to crack initiations from large LoF defects. Therefore, the texture-induced353

elasticity-related anisotropy of the fatigue behaviour, under controlled amplitudes of strain, in metal354

AM could be modelled using the pseudo-elastic stress vs. fatigue life approach.355
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Figure 15. (a) Strain vs. life plots (b) Pseudo-elastic stress vs. life plots.

4. Conclusions356

In this study, fatigue behaviour of LB-PBF Alloy 718 has been investigated under controlled357

amplitudes of strain. LB-PBF Alloy 718 was tested in three post-treatment conditions (AB, DA and358

HSA) and three orientations (parallel, transverse and diagonal to the build direction). The specimen359

were extracted by machining and the surfaces were polished to Ra 0.2 µm. The findings are summarized360

as follows.361

1. The presence of strengthening precipitates resulted in the formation of planar slip bands that led362

to cycle-dependent softening, while their absence resulted in homogeneous deformation that led363

to initial hardening before the onset of softening.364

2. LoF defects and inclusions have a detrimental effect on fatigue life. The LoF defects in the AB365

and DA conditions resulted in a significant scatter in fatigue life. The inclusions were not affected366

by the HIP treatment and were responsible for lower fatigue life of the HSA treated material367

than the MMPDS wrought data.368

3. The presence of Laves phase in the AB and DA conditions did not have a detrimental effect on369

fatigue life.370

4. Besides the orientation of LoF defects relative to the loading direction, the anisotropy in Young’s371

modulus in the AB and DA conditions contributed to the anisotropy in the fatigue life.372

5. The lower fatigue life in the HSA condition than the AB and DA conditions (when the crack373

initiation is unrelated to defects) could be explained by the difference in Young’s modulus374

between the conditions.375

6. The anisotropy in strain-life behaviour could be treated using the pseudo-elastic stress vs. fatigue376

life approach.377

Appendix A: Finite Element Simulations378

A finite element (FE) model was setup using MSC Marc (Ver. 2019) to investigate if the defects379

observed in the AB condition could close during the compression segment of the LCF loading cycle.380

To simplify the computation, a 2D plane strain modelling approach was used. 1:1 2D geometry of the381

specimen was created and 19 elliptical defects (major axis of 100 µm and minor axis of 18 µm) were382

designed along a line at the centre of the gauge section as shown in figure 16. Defects were oriented383

such that the major axis was normal to the loading axis of the specimen. This was a hypothetical384

worst case scenario as defects were distributed more randomly and not at the same plane, as identified385

during fractoraphy and metallography.386
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Figure 14. SEM fractographs. (a) AB parallel specimen with numerous LoF defects. (b), (c) AB parallel
specimen without LoF defects in the fracture surface and crack initiation from the surface. (d), (e) AB
transverse specimen with crack initiation from LoF defect at the surface. (f), (g) AB transverse specimen
without LoF defects in the fracture surface and crack initiation from the surface. (h), (i) HSA diagonal
specimen with tiny inclusions at the crack initiation site.

In strain-controlled fatigue testing, the stress response is proportional to the Young’s modulus i.e.338

to achieve a given total strain, the material that has higher Young’s modulus would require higher339

stress and vice versa. Therefore, the material that has a higher modulus would experience a higher340

stress and consequently a higher critical resolved shear stress, which results in higher deformation341

and eventually lower fatigue life. As discussed earlier, the Young’s modulus was different between342

the different orientations and the post-treatment conditions (refer table 3). The equivalent modulus343

of the three orientations in the HSA condition rendered equivalent fatigue life, and only the material344

with a lower modulus than the HSA condition have better fatigue life, both of which are in accordance345

with the hypothesis. Similar elasticity-induced anisotropic fatigue behaviour has been reported for346

EB-PBF Alloy 718 [41]. It has also been shown that the pseudo-elastic stress amplitude vs. fatigue347

life approach could be used to handle the anisotropy observed in the strain-life relationship [41]. The348

pseudo-elastic stress amplitude is estimated from the applied strain amplitude (εa) and the Young’s349

modulus (E) as σpseudo−elastic = εa.E. Pseudo-elastic stress amplitude vs. fatigue life plot is shown in350

figure 15 (b). In this plot, the data points collapse to a linear relationship with a relatively lower scatter,351

which is highlighted in the insets in figure 15 (a) and (b). The data points that deviate from the linear352

relationship are related to crack initiations from large LoF defects. Therefore, the texture-induced353

elasticity-related anisotropy of the fatigue behaviour, under controlled amplitudes of strain, in metal354

AM could be modelled using the pseudo-elastic stress vs. fatigue life approach.355
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Figure 15. (a) Strain vs. life plots (b) Pseudo-elastic stress vs. life plots.

4. Conclusions356

In this study, fatigue behaviour of LB-PBF Alloy 718 has been investigated under controlled357

amplitudes of strain. LB-PBF Alloy 718 was tested in three post-treatment conditions (AB, DA and358

HSA) and three orientations (parallel, transverse and diagonal to the build direction). The specimen359

were extracted by machining and the surfaces were polished to Ra 0.2 µm. The findings are summarized360

as follows.361

1. The presence of strengthening precipitates resulted in the formation of planar slip bands that led362

to cycle-dependent softening, while their absence resulted in homogeneous deformation that led363

to initial hardening before the onset of softening.364

2. LoF defects and inclusions have a detrimental effect on fatigue life. The LoF defects in the AB365

and DA conditions resulted in a significant scatter in fatigue life. The inclusions were not affected366

by the HIP treatment and were responsible for lower fatigue life of the HSA treated material367

than the MMPDS wrought data.368

3. The presence of Laves phase in the AB and DA conditions did not have a detrimental effect on369

fatigue life.370

4. Besides the orientation of LoF defects relative to the loading direction, the anisotropy in Young’s371

modulus in the AB and DA conditions contributed to the anisotropy in the fatigue life.372

5. The lower fatigue life in the HSA condition than the AB and DA conditions (when the crack373

initiation is unrelated to defects) could be explained by the difference in Young’s modulus374

between the conditions.375

6. The anisotropy in strain-life behaviour could be treated using the pseudo-elastic stress vs. fatigue376

life approach.377

Appendix A: Finite Element Simulations378

A finite element (FE) model was setup using MSC Marc (Ver. 2019) to investigate if the defects379

observed in the AB condition could close during the compression segment of the LCF loading cycle.380

To simplify the computation, a 2D plane strain modelling approach was used. 1:1 2D geometry of the381

specimen was created and 19 elliptical defects (major axis of 100 µm and minor axis of 18 µm) were382

designed along a line at the centre of the gauge section as shown in figure 16. Defects were oriented383

such that the major axis was normal to the loading axis of the specimen. This was a hypothetical384

worst case scenario as defects were distributed more randomly and not at the same plane, as identified385

during fractoraphy and metallography.386
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The specimen was fixed at the bottom and a displacement was applied at the top to simulate the387

compression segment of the LCF loading cycle. Young’s modulus of 200 GPa and poison’s ratio of 0.3388

were used. Plasticity data from the first cycle response, from the experiments involving significant389

plastic strains, was utilized. In the model, strains were extracted at a location equivalent to the390

extensometer location in the experiments.391

Figure 16. FE model.

A compressive displacement corresponding to the highest strain amplitude in the testing does392

not lead to closure of the defects i.e. the defect faces did not contact each other as shown in figure 17.393

Figure 17. FE simulation result.
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The specimen was fixed at the bottom and a displacement was applied at the top to simulate the387

compression segment of the LCF loading cycle. Young’s modulus of 200 GPa and poison’s ratio of 0.3388

were used. Plasticity data from the first cycle response, from the experiments involving significant389

plastic strains, was utilized. In the model, strains were extracted at a location equivalent to the390

extensometer location in the experiments.391

Figure 16. FE model.

A compressive displacement corresponding to the highest strain amplitude in the testing does392

not lead to closure of the defects i.e. the defect faces did not contact each other as shown in figure 17.393

Figure 17. FE simulation result.
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A B S T R A C T

Electron beam melting (EBM) and Selective Laser Melting (SLM) are powder bed based additive manufacturing
(AM) processes. These, relatively new, processes offer advantages such as near net shaping, manufacturing
complex geometries with a design space that was previously not accessible with conventional manufacturing
processes, part consolidation to reduce number of assemblies, shorter time to market etc. The aerospace and gas
turbine industries have shown interest in the EBM and the SLM processes to enable topology-optimized designs,
parts with lattice structures and part consolidation. However, to realize such advantages, factors affecting the
mechanical properties must be well understood – especially the fatigue properties. In the context of fatigue
performance, apart from the effect of different phases in the material, the effect of defects in terms of both the
amount and distribution and the effect of “rough” as-built surface must be studied in detail. Fatigue properties of
Alloy 718, a Ni-Fe based superalloy widely used in the aerospace engines is investigated in this study. Four point
bending fatigue tests have been performed at 20 Hz in room temperature at different stress ranges to compare the
performance of the EBM and the SLM material to the wrought material. The experiment aims to assess the
differences in fatigue properties between the two powder bed AM processes as well as assess the effect of two
post-treatment methods namely – machining and hot isostatic pressing (HIP). Fractography and metallography
have been performed to explain the observed properties. Both HIPing and machining improve the fatigue per-
formance; however, a large scatter is observed for machined specimens. Fatigue properties of SLM material
approach that of wrought material while in EBM material defects severely affect the fatigue life.

1. Introduction

Additive manufacturing (AM), which is a relatively new manu-
facturing technology, offers the possibility of manufacturing complex
geometries, part integration and has even relatively eased the proces-
sing of some difficult to process materials. Some commercial products,
particularly aerospace engine components, have already capitalized
these possibilities offered by AM such as the fuel nozzle in the LEAP
engine (complex design) [1], injection head of Ariane propulsion
module (part integration) [2] and titanium aluminide (TiAl) low-pres-
sure turbine (LPT) blades (difficult to process material) [3]. Aerospace
industry is, however, known to be conservative and even though AM
has gained high interest, extensive research into characterization of
material properties, non-destructive inspection, process control etc.
would be necessary to mature the AM technology to produce critical
high-value components [4].

In powder bed AM, parts are built in a layer-by-layer fashion based

on digitally sliced CAD data. The sequence of build operations are as
follows:

1. spreading of powder, which has a certain size distribution, as a layer
of predefined thickness,

2. melting the geometry on the powder layer corresponding to the slice
data,

3. lowering the build table corresponding to the layer thickness and
repetition of the sequence until the entire part height is built.

Though the basic idea of building is similar, the two processes have
some differences as well. The heat source in the EBM process is an
electron beam while it is a laser beam in the SLM process. The EBM
process is carried out in a controlled vacuum environment at a high bed
temperature and the powder layers are pre-sintered before the melting
begins; in SLM, however, the powder bed is maintained at a lower
temperature and the build chamber is filled with argon gas. The powder
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utilized in the SLM process is finer compared to the EBM process. While
the EBM process produces parts with less residual stress in the as-built
condition, the SLM process has relatively better roughness on the as-
built surface.

One of the major advantages offered by powder bed AM processes is
the complexity of geometries that can be produced, which could be
expensive or sometimes impossible to manufacture by conventional
methods. However, the as-built surface is rough and could negatively
affect the fatigue properties. Machining or other methods of surface
finishing of complex shapes could be difficult, expensive or impossible;
but scaling down the complexity to ease such post-processing would
undermine the geometric capabilities of the technology. Therefore, it is
important to investigate the effect of the as-built rough surface on the
mechanical properties. For characterization of the roughness, numerous
techniques such as metallography, µCT, contact and non-contact
roughness measurement methods have been investigated; in general, it
is observed that the stylus profilometry is not suitable and that the areal
methods are better suited for the purpose [5,6].

There are numerous process parameters that control the energy
input for melting the powder such as beam power, spot size, distance
between adjacent melt lines, beam path etc. A variety of strategies to
control beam path during melting of a layer are available; these, so
called, scan strategies also influence the microstructure [7], residual
stress distribution [8] and the defect distribution [9] in the built parts.
Hot isostatic pressing (HIP) has been evaluated to minimize defects
from the AM process; however, remnant pores after HIP [10] and re-
growth of pores during subsequent heat treatment of that were formerly
closed by HIP [11,12] have been reported.

The effect of as-built surfaces and defects on fatigue properties have
been investigated by a number of investigators for the AM built aero-
space alloy Ti-64 [13–17]; effect of surface roughness on fatigue
properties [15], effect of the surface roughness in presence of geometric
notches [13] and effect of surface finishing methods on fatigue [14,17]
have been investigated. An approach to use micro computed tomo-
graphy (µCT) to characterize the as-built surface and use stress con-
centration factors to quantify the effect of surface roughness has also
been attempted [16]. Such studies for Alloy 718, however, are quite
limited [18]; in fact, there are only a few investigations related to fa-
tigue of Alloy 718 produced by powder bed AM processes [19–21].
Fatigue properties of SLM built material has been investigated by
conducting low cycle fatigue tests at room temperature [20] and by
high cycle fatigue tests at 650 °C [21]. Similarly, low cycle fatigues
testing at 650 °C has been performed on EBM built material.

Fatigue has contributed to failure of 55% of components in aero-
space and is expected to remain a major concern for metallic parts [4].
In the context of application of metal AM parts in aerospace, under-
standing the effect of defect distribution and the as-built surface
roughness on fatigue properties is crucial. The aim of this work,
therefore, is to study the effect of defects and the as-built surface on
high cycle fatigue properties of EBM and SLM built Alloy 718 material
at room temperature. For the sake of brevity, the effect of micro-
structural features will be reported separately and the discussion in this

paper is limited to the defects and the as-built surface.

2. Materials and methods

2.1. Test specimens

Test specimens were built in Alloy 718 using both EBM and SLM
methods. EBM specimens were built in an Arcam A2X machine with
powder having a size range of 40–105 µm. The standard Arcam para-
meters for building Alloy 718 and 75 µm layer thickness were utilized.
SLM specimens were built in an EOS M290 machine with powder,
which had an average size 40 µm, and nominal size less than 65 µm;
standard EOS parameters for Alloy 718 and 40 µm layer thickness were
used. The respective equipment manufacturer supplied the powder for
each of the processes.

Following the build completion and powder recovery by re-
commended protocols, specimens were cut off from the base plates. No
stress relief treatment was performed before cutting off the specimens.
One batch of specimens from both EBM and SLM were HIP:ed in a
Quintus QIH21 HIP furnace at 1200 °C and 1200 bar for 4 h followed by
uniform rapid quenching (URQ). All the specimens, including the ones
that were not HIP:ed, were heat treated in accordance to AMS 5664 in a
vacuum furnace: solutioning treatment at 1066 °C for 1 h followed by a
two-step ageing at 760 °C for 10 h, cooling to 649 °C at 55 °C/hour and
held at 649 °C for 8 h.

The specimens were machined to a dimension of 10mm by 10mm
square cross section and 80mm length and the radii rounded off to
0.75mm. The as-built specimens had 40mm, in the mid-section, left
without machining on one of the four sides. The as-built surfaces were
perpendicular to the building direction for both EBM and SLM. All the
machined surfaces were finished to Ra of 0.2 µm by low stress grinding.
Specimens with different surface conditions are shown in Fig. 1. The
types of specimens w.r.t. processes, heat treatments and surface con-
ditions utilized in this project are summarized in Table 1. Due to con-
straints in building all the SLM specimens in a single build, 20 SLM
specimens were taken from one build and 4 specimens from another
build; all EBM specimens were from a single build.

Fig. 1. (a) Photograph of the bending fatigue specimens in different surface conditions. 1: machined specimen, 2: as-built SLM specimen, 3: as-built EBM specimen.
(b) Schematic image of one of the bars on a build plate. Arrows in the images indicate the build direction.

Table 1
Specimens in different combination of test factors utilized in the project.

Process Heat treatment Surface No of specimens

EBM HIP+HT Machined 9
EBM HIP+HT As-built 9
EBM HT Machined 9
EBM HT As-built 9
SLM HIP+HT Machined 6
SLM HIP+HT As-built 6
SLM HT Machined 6
SLM HT As-built 6
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2.2. Surface roughness measurement

The surface roughness of the specimens was investigated by focus
variation microscopy technique. An Alicona Infinite Focus SL micro-
scope fitted with a 20× objective was utilized for the purpose. An area
of 2.5 mm by 2.5 mm was imaged for each measurement and a total of
six measurements were obtained for each surface condition from dif-
ferent specimens. The area roughness parameters Sa (average mean
deviation in the sampled area), Sv (maximum valley depth in the
sampled area), and Sz (maximum total deviation in the sampled area)
were calculated.

2.3. Defects

To analyze the defects, 5 specimens were chosen randomly for each
process and heat treatment combination. The types of defects present,
and their distribution were analyzed in both as-polished and etched
condition at various magnifications. Samples were extracted from the
chosen specimens perpendicular to the build direction, mounted,
ground and polished by standard metallographic procedure; etching
was performed electrolytically with oxalic acid at 3 V for 5 s.

Image analysis technique using Fiji software was utilized to de-
termine the volume fraction of defects present in the specimens. 16
images were acquired with an Olympus BX60M light optical microscope
at 50× magnification on each sample in as-polished condition. The
ASTM E 1245 standard was followed for image analysis to choose an
appropriate magnification, thresholding technique and number of
image fields. Chemical analysis of the defects was carried out in a Zeiss
EVO 50 scanning electron microscope (SEM) operating at 20 kV with an
Oxford XMaxN 20mm2 energy dispersive x-ray spectroscopy (EDS)
detector.

2.4. Hardness tests

The hardness tests were conducted on an HMV Microhardness
Shimadzu machine. 5 specimens were chosen randomly for each pro-
cess and heat treatment combination for hardness testing. The tests
were performed on cross sections perpendicular to the build direction in
as-polished samples. Vickers hardness (HV1) was measured by applying
a load of 1 kg for 15 s following the ASTM E 384 standard for main-
taining the minimum distance between each indent and from the outer
edge of the specimen. For each sample, 15 indents were performed in 3
rows at different positions of the sample. The average of these 75
hardness measurements was computed for each process and heat
treatment combination.

2.5. Fatigue tests

Constant amplitude load controlled 4-point bending fatigue tests
were performed on a servo-hydraulic test machine fitted with an Instron
8800 controller, a self-aligning fixture and a± 30 kN load cell. The
tests were conducted at room temperature with a stress ratio of R=0.1
and 20 Hz frequency. A schematic figure of the test setup is presented in
Fig. 2. The EBM material was tested at three different stress ranges,
while the SLM material was tested at two different stress ranges only.

After fatigue testing, the fracture surfaces were analyzed using an
Olympus SZX9 stereomicroscope. Further analysis was performed in a
Zeiss EVO 50 SEM operating at 3 kV using secondary electron (SE)
imaging.

3. Results

3.1. Surface roughness

The surface morphology for the EBM and SLM specimens were
different, as shown in Fig. 3. In EBM specimens, the surface had a

rippled appearance with embedded particles; the ripples were perpen-
dicular to the build direction. SLM specimens had embedded particles
on the surface as well, while the rippling was almost absent, see Fig. 4.
It is evident from the figure that the surface is free from valleys and
peaks such as in Fig. 3a and only a slight waviness is present.

The roughness parameters measured for the as-built surfaces and
the machined surfaces are presented in Fig. 5. The EBM surface is ap-
proximately three times rougher than the SLM surface. The as-built
surfaces from both the processes are approximately an order of mag-
nitude rougher than the machined surfaces.

3.2. Defects

3.2.1. Metallography
In the metallographic investigations, three major types of defects

were identified, namely – shrinkage porosity, lack of fusion (LoF) and
spherical porosity (pores), see Fig. 6. LoFs and pores were present in
both the SLM and the EBM material while shrinkage porosities were
present only in the EBM material, mainly in the hatch region (which
extends between ~ 2mm from the outer surface and deeper); there was
almost no shrinkage porosity in the contour region (which is up to
~ 2mm deep from the outer surface). Several of the shrinkage poros-
ities were aligned horizontally in a linear string pattern, perpendicular
to the build direction. The distance between these strings along the
build direction was ~ 350 µm, see Fig. 7. The spherical pores, in con-
trast, were homogenously distributed.

Two types of LoF defects were identified – one with a wide se-
paration (> 10 µm) between the two faces of the defect and another
with narrow separation (< 10 µm) between the faces. LoF defects with
wide separation were present only in the EBM material and were pre-
ferentially located within ~ 2mm from the surface. These defects,
sometimes, contained partially melted or completely unmelted pow-
ders. LoF defects with narrow separation were present in both the EBM
and the SLM material; these were homogenously distributed. LoF de-
fects were oriented perpendicular to the build direction and lay in the
plane of the layers.

LoFs and pores occurred in two conditions – oxide-filled and empty.
Oxide-filled defects were present in both the EBM and the SLM mate-
rial. Frequently, the oxide-filled defects in the EBM material had a few
particles of a different phase precipitated on the oxide. EDS analysis
confirmed that the oxides were composed of aluminium and that the
particles were titanium nitride.

Representative images of the types of LoFs and pores aforemen-
tioned are presented in a summarized form in Fig. 8. In both the EBM
and the SLM material, empty and oxide-filled pores were present in HT
as well as HIP+HT condition. However, the frequency of open pores in
the EBM material in HIP+HT condition was relatively low. Oxide-filled
LoFs were present in both the EBM and the SLM material irrespective of
the heat treatment condition; in contrast, empty LoFs were found only
in the EBM material in HT condition. Additionally, shrinkage porosities
were not present in the EBM material in HIP+HT condition.

The volume fraction of defects in the materials, investigated by

Fig. 2. A representative sketch of the 4-point bending fatigue test set up. The
open circles indicate the position of loading rollers and the shaded circles in-
dicate the position of support rollers.
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image analysis, is presented in Fig. 9. The EBM and the SLM material
are both ~ 99.95% dense in HIP+HT condition; the defects were lesser
in HIP+HT condition than HT condition for both the EBM and the SLM
material. The difference between the amount of defects between HT
and HIP+HT condition is larger for the EBM material than the SLM
material. The SLM material in HT condition had less defects than the
EBM material in the same condition.

3.2.2. Fractography
In the fractographic investigations, two types of defects were most

often identified – LoF and shrinkage porosity. In the EBM material, LoF
defects were found at a majority of the fatigue crack initiation sites,
while the shrinkage porosities were found in the crack propagation area
and the final fracture area, see Fig. 10(a)–(c); the shrinkage porosities,
however, were present only in HT condition. In the EBM material, 3 out

of 36 specimens had main crack initiation at features other than a de-
fect; only 1 out of these 3 specimens had no defect in the vicinity of the
initiation area. In the SLM material, defects were found to initiate the
failure for 3 out of the 24 tested specimens.

In the EBM material, the LoF defects were relatively large in both
size and number. Some of these defects, as shown in the fractograph in
Fig. 10 (d), were larger than 750 µm, which was longer than the sizes
observed in the metallographic investigations of cross sections. These
defects were highly irregular in shape as well. In addition, the LoF
defects in the EBM material were concentrated close to the periphery,
which is the contour region. Often, a few of such defects occurred ad-
jacent to one another as in Fig. 10 (e). In both the HT and the HIP+HT
condition, LoF defects with partially melted or unmelted particles were
seen as shown in images aforementioned. In the HIP+HT condition,
however, partially healed LoF defects were often found, see Fig. 10

Fig. 3. SEM micrographs of as-built surface at 100× magnification. (a) EBM specimen (b) SLM specimen. Arrows in the images indicate the build direction.

Fig. 4. SLM surface at 500× magnification showing less distinct ripples per-
pendicular to the build direction. Arrow in the image indicates the build di-
rection.

Fig. 5. Surface roughness of the EBM and SLM specimens in as-built condition
relative to the machined specimens. Sa of machined specimens is so small that
the corresponding bar does not appear on the graph.

Fig. 6. Different types of defects present in the investigated specimens. Image
acquired in as-polished condition at 50× magnification. 1: Pore, 2: Shrinkage
porosity and 3: LoF. Arrow indicates the build direction.

Fig. 7. Strings of shrinkage porosity in an EBM HT sample. Image acquired at
20× on as-polished sample. Arrow indicates the build direction.
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(f)–(g).

3.3. Hardness

The hardness values measured for materials in different heat treat-
ment conditions are presented in Fig. 11. The difference in hardness
between the different groups was within 15 HV1. Hence, the data is only
an indicative result of the effect of different processes and heat treat-
ment combinations, which are explained in Section 4.3. The hardness in
HIP+HT condition was higher compared to HT condition for the EBM
material; whereas, for the SLM material, the hardness was higher in HT
condition. Further, in HIP+HT condition, both the EBM and the SLM
material had the same hardness; while in HT condition, SLM material
was harder.

3.4. Fatigue

The result from the fatigue testing of both the EBM material and the

Fig. 8. Summary of different types of LoFs and pores. (a)-(d) EBM material. (e) & (f) SLM material. All images have been acquired in etched condition. (a) Empty LoF
defect with wide separation between the faces. A partially melted powder particle appears like a hump and is indicated by the arrow. (b) Oxide-filled LoF defect with
narrow separation between the faces. TiN particles are present around the oxide. (c) Empty pore. (d) Oxide-filled pore. TiN particles are present around the oxide. (e)
Oxide-filled LoF with narrow separation between the faces. (f) Oxide-filled pore.

Fig. 9. Defect volume fraction in EBM and SLM material in different heat
treatment conditions.
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SLM material is plotted as SN curves and presented in Fig. 12 for the
machined specimens and in Fig. 13 for the as-built specimens. Fatigue
data for wrought material from the MMPDS-09 [22] database is plotted
alongside for comparison. To compare the scatter in fatigue data at each
load level, the statistical parameter Coefficient of Variance (CoV) has
been used. CoV is defined as

=CoV σ
µ
x100

where, σ is the standard deviation and µ is the mean of the fatigue life at
each load level. CoV normalizes the standard deviation relative to the
mean and aids in comparing data that are different in scale. The CoV for
the EBM and the SLM material in different heat treatments and surface
conditions is presented in Fig. 14 for various load levels. In the

following sections, the fatigue results are presented and compared
pairwise for the different group of specimens. In addition, the typical
appearance of the fracture surfaces is also described.

3.4.1. SLM vs. EBM
The SLM material had higher life than the EBM, almost an order of

magnitude higher, in both the as-built and machined condition. The
scatter in fatigue life, assessed by CoV, indicated no clear difference in
degree of variation between the two material groups in all combina-
tions of test factors.

3.4.2. As-built vs. machined surface
On average, the specimens with machined surface performed better

in fatigue compared to the specimens with as-built surface for both the

Fig. 10. SE image of fracture surfaces of EBM
specimens. (a) Overview of the fracture surface
of a HT specimen. (b) Magnified view of the
area indicated in (a) showing areas with
shrinkage porosity. (c) Shrinkage porosity in
the area indicated in (b) at 3000× magnifica-
tion. (d) A large LoF defect connected to the
surface at the top. The dotted line indicates the
boundary of LoF. (e) Multiple LoF defects lying
adjacent to one another in the contour melt
region of the specimen. Unmelted particles are
clearly visible. (f) Multiple LoFs in the contour
melt region indicated by arrows. (g) High
magnification of area indicated in (f) showing
that the LoF is partially healed due to HIP.
Dotted line indicates the boundary between
LoF and the bulk material on the left side. (h)
15000× magnification of the area indicated in
(g) showing white particles at the partially
healed site.
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EBM and the SLM material regardless of the heat treatment condition.
However, CoV for as-built condition is, in general, lower than the ma-
chined counterparts when compared between the same process and
heat treatment combination. The EBM material in HT condition at
725MPa, which has the lowest CoV among all the machined specimen
groups, is an exception; in this specific case, the CoV was lower than the
as-built counterpart.

In the specimens that were in as-built condition, there were multiple
fatigue crack initiations from the surface; these were primarily from the
valley like features of the roughness profile. This phenomenon was true

both in HIP+HT and in HT conditions for the EBM as well as the SLM
material. In the specimens that were in machined condition, con-
sidering the ones that did not have crack initiation at a defect, there was
often only one main crack initiation site. In specimens that failed from
defects, there were instances of multiple crack initiations; however, the
number of initiations was at least an order of magnitude lesser than in
the as-built condition. Representative fractrograph images illustrating
these effects are presented in Fig. 15.

3.4.3. HIP+HT vs. HT
The material in HIP+HT condition outperforms the material in HT

condition for both the EBM and the SLM processed material; the effect
was evident for specimens with an as-built surface while, for the ma-
chined specimens the effect was relatively diffused in the high scatter of
fatigue life. CoV for HIP+HT condition was higher for the machined
specimens at all load levels compared to HT condition.

In addition, the crack propagation area created before the final
fracture in HIP+HT material was different from that of HT material, at
all loading conditions, which could be seen at even low magnifications
of a stereomicroscope, see Fig. 16. In HIP+HT condition, there was a
strong tendency for the cleavage type fracture while in the HT material
it appeared to be a more ductile crack propagation behaviour; this
tendency of material in HIP+HT condition to exhibit cleavage type
fractures is evident in the SE images shown in Fig. 15. However, in the
EBM material this effect is, in general, less pronounced than for the SLM
material, see Fig. 16 (note that the specimen in Fig. 15 (a) and Fig. 16 (b)
are the same). This effect in EBM material is more evident in the spe-
cimens with as-built surface than the ones that are machined.

4. Discussion

4.1. Surface roughness

In the current investigation, higher roughness values observed for
as-built EBM surfaces compared to SLM surfaces could be related to the
relatively larger layer thickness and coarser powders used in the EBM
process. In addition, higher average build temperature in EBM could
give rise to a relatively higher melt flow, which could contribute to the
roughness as well, in the form of ripples. The effect of using finer
powders and thinner layers on surface roughness have been in-
vestigated for EBM built Ti-64 [6], and it was found that the roughness
decreases for both cases; but the reduction in roughness was sig-
nificantly larger when using finer powders for the same layer thickness
than it was when using thinner layers for the same powder size. Similar
influence of smaller particles on roughness has been reported by Grei-
temeier et al. while comparing SLM and EBM built Ti-64 [15]. In their
study, EBM and SLM parts were built with 50 µm and 60 µm thick layers

Fig. 11. Vickers hardness for EBM and SLM specimens in different heat treat-
ment conditions.

Fig. 12. S-N curves for EBM and SLM built specimens in machined condition.

Fig. 13. S-N curves for EBM and SLM built specimens as-built condition.

Fig. 14. Assessment of scatter of fatigue life for EBM and SLM material at
different load levels.
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respectively; however, because of the coarser powder used in the EBM
process, the EBM surface was twice as rough as that of the SLM surface
even though thicker layers were used for SLM. Kahlin et al. [13] re-
ported that the roughness of EBM produced Ti-64 using 50 µm thick

layers was twice as that produced by SLM using 30 µm thick layers. In
the present study, 75 µm and 40 µm thick layers were used, for EBM and
SLM respectively, which could explain the higher difference in rough-
ness observed than the one reported by Kahlin et al.

Fig. 15. SLM specimens in HIP+HT condition
(a) Stereomicroscope image of a fracture sur-
face of a specimen with as-built surface con-
dition. (b) 200×magnification SE image of the
area indicated in (a) showing multiple crack
initiations from the “notch-like” regions along
the entire surface. (c) Stereomicroscope image
of a fracture surface of a specimen with ma-
chined surface condition. (d) 200× magnifi-
cation SE image of initiation area indicated in
(c). Arrow indicates the single crack initiation
site.

Fig. 16. Fractographs from a stereomicroscope. a) SLM specimen in HT condition b) SLM material in HIP+HT condition c) EBM material in HT condition d) EBM
material in HIP+HT condition. Difference between crack propagation modes is clear between HT and HIP+HT condition for both materials.
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4.2. Defects

With HIP, one has the potential to close defects such as shrinkage
porosity, LoF and pores. Since these are not normally healed after a
solutioning and ageing heat treatment, it could be inferred that the SLM
material in the as-printed condition has lesser defects. This is evident in
defect volume fraction presented in Fig. 9; the SLM material in HT
condition has lesser defects than the EBM material. The relative ma-
turity of the SLM process for building Alloy 718 compared to the EBM
process could be a possible reason for lesser defects in the SLM material.
The standard process themes for building Alloy 718 using EBM are
relatively new (only ~ 3–4 years since launch) and as a result, it could
be that the SLM process parameters are relatively better optimized for
reduction of defects than EBM.

The presence of strings of shrinkage porosity is indicative of the
possibility of too low energy input for melting. The Arcam software
adjusts the current and velocity of the electron beam based on the
length of the lines that need to be melted, such that the time to melt
each line remains the same [23]. For longer hatch lines, both the
parameters are increased but, the current has a maximum limit beyond
which only velocity is increased leading to lower energy input per unit
length. The distance of ~ 350 µm between the strings is approximately
five times the layer thickness. The standard melting theme uses a ro-
tation angle for the hatching region such that every fifth layer has the
same hatching direction. A possible interaction between hatch rotation
and hatch length leads to a lack of sufficient energy for melting, which
in turn could give a non-optimal melt pool and thus forming strings of
shrinkage pores.

The reduction in the amount of defects after HIP treatment is higher
for EBM material. This could be because of the closure of almost all
shrinkage porosity that is present in the material. Almost none of the
HIP+HT specimens had shrinkage porosity on the fracture surface; the
same is true in case of the investigated cross-sections as well. Hence, the
SLM material that has almost no shrinkage porosity to start with ap-
pears to have responded less dramatically to the HIP treatment. Another
reason could be that the defects in the SLM process, both remnant from
the powder and induced by the process, have entrapped argon. Argon
does not diffuse out of the lattice easily, which prevents complete
healing of the defects during HIP. The remnant spherical pores in the
EBM material could be powder induced and the entrapped Argon in the
powder particles could be the possible explanation. The remnant pores
could also be explained by re-growth of pores during heat treatment,
which were formerly closed by the HIP treatment. Such a phenomenon
of re-growth of pores, which were closed after HIP, during the sub-
sequent heat treatment has been observed for AM Ti-64 [11,12].

The remnant defects in HIP+HT condition could also be explained
by, apart from argon entrapment, the fact that there are oxides in the
defects, which would prevent closure and complete healing of the de-
fects during HIP. In the current study, oxide-filled defects are present in
both SLM and EBM material, see Fig. 8. The oxides could be formed
during the spatter formation (the powder particles or the molten dro-
plets ejected from the melt pool due to high energy density [24]) in AM
processing of 718; the high surface temperature of the spatters in
combination with the impurities in the chamber environment is a
possible cause. From Ellingham diagram [25], the equilibrium partial
pressure of oxygen that has to be maintained to prevent oxidation of
aluminium and chromium are 10–58 bar and 10–12 bar respectively at
their melting points. The melting point of aluminium and chromium are
660 °C and 1857 °C respectively, which would be lowered further in the
vacuum environment of the EBM process. The industrial grade helium
for maintaining the controlled vacuum EBM and argon for SLM are, in
general, not pure enough to prevent the oxidation completely. The
ejected spatters if returned to the powder bed could be trapped as
oxides in the printed part. Another plausible source for the oxides is the
powder itself, since the oxides are present in the spherical pores as well;
the oxides could have been present in the precursors used for atomizing

the powder or formed during the atomization process. Helmer [26] has
reported presence of aluminium oxides in EBM built Alloy 718. He
suggests that the increased partial pressure due to desorption of gases
from the powder particles prevents effective degassing of the melt. As a
result, when the solubility limit of oxygen is exceeded, the thermo-
dynamically stable aluminium oxide is formed. These oxides do not
dissolve during re-melting while adding a new layer on top, because of
oxygen enrichment in the melt, and get agglomerated by convection.
This effect could explain the formation of oxide-filled LoF defects. In-
process oxidation and remnant oxides from precursor material have
been investigated and reported as reasons for the presence of oxides in
the built parts in a wire-based AM of Alloy 718 with laser heat source
[27]. Tang et al. have reported formation of oxides due to spatter
ejection during SLM process for Al10SiMg alloy [28]. Zhang et al. have
also reported that the oxides can serve as nucleation sites for pre-
cipitation of intermetallic phases. Precipitation of titanium nitride
particles on the oxide surface in the oxide-filled defects has also been
reported for EBM processed Alloy 718 [29]. Similar phenomenon is
observed in the present study, see Fig. 8.

4.3. Hardness

In the present study, the difference in hardness, for Alloy 718 spe-
cimens built with different AM processes and subjected to different heat
treatments is rather small. The main reason could be that all the spe-
cimens are in a similar aged condition. The main strengthening me-
chanism in Alloy 718 is precipitation strengthening through γ’’ pre-
cipitates. The volume fraction of γ’’ is dependent on the amount of
niobium available in the matrix in the supersaturated condition after
the solution heat treatment. The solutioning temperature chosen for the
work is higher than the δ solvus; consequently, almost all the niobium
in the matrix would be available for the formation of γ’’. After solu-
tioning at 1066 °C, probably there is equivalent volume fraction of γ’’
for both EBM and SLM material in HIP+HT and HT condition which
leads to equivalent hardness. This is, however, different from AM Ti-64
for which a reduction in hardness and tensile strength are reported
following a HIP treatment [13,30]. The main strengthening mechanism
in Ti-64 is from the grain structure, which coarsens during HIP leading
to the lower hardness of the final AM parts.

The small difference in hardness between the different groups could
be explained as follows. A slightly higher hardness observed for EBM in
HIP+HT could be due to the closure of defects after HIP treatment. In
EBM material subjected to a HIP cycle similar to the one in this study
and/or a solution treatment above δ solvus followed by ageing, absence
of both laves phase and δ phase have been established [31,32]; hence,
there could be no contribution from these phases. In addition, it has
been previously shown that presence of larger defects affects the
hardness measurements [33]. Since there are many shrinkage porosities
and large LoFs in the EBM material in HT condition, it has relatively
lower hardness compared to the HIP+HT condition and relatively
larger scatter in the measured hardness. In SLM, however, in HIP+HT
condition the material has lower hardness relative to HT condition. This
could be due to the dissolution of the cellular sub-structure after HIP
treatment. It has been previously shown that the dissolution of dis-
location structure, which is present in the as-built condition, leads to
softening of SLM built Alloy 718 [34]. Deng et al. have reported that
there is remnant laves phase in the SLM material, built with similar
process parameters, after treatment at 1080 °C followed by two step
ageing; however, the amount of laves is minimal [35]. Zhang et al. have
reported complete dissolution of laves phase after the aforementioned
heat treatment [36]. So, the amount of niobium available for γ’’ pre-
cipitation could be considered to be the same for both HIP+HT and HT
conditions; consequently, an equivalent volume fraction of γ’’ pre-
cipitates could be expected in both conditions. Moreover, the dissolu-
tion of the sub-structures is more efficient when treated at higher
temperatures and for longer times [34]; therefore, the material in HIP
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+HT condition, which has been additionally treated for four hours at
1200 °C, has lower hardness.

4.4. Fatigue

4.4.1. SLM vs. EBM
The difference in fatigue performance between EBM and SLM ma-

terial could be explained by the presence of defects that are discussed in
Section 3.2 and Section 4.2. Defects found on fracture surfaces are
larger than the ones found in metallographic cross sections. This could
be because the probability of extracting a cross section at a plane
having the longest dimension of the defect is smaller compared to the
probability of the defect causing crack initiation at its longest dimen-
sion being observed on the corresponding fracture surface. This could
also be the reason for large scatter observed in defect volume fraction
measurement of the EBM material in HT condition.

The larger LoF defects in the EBM material have, being concentrated
in the contour melt region and under the bending load condition, a
bigger influence on crack initiation than the ones that are in the bulk;
clustering of such defects makes the condition even more severe. An
explanation for the preferential distribution of such defects is the pro-
cess parameters for the contour melting. The presence of large lack of
fusion defects, often with unmelted or partially melted particles is in-
dicative of the lack of sufficient beam energy for melting. The beam
energy could be increased by increasing the beam current, decreasing
the velocity, increasing the focus offset or a combination of these [23].

The SLM material with fewer, smaller defects therefore performs
relatively better in fatigue. However, the SLM material is inferior to the
wrought material in fatigue properties. The difference could be related
to the microstructural aspects, for example the wrought material in
reference is treated according to AMS 5662 and could have controlled δ
phase distribution at the grain boundaries; δ phase could have bene-
ficial effect in retarding crack growth [37]. The SLM material in the
current study is treated to AMS 5664, which could prevent δ phase
precipitation. A closely related effect is the size and volume fraction of
γ’’ precipitates which is the primary strengthening phase; both the size
and volume fraction in the SLM material could be different from that of
the wrought material. Another microstructural aspect is the grain size
and texture, which could also be different for the AM material than the
wrought material that it is compared to. Additionally, the load case for
the wrought data is axial while it is bending in the current study. A
relatively higher emphasis on the surface under bending load condition
could also have contributed to the difference.

The scatter in fatigue life as presented in Fig. 14 could be explained
by the presence of defects, particularly the ones near the surface ex-
periencing the maximum tensile stress and act as a crack initiation site.
Tammas et al. [38] have reported that apart from the size of the defect,
other factors such as the shape, location and proximity to the surface
and other defects affect the fatigue life. Similarly, an attempt to predict
the fatigue life of weldments of aerospace alloys has been made by
using the information about defects such as size, shape, distribution and
location [39]. In the present work, it is observed that the size, shape,
number, location and nature of the defects affect the fatigue life. In
general, a larger difference in the number of defects among the speci-
mens in a particular test condition would correspond to a larger scatter
i.e., larger CoV. For example, among three EBM specimens tested at
875MPa in HIP+HT condition, one specimen had 2 crack initiating
LoFs (least among the 3 specimens) while another had 13 crack in-
itiating LoFs (most among the 3 specimens). The difference in number
of crack initiating defects is 11, which is large, and results in a larger
scatter. Belan et al. [40] have reported that when there are more crack
initiating sites, the fatigue life is shorter. By analogy, a lesser CoV
would be expected if the difference in number of defects is smaller.
Indeed, the smallest CoV among the machined specimens, at 725MPa
in HT condition of EBM material, could be related to the presence of 11,
12 and 13 crack initiating LoFs respectively in the three specimens of

the group.
The size and shape of the defects also affects the scatter. For ex-

ample, among the EBM material in machined and HT condition at
tested at 600MPa, the specimen that had the lowest fatigue life had a
LoF defect that is large (~ 1mm in dimension along two perpendicular
directions and is irregular in shape), see (d). In this case, even though
the other two specimens had more number of LoFs, the scatter is not so
large; the probable reason is the effect of size of LoFs – i.e., the speci-
mens having a larger but lesser number of defects perform equally
worse like specimens which have smaller but more defects. To em-
phasize the effect of nature of LoFs, one EBM specimen in machined and
HIP+HT condition that has a fatigue life of more than 100,000 cycles
at 600MPa can be pointed out. The LoFs in this specimen appear to be
partially healed due to HIP treatment, see (g). The other two specimens
in the group, however, have LoFs connected to the surface that are
unaffected by HIP. The unhealed LoFs severely affect the fatigue life
while the specimen with partially healed defects had the longest life
among the group. Additionally, in the presence of the as-built surface,
LoFs alone do not explain the scatter; the surface roughness could have
had a bigger influence on reducing the scatter, which is explained in
Section 4.4.2 with the observations from Section 3.4.2.

For the SLM specimens, the defects affect the crack initiation in only
3 out of 24 specimens; 2 of which are LoFs and the other one is a pore.
Though the specimens with defect-based crack initiation have a lower
fatigue life, the shortest life does not always correspond to the specimen
having the defects. This is, indeed, the case for material in the HIP+HT
condition at 875MPa; a probable reason could be that there are spe-
cimens from two different batches. There were two SLM specimens
from the second batch in the machined condition, both in HIP+HT
condition, and they had the lowest fatigue life at the respective load
conditions, one tested at 875MPa and other at 725MPa. This indicates
that there could be additional factors affecting the fatigue properties
that result from a batch-to-batch variation; such a difference could be
microstructure related, the investigation of which is out of the scope of
the current paper. Two of the remaining specimens from the second
batch are in as-built HT condition and discussed in Section 4.4.2.

4.4.2. As-built vs. machined surface
The machining of as-built surfaces improves fatigue performance;

however, some machined specimens have a fatigue life in the range of
the average life of as-built specimens. The lower life in some of these
machined specimens could be explained by the presence of defects as
discussed earlier. The higher number of crack initiations from the as-
built surface could be because of all the valley like features in the
surface causing stress concentration and acting as micro-notches [13].
The machined surface, relatively, has lower number of crack initiating
sites because of the absence of stress raisers to the same extent as the as-
built surface. The lower number of crack initiating sites could explain
the better fatigue performance of the machined specimens, in general.
Crack initiation from the machined surface is most likely due to per-
sistent slip band (PSB) formation mechanism [41] or inclusions or
carbides present at the surface [42].

Chan [16] has reported that the rough as-built surface could lead to
a reduction of 60 – 75% of fatigue strength due to stress concentration.
Using the roughness profile extracted from µCT, he approximated the
elastic stress concentration due to the roughness for Ti-64 material to be
up to ~ 2.3 for SLM and ~ 3.3 for EBM built surfaces. Kahlin et al. have
reported that the notch sensitivity is equivalent for EBM and SLM
surfaces even though fatigue notch factor is higher for EBM surface
[13]. Attempts to relate the surface roughness parameters such as Rv

[16] and Rt [15] to the fatigue performance have been made, but,
several challenges remain in characterizing the surface roughness of
AM surfaces with suitable techniques [5]. The SLM material from the
different batches have a similar performance in the as-built condition.
This indicates that the surface roughness effect is possibly larger than
the microstructural effects, if any.
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4.4.3. HIP vs. non-HIP material
The material in HIP+HT treated condition performs better than the

HT condition for both the EBM and the SLM process. The increase in
fatigue performance, however, is quite small and could be related to
decrease in the amount of defects and thereby reducing the crack
propagation rate. The faceted appearance of the HIP+HT material
could be due to the grain morphology. In fatigue crack growth rate
studies conducted on wrought Alloy 718 by Krueger et al. [43], mac-
roscopically rough, faceted appearance of the fracture surfaces were
observed to be common for a coarse grained microstructure compared
to a fine grained microstructure. Both grain structures had transgran-
luar cracking, but a lower crack growth rate was reported for the coarse
grained material, which was related to the longer slip bands that
formed. Faceted appearance of the fracture surface have also be at-
tributed to transgranular cracking in high cycle fatigue tests by Ono
et al. [44].

In the standard melting strategy for Alloy 718 using Arcam A2X
EBM machine, the contour region is melted by spots while the hatch
(bulk) region is melted by a line raster. It has been reported by Dehoff
et al. [45] and Deng et al. [31] that there are equiaxed grains in the
spot-melted contour region and that the raster-melted hatch is com-
posed of columnar grains. It has been shown previously [7] that the
equiaxed grains undergo coarsening when subjected to a HIP+HT
treatment, similar to the one utilized in the current study, while the
columnar grains do not undergo appreciable grain coarsening. Hence, it
is possible that in the EBM specimens subjected to the HIP+HT con-
dition, the equiaxed grains in the contour region are coarsened com-
pared to the HT condition. Further studies are needed in order to
confirm this hypothesis.

The microstructure of SLM built Alloy 718 material in EOS M290
machine with similar build parameters has been reported by Deng et al.
[35]. In the as-built condition, the grains morphology was rather irre-
gular with the longitudinal axes of the grains oriented at random angles
to the build direction indicating that the grains grow principally up-
wards but not necessarily along the build direction. The presence of
dendritic structure with the grains comprising of columnar and/or
mosaic pattern has been reported for SLM built Alloy 718 by other
authors as well [34,46]. It has also been reported in these previous
investigations that SLM built Alloy 718 material undergoes re-
crystallization and grain growth when subjected to a HIP [46] or high
temperature (above 1200 °C) solutioning treatment [34].

Therefore, the coarse grains in HIP+HT condition could explain the
faceted appearance of the fracture surface. Such coarser grains are
possibly present in the contour region of EBM material and in the bulk
region of SLM material, which could explain the relatively larger pro-
portion of the fracture surface with faceted appearance in the SLM
material. The EBM specimens with the as-built surface have a larger
portion of the contour region in tact compared to the machined ones, in
which a portion of the contour region is removed while removing. Thus,
the as-built specimens are likely to have a larger proportion of the
fracture surface with coarser grains compared to the machined ones and
hence have a more evident faceted appearance compared to the ma-
chined specimens.

5. Conclusions

• The surface roughness in as-built condition is three times higher for
EBM compared to SLM. This is due to the relatively thicker layers
and the coarser powder used in EBM.

• Machining improves fatigue life, but the scatter is larger compared
to as-built condition. The larger scatter could be related to the larger
number of crack initiation sites in the as-built condition, which is
atleast an order of magnitude higher than the machined condition.
Such high number of crack initiation sites reduces the randomness
in fatigue failure leading to a lower scatter.

• HIPing improves fatigue life for both EBM and SLM materials. The

difference in fatigue performance could be due to the reduction in
the amount of defects after HIP treatment.

• The crack propagation appears to be more ductile for HT material
while it has a more cleavage appearance for the HIP+HT material.
This difference in macroscale appearance of the crack propagation
region could be due to the recrystallization and grain coarsening
caused by the HIP treatment.

• SLM material outperforms the EBM material in high cycle fatigue;
this could be related to the cause of fatigue crack initiations. Failures
in the EBM material are dominated by large lack of fusion defects in
the contour and contour-hatch interface region. Under the bending
load condition, these defects are closer to or at the surface and hence
experience the maximum or very high tensile stresses; thus have a
larger influence than the material in the bulk.

• Oxides present in the material prevent complete healing of LoF
defects after HIP. Specimens with partially healed sub-surface de-
fects perform better in fatigue than surface breaching un-healed
defects.
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A B S T R A C T

A study of the microstructure of additively manufactured Alloy 718 was performed in order to better understand
the parameters that have an influence on the fatigue properties of the material. The specimens were manu-
factured using two powder bed fusion techniques – Electron Beam Melting (EBM) and Selective Laser Melting
(SLM). Four point bending fatigue tests were performed at room temperature with a stress ratio of R= 0.1 and
20 Hz frequency, on material that was either in hot isostatically pressed (HIP) and solution treated and aged
(STA) condition or in STA condition without a prior HIP treatment. The grains in the SLM material in the
HIP+ STA condition have grown considerably both in the hatch and the contour regions; EBM material, in
contrast, shows grain growth only in the contour region. Fractographic analysis of the specimens in HIP+ STA
condition showed a faceted appearance while the specimens in STA condition showed a more planar crack
appearance. The crack propagation occurred in a transgranular mode and it was found that precipitates such as
NbC, TiN or δ-phase, when present, did not affect the crack path. The areas with larger grains corresponded to
the faceted appearance of the fracture surface. This could be attributed to the plastic zone ahead of the crack tip
being confined within one grain, in case of the larger grains, which promotes single shear crack growth mode.

1. Introduction

Additive manufacturing techniques have gained interest, particu-
larly the powder bed fusion processes, due to the capability of manu-
facturing complex geometries relatively easily, part consolidation to
reduce the number of components and sub-assemblies, reduction of
lead time to market, near net shape manufacturability increasing ma-
terial utilization etc. These advantages are better suited for industries
with low volume production such as the aerospace and the gas turbine
industry or the ones that require high level of customization such as the
medical industry. Several AM processes have already been adapted
within the aerospace and the gas turbine industries to manufacture
commercial parts, however, extensive research in terms of material
characterization, process monitoring and control and non-destructive
testing are required to mature the AM technologies further.

Fatigue related failures have contributed to about 55% of failure of
aerospace components and is expected to remain a major concern for
metallic parts and for adaptation of AM technology within the industry
[1]. Considerable amount of AM research has been conducted on
aerospace alloys Ti-6Al-4V (Ti-64) and Alloy 718 over the past decade,

among which there has been a lot of work on the use of EBM [2–9] and
SLM [10–18] for manufacturing parts with Alloy 718. In these pub-
lications, in the case of EBM, the microstructure in as-built condition
and the columnar grains with strong texture along the building direc-
tion [3,5,8,9], ways of achieving different types of microstructures such
as equiaxed grains and controlling dendrite arm spacing [2,4,6,7], the
effect of thermal post-treatment and the associated effect on mechanical
properties [3] have been reported. Similarly, for SLM, the elongated
grain morphology with cellular sub-structure and precipitation of laves
phase in the inter-cellular regions due to microsegregation of Nb
[10–13], dislocation networks associated with the sub-cell structure
[15], mechanical properties of functionally graded microstructure [17],
the effect of various thermal post-treatments on the as-built micro-
structure and the associated mechanical properties [14,16,18] have
been studied. However, systematic studies relating the microstructure
to the fatigue properties of powder bed additive manufactured Alloy
718 are limited [13,14,19,20], particularly comparative studies on EBM
and SLM built material under the same test conditions. Fatigue prop-
erties of conventionally manufactured Alloy 718 has been the subject of
investigation in a number of studies and it has been reported that it is
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influenced by the grain size [21,22], strengthening precipitate size
[22], carbides [23], boron [24] and other non-metallic inclusions
[25,26], δ phase orientation [27,28] etc.

The aim of this work is thus to add to the knowledge regarding
fatigue properties of powder bed additively manufactured Alloy 718. 4
point bending fatigue tests have been conducted at room temperature
and the effect of the surface roughness and defects have been reported
in an earlier publication [29]. It was found that the defects have a
detrimental effect on fatigue properties and several factors such as size,
shape, number, location and nature (open/partially healed/healed) of
the defects influence the fatigue life. In addition, it was also found that
the valley like features of the as-built surface roughness led to multiple
crack initiations resulting in lower fatigue life. Apart from the surface
roughness and the defects, the phases present in the microstructure also
influence the fatigue properties. In the current paper, the effect of phase
constituents in the microstructure of EBM and SLM built Alloy 718
material, after different thermal post-treatments, on crack propagation
during high cycle fatigue (HCF) testing is discussed.

2. Materials and Methods

An Arcam A2X EBM machine operating with EBM control software
v4.2 was used to manufacture fatigue test specimens. Plasma atomized
Alloy 718 powder provided by Arcam, with size range of 40–105 μm,
was used in this work. The standard build theme provided by Arcam,
Inco 4.2.76, was utilized for manufacturing the specimens. Some key
process parameters in the theme are listed in Table 1. In this theme,
three ‘contours’ are melted using the ‘multi-spot’ strategy; the inner
most contour is melted first and the outer most contour is melted last.
After the contours, the ‘hatch’ region is melted using ‘snaking’ strategy.
All the compensation functions in the theme were unaltered and used as
is.

An EOS M290 SLM machine was used to manufacture the test spe-
cimens. Gas atomized Alloy 718 powder provided by EOS, with average
size of 40 μm and nominal size< 65 μm, was used. The standard theme,
for manufacturing with Alloy 718, provided by EOS was utilized. The
layer thickness was 40 μm and platform pre-heating was 80 °C. In the
standard theme, the hatch was melted first by ‘snaking’ strategy and
then the two contours were melted as continuous lines. The specimens
were provided by an industrial partner and the detailed information
about the parameters such as laser power, beam velocity, laser spot
size, etc., are treated as IP and hence cannot be revealed. Fig. 1 shows
the definition of contour and hatch region for the two processes. The
specimen building direction with respective to the build chamber of the

machines is presented in Fig. 2. The specimens are built along the Z-axis
of the machine while the individual layers are along the XY-plane. After
the printing process, the powder was recovered to be reused as per the
recommended protocols by the equipment manufacturers. The speci-
mens were cut off from the base plate using a band saw in the case of
EBM and a wire cut electro-discharge machine in the case of SLM.
Furthermore, no stress relieving treatment was performed before cut-
ting off the specimens from the base plate.

Half the number of specimens manufactured by each of the pro-
cesses were HIP:ed in a Quintus QIH21 HIP furnace at 1200 °C and
120MPa for 4 h followed by uniform rapid quenching (URQ). All the
specimens, including the ones that were not HIP:ed, were heat treated
in a vacuum furnace. A solution treatment was carried out at 1066 °C
for 1 h and argon quenched to 65 °C; the heat treatment was continued
with the first ageing step at 760 °C for 10 h, cooling at 55 °C/h to 649 °C,
at which the second ageing step was carried out for 8 h followed by
argon quench to room temperature.

Specimens for fatigue testing were prepared by machining and low
stress grinding to a final dimension of 80mm length and 10mm by
10mm square cross section with edges rounded off to 0.75mm radii.
One group of specimens were machined on all four sides, while another
group of specimens were machined in such a way that 40mm in the
midsection on one of the sides retained the “raw” as-built surface. All
the machined surfaces were finished to Ra of 0.2 μm. A total of 36
specimens were used in the case of the EBM process while 24 specimens
were used for the SLM. A summary of the test factors is presented in
Table 2.

Four point bending fatigue tests were conducted in load controlled
constant amplitude mode on a servo-hydraulic test machine. The testing
machine was fitted with a self-aligning four point bending fixture, an

Table 1
Process parameters in the Inco 4.2.76 theme for electron beam melting (EBM)
manufacturing of Alloy 718.

Parameter Unit Outer
contour

Inner
contours

Hatch

Beam parameters
Max. melt current mA 8 8 18
Speed function N/A 6 30 63
Focus offset mA 3 3 15

Multi-spot parameters
No. of spots N/A 40 40 N/A
Spot on time ms 0.6 1.1 N/A
Spot overlap mm 0.3 0.2 N/A

Other parameters
Layer thickness μm 75
Hatch rotation Degree 72
Pre-heat temperature °C 1025
Line off-set in hatch mm 0.125
Off-set between hatch and

contour
mm 0.2

Off-set between contours mm 0.3

Fig. 1. Contour and hatch in EBM vs SLM. EBM has three contours and SLM has
two contours.

Fig. 2. Schematic representation of specimen orientation in build chamber.
Black arrow indicates the building direction. Individual layers are along the XY-
plane. Note: All specimens were built in one build.
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Instron 8800 controller and a± 30 kN load cell. The tests were per-
formed at room temperature with a stress ratio of R= 0.1 and 20 Hz
frequency. The EBM specimens were tested at three stress ranges –
600MPa, 725MPa and 875MPa while the SLM specimens were tested
at two stress ranges – 725MPa and 875MPa. After fatigue testing, the
fracture surfaces of the failed specimens were analysed using an
Olympus SZX9 stereomicroscope. Further fractographic analysis was
performed in a Zeiss EVO 50 SEM operating at 3 kV using secondary
electron (SE) imaging.

Samples for metallographic analysis were extracted from selected
specimens in three locations – the midsection, the top and bottom end
of the bars. During the machining of the specimens, the identifiers for
the top and bottom of the specimens were not transferred by mistake;
so, the ends of the bars are referred to as “end 1” and “end 2” hence-
forth. Samples were cut using a Struers Secotom 10 precision cutting
machine and were mounted in conductive epoxy using a Buehler
SimpliMet 3000 automatic mounting press. Samples were prepared
using a Buehler EcoMet 300 Pro semi-automatic machine fitted with
AutoMet 300 power head by progressively grinding with silicon carbide
grinding papers up to P2500 paper followed by polishing with Kemet
3 μm diamond suspension and MasterMet 2 0.02 μm colloidal silica
suspension.

Etching was done with Beraha III reagent to reveal the micro-
structure. Investigation of the microstructure was performed with an
Olympus BX60M light optical microscope at suitable magnifications.
Further, high magnification analysis was performed in backscattering
electron (BSE) mode in a Zeiss EVO 50 scanning electron microscope
(SEM) operating at 20 kV fitted with an Oxford XMaxN 20mm2 energy
dispersive x-ray spectroscopy (EDS) detector. A Hitachi SU70 FEG SEM,
equipped with EDS and electron back scatter diffraction (EBSD) systems
from Oxford Instruments, operating at 20 kV of accelerating voltage
was also employed. Texture analysis was performed with the scanning
step size of 1–2 μm and analysed using the HKL Channel 5 software.

Grain width measurement was performed by following the ASTM
E112-13 standard on optical micrographs acquired on sections per-
pendicular to the build direction (XY plane). Three images were ob-
tained in the hatch region on each sample for this purpose.

Hardness testing was performed on as-polished specimens using an
HMV Microhardness Shimadzu machine. Vickers hardness (HV1) was
measured by applying a load of 1 kg for 15 s following the ASTM E 384
standard for maintaining the minimum distance between each indent
and from the outer edge of the specimen. Three specimens were ran-
domly chosen from each test group in Table 2 for both hardness mea-
surement and microstructure analysis, but, the hardness tests were
performed on sections parallel to the build direction (XZ plane) and five
indents were made per sample.

3. Results

3.1. Microstructure

3.1.1. EBM Specimens in the STA Condition
The microstructure in the contour region and the hatch region were

different; further, there was a clear distinction between the different
contour passes. The outermost contour region had numerous small
equiaxed grains at the periphery where the solid part was in contact
with the powder bed during the printing process. Adjacent to these fine

grains, there were elongated grains that were curved and appeared to
converge towards a centerline along the building direction; some of
these grains appear to be larger on the side towards the hatch region.
This region was followed by a region, which has a mix of a few fine
equiaxed grains, some columnar grains and a few wider grains. The
next region, which is the interface between the hatch and the contour,
also had curved grains; but, these grains are curved towards the hatch
region originating from close to the end of the contour region. The
hatch region, which is the innermost region, had columnar grains that
were almost parallel to the building direction. These grains were wider
than the ones in the contour region and were up to a few millimeters in
length, which transcend multiple layers of printing. The columnar
grains in the hatch region had a strong 〈100〉 texture along the building
direction. These details are summarized in Fig. 3.

The microstructure was uniform at different locations of the same
fatigue specimen, the features of which are presented in Fig. 4(a)–(c). In
the hatch region, carbides were aligned parallel to the columnar di-
rection. These were NbC as identified by EDS analysis. Occasionally, at
some grain boundaries δ-phase was found to have precipitated as very
fine needles. Apart from δ-phase and NbC, there were oxide inclusions
and TiN particles present in the material. The oxide inclusions were
either spherical or elongated in shape, see Figs. 4(b) and 5. The oxide
was found to be rich in aluminium and titanium in EDS analysis. TiN
particles were present in the matrix, and were concentrated mainly
around the oxide inclusions, see Fig. 5. Typical chemical composition of
oxide inclusions, TiN and NbC from EDS analysis are also shown in
Fig. 5.

3.1.2. EBM Specimens in the HIP+ STA Condition
The grains in the hatch region were similar to the ones in the STA

condition – elongated with strong 〈100〉 texture along the build di-
rection. The contour region, however, had a different appearance
compared to the STA condition. The grains in the contour region appear
to have grown abnormally; the interface region between the contour
and the hatch appeared to be similar to the STA condition – elongated
grains curving towards the top and merging with the hatch region.
These results can be seen in Fig. 6. Similar to the STA condition, NbC
and TiN were found in the HIP+ STA condition; however, the δ-phase
was not identified in the investigated metallographic sections.

3.1.3. SLM Specimens in the STA Condition
The outermost region of the specimen, in the contour region, had a

few partially melted powder particles, which had fine equiaxed grains.
Apart from this, there was no distinction between the contour and hatch
region in terms of the microstructure. In general, the grains were
elongated towards top of the specimen, but were oriented randomly
and were not parallel to the building direction. Though these grains
were longer than the layer thickness, which is 40 μm, they were much
shorter than the grains in the EBM STA condition; the texture was also
weaker by at least an order of magnitude in comparison. These findings
can be seen in Fig. 7. The sub-structures of the grains reveal a cellular
morphology as shown in Fig. 8. There are NbC distributed both within
the grain and at the grain boundaries; however, the δ-phase is pre-
cipitated as a fine network along the grain boundaries as indicated in
Fig. 8(b).

Table 2
Experimental design.

Factor name Level – I Level – II

PBF process EBM SLM
Surface post-treatment “Raw” surface Machined surface
Thermal post-treatment Hot isostatic pressing+ solution treatment+ ageing (HIP+ STA) Solution treatment+ ageing (STA)
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3.1.4. SLM Specimens in the HIP+ STA Condition
The peripheral region, that had the partially melted powder parti-

cles, had fine equiaxed grains. The remainder of the specimen had re-
latively large grains; while these grains were still elongated, the texture
was relatively weaker than in the STA condition. The carbides are
distributed randomly both intragranularly and at the grain boundaries;
no δ phase was found in the material. There were numerous annealing
twins, which were absent in the STA condition; the microstructure re-
sembled that of a forged microstructure of Alloy 718. These observa-
tions are summarized in Fig. 9. However, the cellular sub-structure in
STA condition, as seen Fig. 10(a), were not present in the HIP+ STA
condition as shown in Fig. 10(b). In the image, it is clear that the grains
have grown considerably during the HIP treatment.

3.2. Grain Width

The width of the grains is measured perpendicular to the building
direction on the XY plane; this grain width corresponding to the hatch
region is presented in Fig. 11. The grain width in the HIP+ STA con-
dition is approximately the same size as the STA condition for EBM
material; whereas, for the SLM material the grain width is larger in the
HIP+ STA condition. However, the grain width does not vary sig-
nificantly between the different locations in the same specimen.

3.3. Hardness Testing

The average hardness stems from measuring at the three locations
on three samples for each of the test groups, and are presented in
Fig. 12. There is no difference in hardness between the three locations
within the fatigue specimens from the same test group. The difference
in hardness between the test groups is almost negligible. The highest
difference is between SLM STA condition and EBM STA condition that is
15 HV1, whereas the lowest difference is between SLM HIP and EBM
HIP condition that is 2 HV1.

3.4. Fractography

The fatigue crack initiation behaviour was different between spe-
cimens manufactured by EBM and SLM; the presence of lack of fusion
defects dominated crack initiation for the EBM material. For the spe-
cimen groups with the “raw” as-built surface, the cracks initiated at the
valley-like features of the rough surface. The detailed analysis of in-
itiation behaviour and its effect on fatigue life have been presented
elsewhere [29].

The crack propagation behaviour is different between the material
in HIP+ STA and STA conditions irrespective of the two processes.
Under a stereomicroscope, all the fracture surfaces from the HIP+ STA
condition have a faceted appearance. This behaviour is prominent in
the case of SLM material for both surface post-treated conditions; a

Fig. 3. EBM sample, STA condition. (a) BSE image of hatch region. (b) BSE image of contour region. (c) EBSD IPF map of hatch region indicated in (a). (d) EBSD IPF
map of contour region indicated in (b). (e) IPF corresponding to (c) showing strong texture along building direction. (f) IPF map legend to interpret (c) and (d).
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large proportion of the fracture surface (up to ~4mm from the spe-
cimen surface) appears faceted. In the EBM material, however, there is
a difference in this faceted appearance between the specimens with
“raw” surface and machined surface. This faceted region extends up to
~2mm from the specimen surface in case of the specimens with “raw”
surface; whereas, the faceted region is confined within ~1mm from the
specimen surface for the machined specimens. These regions with a
faceted appearance in the HIP+ STA condition, when investigated with
SEM, reveal higher tendency for cyclic cleavage mode (cleavage under
fatigue loading) fracture. In contrast, the material in STA condition has
higher tendency for shear mode (ductile) fracture. This is shown clearly
in Fig. 13 by SE images acquired at approximately the same depth from

the top surface (initiation surface) of the specimens as side-by-side
comparison.

3.5. Crack Path Investigation

To further investigate the reason for the cleavage-induced faceted
appearance, crack path investigation was performed. Metallographic
sections were extracted on planes perpendicular to the fracture surface
and microstructure along the direction of crack growth was in-
vestigated. The crack appears to have propagated in transgranular
mode. The other phases such as δ-phase and NbC were not detected
along the crack propagation path. The transgranular mode of crack
growth in EBM material in STA and HIP+ STA condition is shown in
Figs. 14 and 15, respectively, for brevity; however, it is similar for SLM
material as well. The transgranular propagation mode is clear in case of
a secondary crack, seen in SLM HIP+ STA condition, adjacent to the
main crack that caused the fracture. The secondary crack appears to
follow a specific direction for a certain distance and changes direction,
roughly orthogonally, see Fig. 16.

4. Discussion

4.1. Microstructure

The microstructure that forms during solidification is dependent on
the thermal gradient and the solidification velocity, which are depen-
dent on the processing parameters. In the present study, the focus is on
microstructure after post-treatment. Therefore, the characteristics of
the as-built microstructure are only briefly discussed from literature.
During the powder bed additive manufacturing of parts, at the per-
iphery of the built geometry, the melt pool is in contact with the
powders. Some of these powders are only partially melted and stick to
the solidifying part, which leads to presence of numerous fine grains in
the outer most contour pass [30].

4.1.1. Microstructure of EBM Built Material
In the present study, the morphology of the grains for the material

in the STA condition is similar to that of the as-built microstructure. In

Fig. 4. EBM sample, STA condition. (a) BSE image of the columnar microstructure in hatch region. (b) Magnified view of area indicated in (a) showing carbides
aligned along the column direction indicated by arrows. Encircled in white is an oxide inclusion. (c) Fine δ-phase in some of the grain boundaries indicated by arrows.

Fig. 5. EBM sample, STA condition. TiN particles present around oxide inclu-
sion indicated by arrows. Encircled is a NbC particle. Chemical composition of
indicated spots identified by EDS is presented in tabular form.
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EBM manufacturing, the formation of the as-built microstructure can be
rationalized as follows. During the melting of the first contour, the melt
pool is in contact with the powder particles on both sides, which pro-
vide nucleation sites on both sides of the melt pool; there is also epi-
taxial growth from the bottom of the melt pool that is in contact with
the previously solidified layer. These new grains grow along the di-
rection of steepest thermal gradient i.e., grow from both sides and
eventually meet at the center and cut off the axially growing grains
from the bottom. This gives an appearance of elongated grains con-
verging towards a distinguished centerline when viewed on a section
perpendicular to the direction of the beam movement. Such a mor-
phology with curved grains from both sides was also observed when
building a 1mm thin wall by a single contour pass for Ti-64 [31].
During the adjacent contour pass, some of these grains are re-melted
which depends on the overlap of the contours determined by the con-
tour offset and beam parameters. This re-melted region is in contact
with powder on one side and with solidified metal on the other side, as
well as the previously solidified layer at the bottom. As a result, epi-
taxial growth from the side in contact with the solid and the bottom
layer occur; whereas, newly nucleated grains grow from the side in
contact with the powder particles. Similar phenomenon is repeated for
the third contour pass as well. In these regions, the epitaxial growth
from the pre-existing partially melted grains from the bottom layer and
the adjacent contour region results in formation of the columnar grains
and a few large grains. Similar microstructure was observed when
building thicker components in the previously mentioned work [31] as
well as in the contour region of EBM built Alloy 718 bars [32]. The few
fine grains found in this region could be stray grain formed due to local
variation in the solidification condition [5]. These variations in the
microstructure formation lead to randomness in the crystal orientations
in the contour region, which has also been reported in an earlier study
[32].

In the hatch region, the melt pool shape and size are different from
that of the contour region due to the differences in the melting strate-
gies. A semi-analytical model for predicting the transient heat con-
duction that is validated for the EBM process of Alloy 718 [33] has

shown that the melt pool solidifies from the contour which, along with
epitaxial growth, could explain the curved and elongated grains at the
interface between the hatch and the contour region. The reminder of
the hatch region has columnar grains with a strong 〈001〉 texture along
the building direction which has also been observed by others [2,5,32].
The direction of grain growth, of the FCC γ matrix that is the fastest
along the 〈001〉 direction, is along the direction of the steepest thermal
gradient within a melt pool. Therefore, at the trailing edge of the melt
front that is shallow, the grains are favorably oriented for the columnar
growth along the building direction. During the subsequent re-melting,
during which the melt front has now changed direction due to hatch
rotation for every layer, the grains form the trailing edge of the melt
front and the average growth direction become parallel to the building
direction. In the present study, these characteristics of the as-built mi-
crostructure were also observed in Alloy 718 material after STA treat-
ment. This is an indication that the chosen STA treatment conditions do
not affect the texture and morphology of grains.

The precipitates found in the STA condition, in the present work, are
NbC, TiN and δ phase; these are randomly distributed throughout the
specimens. Others have previously reported heterogeneous nature of
the as-built microstructure of EBM built Alloy 718 in terms of the
precipitate phases [3,34] and that it is homogenized after thermal post-
treatments [3,32]. The δ phase occurrence is rare and found only at
certain grain boundaries. As reported by Deng et al. [32], it could be
that the δ phase is confined to the high angle grain boundaries. The
solution treatment temperature in the present study is higher than the δ
solvus temperature, therefore most of the δ phase should have dis-
solved. However, the δ phase is observed as fine needles occasionally at
some grain boundaries, which could be because of insufficient dis-
solution resulting from local chemical variations. However, systematic
studies are required to confirm the exact reasons. In HIP+ STA con-
dition, NbC and TiN precipitates were present in the matrix, while no δ
phase was found. The chosen HIP temperature is lower than the solvus
temperature for NbC and TiN; therefore, are undissolved. However, the
HIP temperature is significantly higher than δ solvus to dissolve it
completely. The presence of higher content of TiN particles has been

Fig. 6. EBM sample, HIP+ STA condition. (a) BSE image showing large grains of contour region and columnar grains in the hatch region. (b) EBSD IPF maps of the
regions indicated in (a). (c) IPF legend to interpret (b).
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suggested to have come from higher content of nitrogen in the powder
[32].

The grain width in the hatch region is similar for both STA and
HIP+ STA condition while the grains in the contour region have grown
for the HIP+ STA condition. Similar results regarding grain width in
the hatch region has been reported by Kirka et al. [4]. The exact reason
for grain growth in the contour region is unclear, but it could be that
the fine equiaxed grains and the finer curved columnar grains in the
contour region have grown to minimize the free energy associated with
the grain boundaries. Grain growth is related to size of the grains and

curvature of the grain boundaries – by minimizing the total grain
boundary surface area and by straightening of the boundaries due to
growth, the surface free energy could be reduced. The columnar grains
in the hatch region are already large in comparison to the grains in the
contour region. In addition, these columnar grains in the hatch region
have grain boundary curvature in only one direction, while the grains
in the contour have curvature in 2 (or 3) directions. Therefore, there is
relatively lower driving for grain growth of the grains in the hatch re-
gion and hence they do not grow, at least to a detectable limit. For EBM
built Alloy 718 material having an equiaxed microstructure in the hatch

Fig. 7. SLM sample, STA condition. (a) BSE image of hatch and contour region. (b) EBSD IPF map of hatch region indicated in (a). (c) EBSD IPF map of contour region
indicated in (a). (d) IPF corresponding to (b) showing weak texture along building direction. (e) IPF map legend to interpret (b) and (c).

Fig. 8. SLM sample, STA condition. (a) BSE image of SLM material in STA condition showing cellular structure. (b) Magnified view of area in (a) showing δ-phase as a
fine network along the grain boundaries as indicated by the ellipse. An NbC particle is indicated by arrow.
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region (built by spot melting strategy), subjected to HIP+ STA, grain
growth occurred [4]. In the same study, another set of specimens with
columnar microstructure did not show grain growth. Therefore, it is
reasonable to assume that the smaller grains in the contour have grown
to minimize the total grain boundary area and the curvature of the
grain boundaries. Grain growth is also dependent on precipitates that
pin the grain boundaries and hinder their movement. During a heat
treatment, these precipitates can be dissolved and the grain boundaries
become mobile. Therefore, the amount of grain growth is determined
by the dissolution rate of the precipitates. In fact, a fine grain structure
is often more sensitive to grain growth than a coarse-grained structure,

since the precipitates are smaller and dissolve relatively quickly in the
fine-grained structure.

4.1.2. Microstructure of SLM Built Material
Despite the variety of settings across different equipment manu-

facturers, the common as-built microstructure is reported to have
elongated grains that span across a few layers with cellular sub-grain mor-
phology [10–16]. The sub-grains are aligned both along the build di-
rection and perpendicular to it within a single grain; however, the
〈100〉 crystallographic direction of the grain is along the build direction
[12]. The high cooling rate and thermal gradient associated with the

Fig. 9. SLM sample, HIP+ STA condition. (a) BSE image of hatch region. (b) BSE image of contour region. (c) EBSD map of hatch region indicated in (a). (d) EBSD
map of contour region indicated in (b). (e) IPF legend to interpret (c) and (d). (f) IPF corresponding to (c) showing weak texture along building direction.

Fig. 10. BSE image of SLM material. (a) in STA condition. (b) in HIP+ STA condition with grown grains and no cellular sub-structure. Both images are acquired from
sections perpendicular to the building direction.
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SLM process lead to fine grain structure with cellular sub-grain struc-
ture [35]. However, it has also been reported that increasing the laser
power can create a strongly textured coarse grained microstructure
compared to the commonly reported weakly textured fine grained mi-
crostructure [17,18]. Similarly, changes in the grain size and texture
due to change in scanning strategy and laser power has been reported
for directed energy deposition (DED) AM of Alloy 718 [36]. The dif-
ference between the grain morphology and texture of the as-built mi-
crostructure of SLM manufactured Alloy 718 material (weakly textured
fine grained microstructure obtained by using low laser power input)
and the as-built microstructure of EBM manufactured Alloy 718
(strongly textured large columnar microstructure obtained by using
Arcam standard theme) are related to the differences in the local
thermal conditions. These local thermal conditions are dependent on a
number of factors such as heat/energy input, thermal gradient, cooling
rate, process temperature, etc. The solidification cellular sub-structures
of SLM manufactured Alloy 718 have also been reported to be locations
of dislocation networks [12,14,15,37]. These authors have also ob-
served the precipitation of laves phase in the intercellular region due to
microsegregation of Nb in the as-built condition.

In the present research, the morphology of the grains investigated in
the STA condition resemble that of the as-built condition described
above. The grains were elongated along the build direction and the
cellular sub-structures were retained. Deng et al. have reported [12],
for material built with similar parameter settings, a similar grain
morphology in the as-built condition. Gribbin et al. [13] and Aydinöz

et al. [14] have found that after the STA treatment, the morphology of
grains in the as-built condition are retained, which explains the grain
morphology of the STA treated material in the present study. As sug-
gested by Tucho et al. [15], the temperature and time for the solution
treatment are not sufficient to completely eliminate the microsegrega-
tion and the dislocation network from the solidification sub-structure.
This leads to retention of the fine grained microstructure with cellular
sub-structure. In studies which involved HIP treatment above 1150 °C
or solution treatment above 1100 °C, the grains were reported to have
grown along with dissolution of the cellular sub-structure [13–16]. Si-
milar results were found in the present study. The driving force for this
grain growth is most likely from the residual stress and the total grain
boundary area. Chlebus et al. [16] have suggested that it is in fact grain
boundary migration that leads to grain growth and formation of an-
nealing twins and not recrystallization as reported by others. The pre-
sence of elongated grains and a weak texture clearly indicate that it is
grain growth; retention of texture after a HIP treatment has also been
observed by Popovich et al. [18].

The δ phase found at the grain boundaries in the STA condition,
even though the solution treatment temperature was higher than δ
solvus, could be explained as follows. The Laves phase dissolution re-
leases Nb back into the matrix; however, there could be high enough
local concentration of Nb at the grain boundaries for δ phase pre-
cipitation during the ageing step. In the HIP+ STA condition, however,
the temperature is higher than the solution treatment temperature that
favours better chemical homogenization of Nb; in addition, the addi-
tional 4 h at HIP temperature also aids in better homogenization. Due to
the chemical homogenization, the lack of sufficient Nb segregation
could explain the absence of δ phase in the HIP+ STA condition.
Opposite trend has been observed by Aydinöz et al. [14] in their study,
in which δ phase was found in the HIP+ aged condition and not in STA
condition; they have attributed the difference in cooling rates to have
affected the δ phase precipitation kinetics. Contrasting reports about
the retention of laves phase state that small quantities have been found
after STA treatments [12,16,37] with solutioning temperatures up to
1080 °C and after solutioning at 1100 °C for 1 h [15] or that the laves
phase is completely dissolved after STA at 1100 °C and solutioning at
1250 °C for 7 h. In the present work, no laves phase was found in the
material after STA treatment. These observations about the laves phase
could be related to the differences in the as-built microstructure (for
example, the size of laves phase particles), the solution treatment
temperature, the cooling rate from the solution temperature, the at-
mosphere in the heat treatment furnace etc.

4.2. Hardness

The identical hardness observed at different locations of the same
fatigue specimen, for all four test-groups, is an indication that after the
thermal post-treatments, the microstructure is homogenous within the
respective groups of specimens. Similar homogenization effect has been
stated as a reason for equivalent tensile properties at different locations
for Alloy 718 material after HIP and STA as reported by Kirka et al. [3].
Similarly, equivalent hardness and tensile properties have been re-
ported for specimens built in horizontal and vertical directions after
thermal post-treatments in case of SLM processed Alloy 718 [35].

The main strengthening mechanism in Alloy 718 is precipitation
strengthening through γ” precipitates. After two-step ageing following
the solution treatment at 1066 °C, the material in all the test groups
would be in peak-aged condition and thus have an equivalent hardness.
Similar result of minimal hardness variation for Alloy 718 manu-
factured by EBM and SLM processes, after different thermal post-
treatments, has been observed in previous studies [12,32]. A difference
of 15 HV1 between EBM STA and SLM STA condition could be related to
the presence of defects in EBM STA condition [29,38] as well as the
relatively finer grain structure in SLM STA condition. Popovich et al.
[18] have observed similar level of variation in hardness in SLM

Fig. 11. Grain width for EBM and SLM material in HIP+ STA and STA con-
dition measured in the hatch region on sections perpendicular to the building
direction.

Fig. 12. Hardness (HV1) for EBM and SLM samples at different locations of the
fatigue specimens.
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processed Alloy 718 material with different grain sizes. The almost
identical hardness for the EBM HIP+ STA and SLM HIP+ STA condi-
tions could be explained by the closure of defects in EBM material [29]
and grain growth along with dissolution of cellular substructure in SLM
material.

4.3. Crack Propagation

The fatigue crack growth in metallic materials occur in two stages –
stage I where the fracture surface is faceted and stage II where the

fracture surface is relatively flat with formation of striations in many
alloys [39]. When the crack tip plasticity is smaller than the char-
acteristic microstructural dimension, for example, grain size, then the
crack grows by single shear mode in the direction of the primary slip
system called stage I growth. Such an effect of the microstructural size
scale is observed in a number of alloy systems and has been summarized
by Suresh [39]. When the crack tip plasticity encompasses a few grains,
the crack growth occurs due to simultaneous or alternating slip along
two slip systems called as duplex slip. In this stage II growth, the crack
grows in a plane perpendicular to the global tensile stress. This is

Fig. 13. Fracture surfaces of SLM material. (a) Machined surface & HIP+ STA condition. The region with faceted appearance is indicated with a bracket. (b)
Cleavage facets in crack propagation region observed in the area indicated in (a). (c) Machined surface & STA condition. (d) Ductile crack propagation area indicated
in (c).

Fig. 14. (a) BSE image of crack path in an EBM STA sample. (b) Magnified view of area indicated in (a) showing transgranular crack path. BD: building direction,
CGD: crack growth direction, BM: bending moment.
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schematically shown in Fig. 17. Stage I crack growth mode is associated
with crack propagation in the near-threshold regime while, stage II
crack growth mode is associated with the Paris regime of crack pro-
pagation.

The crack growth has been observed to be unaffected by the pre-
cipitate phases and the only difference that exists between the different
material groups is the grain size. In SLM material in HIP+ STA con-
dition, the grain width that is the characteristic microstructural di-
mension along the direction of crack propagation is roughly four times
larger than that in the STA condition. It is possible that the crack grew
in stage I single shear mode in the material with larger grains. If the
grains are large enough to accommodate the size of the crack tip
plasticity zone within the grains, single shear mode crack growth is
favoured which results in a faceted appearance of the fracture surface
[39]. Indeed, the crack in the SLM material in HIP+ STA condition, as
seen in Fig. 16, appears to have propagated by single shear mechanism
– changing direction, roughly orthogonally. Therefore, the faceted ap-
pearance of the fracture surface is related to crack growth by a single
shear mechanism. Similarly, the faceted appearance of the fracture
surface in the contour region for EBM material in HIP+ STA could be
related to crack propagation by single shear in the large grains. The

grains in the hatch region are smaller, relative to the contour region,
and hence the crack could grow by duplex slip mechanism with stria-
tion formation. Indeed, striations were observed in the hatch region,
which indicates the influence of the grain size on fracture surface ap-
pearance.

Suresh [39] has suggested that a material with different sizes of the
main strengthening precipitates, achieved by different ageing treat-
ments, could have different appearances of the fracture surface. In the
present study, all the material groups have been subjected to the same
ageing treatment and have similar hardness. The similar hardness is an
indication that the amount, size and distribution of the main
strengthening precipitates (γ″) is similar in all the material groups.
Therefore, the faceted fracture appearance observed in the present
study is the effect of grain size alone. Similar faceted appearance of the
fracture surface has been related to the near-threshold regime of crack
growth for wrought Alloy 718 and Waspaloy [21]. Slip band cracking
has also been found to occur during propagation of short cracks in
Waspaloy [40] which leads to a faceted fracture appearance. In addi-
tion to the large grains, the faceted fracture appearance is found in the
region with weak texture. It is more evident in case of EBM material in
which the faceting is present only in the contour region. The contour
region is not strongly textured as the hatch region. Further detailed
systematic investigations are necessary to explain the effect of texture
on crack growth.

5. Conclusions

• In SLM material, grain growth occurs after HIP+ STA treatment.
The grain growth is uniform throughout the material including the
contour and the hatch regions. In EBM material, grain growth is
observed in HIP+ STA condition only in the contour region.

• δ phase is present only at grain boundaries in both the EBM and the
SLM material in STA condition. In HIP+ STA condition, no δ phase
was found. NbC and TiN are present in both the post-treated con-
ditions.

• The fatigue crack path is transgranular and is unaffected by the
precipitate phases like NbC, TiN or δ phase.

• The faceted appearance of the fracture surfaces after fatigue testing
corresponds to region with larger grains. Due to the large grain size,
the fatigue crack propagated in a single shear mode leading to cyclic
cleavage type fracture causing a faceted macro appearance.

• It is possible that the texture in the microstructure also affects the
mode of crack propagation.

Fig. 15. (a) BSE image of crack path in an EBM HIP+STA sample. (b) Magnified view of area indicated in (a) showing transgranular crack path. BD: building
direction, CGD: crack growth direction, BM: bending moment.

Fig. 16. BSE image of crack path in an SLM HIP+ STA sample showing
transgranular mode of crack propagation. This secondary crack tends to change
direction roughly orthogonally. BD: building direction, CGD: crack growth di-
rection, BM: bending moment.
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Abstract: Alloy 718 finds application in gas turbine engine components, such as turbine disks,
compressor blades and so forth, due to its excellent mechanical and corrosion properties at elevated
temperatures. Electron beam melting (EBM) is a recent addition to the list of additive manufacturing
processes and has shown the capability to produce components with unique microstructural
features. In this work, Alloy 718 specimens were manufactured using the EBM process with a
single batch of virgin plasma atomized powder. One set of as-built specimens was subjected to
solution treatment and ageing (STA); another set of as-built specimens was subjected to hot isostatic
pressing (HIP), followed by STA (and referred to as HIP+STA). Microstructural analysis of as-built
specimens, STA specimens and HIP+STA specimens was carried out using optical microscopy and
scanning electron microscopy. Typical columnar microstructure, which is a characteristic of the
EBM manufactured alloy, was observed. Hardness evaluation of the as-built, STA and HIP+STA
specimens showed that the post-treatments led to an increase in hardness in the range of ~50 HV1.

Tensile properties of the three material conditions (as-built, STA and HIP+STA) were evaluated.
Post-treatments lead to an increase in the yield strength (YS) and the ultimate tensile strength (UTS).
HIP+STA led to improved elongation compared to STA due to the closure of defects but YS and UTS
were comparable for the two post-treatment conditions. Fractographic analysis of the tensile tested
specimens showed that the closure of shrinkage porosity and the partial healing of lack of fusion
(LoF) defects were responsible for improved properties. Fatigue properties were evaluated in both
STA and HIP+STA conditions. In addition, three surface conditions were also investigated, namely
the ‘raw’ as-built surface, the machined surface with the contour region and the machined surface
without the contour region. Machining off the contour region completely together with HIP+STA led
to significant improvement in fatigue performance.

Keywords: Alloy 718; electron beam melting; fatigue properties; tensile properties; microstructure; texture

1. Introduction

In recent years, additive manufacturing (AM) has attracted attention from the industry and from
researchers globally due to its capability to manufacture complex shaped components with relative
ease compared to the conventional processing routes. Electron beam melting (EBM) is one of the
powder bed fusion based technologies of AM, making use of an electron beam source to melt the
metallic powder in a layer by layer fashion to produce the final component [1,2]. The process has
unique capabilities for controlling the microstructural features such as texture [3] and primary dendrite
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Abstract: Alloy 718 finds application in gas turbine engine components, such as turbine disks,
compressor blades and so forth, due to its excellent mechanical and corrosion properties at elevated
temperatures. Electron beam melting (EBM) is a recent addition to the list of additive manufacturing
processes and has shown the capability to produce components with unique microstructural
features. In this work, Alloy 718 specimens were manufactured using the EBM process with a
single batch of virgin plasma atomized powder. One set of as-built specimens was subjected to
solution treatment and ageing (STA); another set of as-built specimens was subjected to hot isostatic
pressing (HIP), followed by STA (and referred to as HIP+STA). Microstructural analysis of as-built
specimens, STA specimens and HIP+STA specimens was carried out using optical microscopy and
scanning electron microscopy. Typical columnar microstructure, which is a characteristic of the
EBM manufactured alloy, was observed. Hardness evaluation of the as-built, STA and HIP+STA
specimens showed that the post-treatments led to an increase in hardness in the range of ~50 HV1.

Tensile properties of the three material conditions (as-built, STA and HIP+STA) were evaluated.
Post-treatments lead to an increase in the yield strength (YS) and the ultimate tensile strength (UTS).
HIP+STA led to improved elongation compared to STA due to the closure of defects but YS and UTS
were comparable for the two post-treatment conditions. Fractographic analysis of the tensile tested
specimens showed that the closure of shrinkage porosity and the partial healing of lack of fusion
(LoF) defects were responsible for improved properties. Fatigue properties were evaluated in both
STA and HIP+STA conditions. In addition, three surface conditions were also investigated, namely
the ‘raw’ as-built surface, the machined surface with the contour region and the machined surface
without the contour region. Machining off the contour region completely together with HIP+STA led
to significant improvement in fatigue performance.

Keywords: Alloy 718; electron beam melting; fatigue properties; tensile properties; microstructure; texture

1. Introduction

In recent years, additive manufacturing (AM) has attracted attention from the industry and from
researchers globally due to its capability to manufacture complex shaped components with relative
ease compared to the conventional processing routes. Electron beam melting (EBM) is one of the
powder bed fusion based technologies of AM, making use of an electron beam source to melt the
metallic powder in a layer by layer fashion to produce the final component [1,2]. The process has
unique capabilities for controlling the microstructural features such as texture [3] and primary dendrite
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arm spacing [4]. EBM offers some benefits over selective laser melting (SLM), the other powder
bed fusion technology, such as the capability to control the build environment using a controlled
vacuum (minimizing the risk of oxide formation during the processing) and elevated processing
temperature (approximately 1000 ◦C for superalloys) in the build chamber which reduces the residual
stresses in the built component and so forth [5]. Murr et al. compared the mechanical properties of
Ti-based alloys manufactured by SLM and EBM and showed that EBM manufactured alloys exhibited
superior mechanical properties (higher ductility and lower brittle phase formation) [6]. Furthermore,
Antonysamy et al. reported that the fracture surface of EBM manufactured Ti-based alloys resembled
the wrought alloys, which is highly desirable [7]. Therefore, EBM is a promising processing route for
the manufacturing of high-performance engineering components.

Alloy 718, also referred to as Inconel-718, is a Ni–Fe based superalloy that finds application in gas
turbine engine components, such as discs, blades and so forth, due to its capability to retain mechanical
properties and corrosion resistance at high temperatures (650 ◦C). In addition, it possesses excellent
formability and weldability. The phase composition of Alloy 718 predominantly consists of γ matrix
along with the precipitates of γ’, γ”, δ and, in addition, some carbides (also referred to as ‘MC’s),
which were also found in the EBM manufactured Alloy 718 [8,9]. These precipitates, specifically γ”,
provide the desired mechanical properties to Alloy 718.

The typical microstructure of EBM manufactured Alloy 718, in the hatch region that is molten by
raster scan strategy, consists of long columnar γ grains with strong <100> texture along the building
direction [8–11]. Deng et al. reported that due to the spot melting strategy, the microstructure in
the contour region is different from that of the hatch region [9]. The contour region has a mix of
curved columnar grains, fine equiaxed grains and some large grains. In addition, it has also been
demonstrated that it is possible to alter the morphology of grains, such as to vary the primary dendrite
arm spacing and to attain equiaxed grain structure by carefully modifying the scanning strategy for
melting [3,4,11–13]. The Laves phase is reported to be present in only in the top few layers; in-situ
homogenization, due to the elevated powder bed temperature, leads to the dissolution of the Laves
phase in the remainder of the build height [10,14]. The distribution of δ phase in an as-built part is
dependent on the processing temperature, build configuration (other parts that are co-built during the
manufacturing process), the cooling rate at the end of the build (from the powder bed temperature)
and so forth [15,16]. Heterogeneous tensile properties along the build direction are reported to be
a result of heterogeneous δ phase distribution. In addition, microstructural defects such as lack of
fusion (LoF), porosity and so forth, could lead to inferior mechanical properties of Alloy 718 when
manufactured with EBM [17]. The origin of defects in the EBM process has been studied in the past
and was determined to be related to the process parameters [18,19].

Post-build processing of EBM manufactured Alloy 718 is a possible way to eliminate the
undesirable defects (pores, LoF, cracks etc.) and phases (Laves) in the microstructure, in addition
to achieving microstructural homogeneity. Most commonly employed post-processing treatments
include solution treatment and aging (STA), hot isostatic pressing (HIP), machining and most often,
a combination of these treatments. In case of as-cast Alloy 718, El-Bagoury et al. employed a HIP
temperature in the range of 1120–1190 ◦C for 2 to 6 h at 200 MPa, which resulted in minimal porosity
content and homogeneity of the microstructure [20]. The upper limit for the HIP temperature was
chosen based on the findings of Rao et al. where exposure to temperatures exceeding 1200 ◦C led
to grain growth [21]. Post HIP, the specimens are subjected to solutionizing treatment (typically
in the temperature range of 950 ◦C–1050 ◦C and 1 to 2 h) to control δ and the Laves phase in the
microstructure [22]. Schneider et al. and Chlebus et al. investigated the effect of heat treatment on the
microstructure of SLM manufactured Alloy 718 and reported improvements in tensile strength and
ductility compared to the as-built condition [23,24]. Similarly, Kirka et al. and Deng et al. reported
improvements in the tensile properties for EBM manufactured Alloy 718 [9,25].

Research has been reported on the evaluation of the mechanical properties of EBM manufactured
Alloy 718 using specimens which encompass only the hatch region and not much work has
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been reported the investigation of mechanical properties by retaining the contour region [9,17,25].
Antonysamy et al. [7] and Deng et al. [9] have reported the difference in grain morphology in the
contour and the hatch region for Ti-64 and Alloy 718 respectively. The complete removal of the contour
regions, similar to the specimens used for testing, in parts with complex geometries might not be
always practical; scaling down the geometric complexity to simplify the removal of the contour region
would undermine the geometric capabilities of the technology. Therefore, it is important to understand
the influence of the contour region on the mechanical properties. This work aims to investigate the
mechanical properties of EBM manufactured Alloy 718 specimens (by retaining the contour region)
and to gain further insights into the influence of the contour region on the mechanical properties.
Therefore, Alloy 718 specimens were produced by EBM and hereafter are referred to as ‘as-built’
specimens. One batch of the as-built specimens was subjected to solution treatment and ageing (STA),
which will hereafter be referred to as ‘STA’ specimens. The other batch of specimens was subjected
to hot isostatic pressing (HIP) followed by STA and hereafter these will be referred to as ‘HIP+STA’
specimens. The three variations, that is, as-built, STA and HIP+STA, were analysed using a light
optical microscope (LOM) and scanning electron microscope (SEM) with regard to microstructure
details such as defects and phases. Hardness tests were performed at different locations along the
build direction (close to the build plate, at the middle of the build and near the top the build) of
the specimens. The three variations were tensile tested and their fracture surfaces were analysed
using SEM. Fatigue properties were evaluated only in STA and HIP+STA conditions. However, to
understand the effect of the contour region, three surface conditions were investigated, namely the
‘raw’ as-built surface, the machined surface with the contour region and the machined surface without
the contour region.

2. Materials and Methods

2.1. Specimen Manufacturing

An Arcam A2X machine with EBM control v4.2 was used to build 63 fatigue test specimens,
15 tensile test specimens, eight Charpy impact test specimens and seven other specimens. The fatigue
test specimens built in this work had dimensions of 11.5 mm × 11.5 mm × 90 mm, whereas the tensile
test specimens had dimensions of 15 mm × 5.5 mm × 95 mm. Out of the 63 specimens, 48 were
used for four-point bending fatigue tests and 11 out of 15 specimens were used for tensile testing.
The remaining specimens from the build were utilized for microstructural analysis or other additional
tests. The build layout with all the specimens is shown in Figure 1.
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arm spacing [4]. EBM offers some benefits over selective laser melting (SLM), the other powder
bed fusion technology, such as the capability to control the build environment using a controlled
vacuum (minimizing the risk of oxide formation during the processing) and elevated processing
temperature (approximately 1000 ◦C for superalloys) in the build chamber which reduces the residual
stresses in the built component and so forth [5]. Murr et al. compared the mechanical properties of
Ti-based alloys manufactured by SLM and EBM and showed that EBM manufactured alloys exhibited
superior mechanical properties (higher ductility and lower brittle phase formation) [6]. Furthermore,
Antonysamy et al. reported that the fracture surface of EBM manufactured Ti-based alloys resembled
the wrought alloys, which is highly desirable [7]. Therefore, EBM is a promising processing route for
the manufacturing of high-performance engineering components.

Alloy 718, also referred to as Inconel-718, is a Ni–Fe based superalloy that finds application in gas
turbine engine components, such as discs, blades and so forth, due to its capability to retain mechanical
properties and corrosion resistance at high temperatures (650 ◦C). In addition, it possesses excellent
formability and weldability. The phase composition of Alloy 718 predominantly consists of γ matrix
along with the precipitates of γ’, γ”, δ and, in addition, some carbides (also referred to as ‘MC’s),
which were also found in the EBM manufactured Alloy 718 [8,9]. These precipitates, specifically γ”,
provide the desired mechanical properties to Alloy 718.

The typical microstructure of EBM manufactured Alloy 718, in the hatch region that is molten by
raster scan strategy, consists of long columnar γ grains with strong <100> texture along the building
direction [8–11]. Deng et al. reported that due to the spot melting strategy, the microstructure in
the contour region is different from that of the hatch region [9]. The contour region has a mix of
curved columnar grains, fine equiaxed grains and some large grains. In addition, it has also been
demonstrated that it is possible to alter the morphology of grains, such as to vary the primary dendrite
arm spacing and to attain equiaxed grain structure by carefully modifying the scanning strategy for
melting [3,4,11–13]. The Laves phase is reported to be present in only in the top few layers; in-situ
homogenization, due to the elevated powder bed temperature, leads to the dissolution of the Laves
phase in the remainder of the build height [10,14]. The distribution of δ phase in an as-built part is
dependent on the processing temperature, build configuration (other parts that are co-built during the
manufacturing process), the cooling rate at the end of the build (from the powder bed temperature)
and so forth [15,16]. Heterogeneous tensile properties along the build direction are reported to be
a result of heterogeneous δ phase distribution. In addition, microstructural defects such as lack of
fusion (LoF), porosity and so forth, could lead to inferior mechanical properties of Alloy 718 when
manufactured with EBM [17]. The origin of defects in the EBM process has been studied in the past
and was determined to be related to the process parameters [18,19].

Post-build processing of EBM manufactured Alloy 718 is a possible way to eliminate the
undesirable defects (pores, LoF, cracks etc.) and phases (Laves) in the microstructure, in addition
to achieving microstructural homogeneity. Most commonly employed post-processing treatments
include solution treatment and aging (STA), hot isostatic pressing (HIP), machining and most often,
a combination of these treatments. In case of as-cast Alloy 718, El-Bagoury et al. employed a HIP
temperature in the range of 1120–1190 ◦C for 2 to 6 h at 200 MPa, which resulted in minimal porosity
content and homogeneity of the microstructure [20]. The upper limit for the HIP temperature was
chosen based on the findings of Rao et al. where exposure to temperatures exceeding 1200 ◦C led
to grain growth [21]. Post HIP, the specimens are subjected to solutionizing treatment (typically
in the temperature range of 950 ◦C–1050 ◦C and 1 to 2 h) to control δ and the Laves phase in the
microstructure [22]. Schneider et al. and Chlebus et al. investigated the effect of heat treatment on the
microstructure of SLM manufactured Alloy 718 and reported improvements in tensile strength and
ductility compared to the as-built condition [23,24]. Similarly, Kirka et al. and Deng et al. reported
improvements in the tensile properties for EBM manufactured Alloy 718 [9,25].

Research has been reported on the evaluation of the mechanical properties of EBM manufactured
Alloy 718 using specimens which encompass only the hatch region and not much work has
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been reported the investigation of mechanical properties by retaining the contour region [9,17,25].
Antonysamy et al. [7] and Deng et al. [9] have reported the difference in grain morphology in the
contour and the hatch region for Ti-64 and Alloy 718 respectively. The complete removal of the contour
regions, similar to the specimens used for testing, in parts with complex geometries might not be
always practical; scaling down the geometric complexity to simplify the removal of the contour region
would undermine the geometric capabilities of the technology. Therefore, it is important to understand
the influence of the contour region on the mechanical properties. This work aims to investigate the
mechanical properties of EBM manufactured Alloy 718 specimens (by retaining the contour region)
and to gain further insights into the influence of the contour region on the mechanical properties.
Therefore, Alloy 718 specimens were produced by EBM and hereafter are referred to as ‘as-built’
specimens. One batch of the as-built specimens was subjected to solution treatment and ageing (STA),
which will hereafter be referred to as ‘STA’ specimens. The other batch of specimens was subjected
to hot isostatic pressing (HIP) followed by STA and hereafter these will be referred to as ‘HIP+STA’
specimens. The three variations, that is, as-built, STA and HIP+STA, were analysed using a light
optical microscope (LOM) and scanning electron microscope (SEM) with regard to microstructure
details such as defects and phases. Hardness tests were performed at different locations along the
build direction (close to the build plate, at the middle of the build and near the top the build) of
the specimens. The three variations were tensile tested and their fracture surfaces were analysed
using SEM. Fatigue properties were evaluated only in STA and HIP+STA conditions. However, to
understand the effect of the contour region, three surface conditions were investigated, namely the
‘raw’ as-built surface, the machined surface with the contour region and the machined surface without
the contour region.

2. Materials and Methods

2.1. Specimen Manufacturing

An Arcam A2X machine with EBM control v4.2 was used to build 63 fatigue test specimens,
15 tensile test specimens, eight Charpy impact test specimens and seven other specimens. The fatigue
test specimens built in this work had dimensions of 11.5 mm × 11.5 mm × 90 mm, whereas the tensile
test specimens had dimensions of 15 mm × 5.5 mm × 95 mm. Out of the 63 specimens, 48 were
used for four-point bending fatigue tests and 11 out of 15 specimens were used for tensile testing.
The remaining specimens from the build were utilized for microstructural analysis or other additional
tests. The build layout with all the specimens is shown in Figure 1.
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Commercially available plasma atomized powder provided by Arcam with a chemical
composition as listed in Table 1 and size range of 40–105 µm was used in this work. One single
batch of virgin powder was used to build the specimens. The standard build theme, Inco 4.2.76,
provided by Arcam, was utilized for printing the Alloy 718 specimens. In this theme, there are three
‘contours’ that are melted using the ‘multi-spot’ strategy. The ‘hatch’ is melted using ‘snaking’ strategy,
which features one continuous line from the starting point until the end point. A schematic sketch of
the EBM manufacturing strategy is shown in Figure 2a. The contour region extends up to ~1.5 mm
from the periphery. The hatch region starts from ~2 mm from the periphery; between the contour and
the hatch is the contour-hatch interface region. Figure 2b is a schematic to explain the ‘line’ melting
and ‘multi-spot’ melting strategies for the contour. In the ‘line’ melting strategy, the electron beam is
moved from one end to the other in one pass, whereas in the ‘multi-spot’ melting strategy, the melting
is carried out as a sequence of line segments, from one end to the other, until the entire length is molten.
The exact sequence and the length of the segments are dependent on the total length of the line to
be melted (dependent on part geometry), the number of spots, speed function or beam velocity and
spot time and so forth. Some of the key processing parameters utilized are listed in Table 2. All the
compensation functions in the theme were used and were not altered.

Table 1. The chemical composition of Alloy 718 powder used to manufacture the specimens
investigated in this study.

Element Ni Cr Nb+Ta Mo Co Ti Al Mn

wt % 52.54 18.9 4.9 2.97 <0.01 0.98 0.47 0.18

Element Si Cu C P S B Ta Fe

wt % 0.04 0.0 0.03 <0.001 0.001 <0.001 <0.01 bal.

Table 2. Process parameters in the Inco 4.2.76 theme for electron beam melting (EBM) manufacturing
of Alloy 718.

Parameter Outer Contour Inner Contours Hatch

Max. melt current (mA) 8 8 18
Speed function 6 30 63

Focus offset (mA) 3 3 15
No. of spots [multi-spot] 40 40 N/A

Spot on time (ms) [multi-spot] 0.6 1.1 N/A
Spot overlap (mm) [multi-spot] 0.3 0.2 N/A

Layer thickness (µm) 75
Hatch rotation (degree) 72

Pre-heat temperature (◦C) 1025
Line off-set in hatch (mm) 0.125

Off-set between hatch and contour (mm) 0.2
Off-set between contours (mm) 0.3

After the build completion, the ‘sinter-cake’ was removed from the powder bed to recover the
sintered powder using an Arcam powder recovery system. The specimens were cut off from the build
plate using a band saw.
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the lines as well as between the contour and the hatch in the melting strategy. (b) Schematic image
representing ‘line’ melting and ‘multi-spot’ melting strategies.

2.2. Metallography

Metallographic analysis of the as-built, the STA and the HIP+STA specimens was performed
at three locations, including the midsection, the top and the bottom end of the fatigue bars. For the
specimens in STA and HIP+STA conditions, the location identifiers were lost during machining of the
specimens; hence, the top and the bottom could not be identified. The ends are denoted as ‘end 1′ and
‘end 2′ henceforth. Samples were cut, mounted, ground and polished using standard metallographic
procedures. Electrolytic etching was done with oxalic acid and 3V for ~5 s to reveal the microstructure.
Microstructural investigations were performed with a Zeiss AX10 light optical microscope at suitable
magnifications. In addition, detailed analyses at higher magnifications were performed using Zeiss
EVO 50 SEM fitted with Oxford XmaxN energy dispersive X-ray spectroscopy (EDS) or a Hitachi
SU70 FEG SEM, equipped with EDS and electron backscatter diffraction (EBSD) systems from Oxford
Instruments. Texture analysis was performed with the scanning step size of 1–2 µm and analysed
using the HKL Channel 5 software.

2.3. Thermal Post-Treatment

HIP was performed in a Quintus QIH21 HIP furnace at 1200 ◦C and 120 MPa for 4 h followed by
uniform rapid quenching (URQ). STA was performed in a vacuum furnace. The solution treatment
was performed at 1066 ◦C for 1 h and argon quenched to 65 ◦C. This was followed by a two-step ageing
treatment at 760 ◦C for 10 h at 649 ◦C for 8 h, with furnace cooling at 55 ◦C/h between the two steps
and argon cooled to room temperature at the end. One batch containing 24 fatigue specimens (out of
48) and four tensile specimens (out of 11) was subjected to HIP followed by STA, which are referred
to as the ‘HIP+STA’ specimens. Another batch containing the remaining 24 fatigue specimens and
four tensile specimens was STA treated, which are referred to as the ‘STA’ specimens. The remaining
specimens were retained in the as-built condition.

2.4. Hardness Testing

An HMV Microhardness Shimadzu machine was used to measure Vickers hardness (HV1). A load
of 1 kg was applied for 15 s with a suitable distance between the individual indents and from the edge
of the samples. The tests were performed on cross-sections perpendicular to the build direction in
as-polished samples. For each specimen, at least 15 indents were made to obtain reasonable statistics.
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Commercially available plasma atomized powder provided by Arcam with a chemical
composition as listed in Table 1 and size range of 40–105 µm was used in this work. One single
batch of virgin powder was used to build the specimens. The standard build theme, Inco 4.2.76,
provided by Arcam, was utilized for printing the Alloy 718 specimens. In this theme, there are three
‘contours’ that are melted using the ‘multi-spot’ strategy. The ‘hatch’ is melted using ‘snaking’ strategy,
which features one continuous line from the starting point until the end point. A schematic sketch of
the EBM manufacturing strategy is shown in Figure 2a. The contour region extends up to ~1.5 mm
from the periphery. The hatch region starts from ~2 mm from the periphery; between the contour and
the hatch is the contour-hatch interface region. Figure 2b is a schematic to explain the ‘line’ melting
and ‘multi-spot’ melting strategies for the contour. In the ‘line’ melting strategy, the electron beam is
moved from one end to the other in one pass, whereas in the ‘multi-spot’ melting strategy, the melting
is carried out as a sequence of line segments, from one end to the other, until the entire length is molten.
The exact sequence and the length of the segments are dependent on the total length of the line to
be melted (dependent on part geometry), the number of spots, speed function or beam velocity and
spot time and so forth. Some of the key processing parameters utilized are listed in Table 2. All the
compensation functions in the theme were used and were not altered.

Table 1. The chemical composition of Alloy 718 powder used to manufacture the specimens
investigated in this study.

Element Ni Cr Nb+Ta Mo Co Ti Al Mn

wt % 52.54 18.9 4.9 2.97 <0.01 0.98 0.47 0.18

Element Si Cu C P S B Ta Fe

wt % 0.04 0.0 0.03 <0.001 0.001 <0.001 <0.01 bal.

Table 2. Process parameters in the Inco 4.2.76 theme for electron beam melting (EBM) manufacturing
of Alloy 718.

Parameter Outer Contour Inner Contours Hatch

Max. melt current (mA) 8 8 18
Speed function 6 30 63

Focus offset (mA) 3 3 15
No. of spots [multi-spot] 40 40 N/A

Spot on time (ms) [multi-spot] 0.6 1.1 N/A
Spot overlap (mm) [multi-spot] 0.3 0.2 N/A

Layer thickness (µm) 75
Hatch rotation (degree) 72

Pre-heat temperature (◦C) 1025
Line off-set in hatch (mm) 0.125

Off-set between hatch and contour (mm) 0.2
Off-set between contours (mm) 0.3

After the build completion, the ‘sinter-cake’ was removed from the powder bed to recover the
sintered powder using an Arcam powder recovery system. The specimens were cut off from the build
plate using a band saw.
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2.2. Metallography

Metallographic analysis of the as-built, the STA and the HIP+STA specimens was performed
at three locations, including the midsection, the top and the bottom end of the fatigue bars. For the
specimens in STA and HIP+STA conditions, the location identifiers were lost during machining of the
specimens; hence, the top and the bottom could not be identified. The ends are denoted as ‘end 1′ and
‘end 2′ henceforth. Samples were cut, mounted, ground and polished using standard metallographic
procedures. Electrolytic etching was done with oxalic acid and 3V for ~5 s to reveal the microstructure.
Microstructural investigations were performed with a Zeiss AX10 light optical microscope at suitable
magnifications. In addition, detailed analyses at higher magnifications were performed using Zeiss
EVO 50 SEM fitted with Oxford XmaxN energy dispersive X-ray spectroscopy (EDS) or a Hitachi
SU70 FEG SEM, equipped with EDS and electron backscatter diffraction (EBSD) systems from Oxford
Instruments. Texture analysis was performed with the scanning step size of 1–2 µm and analysed
using the HKL Channel 5 software.

2.3. Thermal Post-Treatment

HIP was performed in a Quintus QIH21 HIP furnace at 1200 ◦C and 120 MPa for 4 h followed by
uniform rapid quenching (URQ). STA was performed in a vacuum furnace. The solution treatment
was performed at 1066 ◦C for 1 h and argon quenched to 65 ◦C. This was followed by a two-step ageing
treatment at 760 ◦C for 10 h at 649 ◦C for 8 h, with furnace cooling at 55 ◦C/h between the two steps
and argon cooled to room temperature at the end. One batch containing 24 fatigue specimens (out of
48) and four tensile specimens (out of 11) was subjected to HIP followed by STA, which are referred
to as the ‘HIP+STA’ specimens. Another batch containing the remaining 24 fatigue specimens and
four tensile specimens was STA treated, which are referred to as the ‘STA’ specimens. The remaining
specimens were retained in the as-built condition.

2.4. Hardness Testing

An HMV Microhardness Shimadzu machine was used to measure Vickers hardness (HV1). A load
of 1 kg was applied for 15 s with a suitable distance between the individual indents and from the edge
of the samples. The tests were performed on cross-sections perpendicular to the build direction in
as-polished samples. For each specimen, at least 15 indents were made to obtain reasonable statistics.
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2.5. Tensile Testing

Tensile tests were conducted along the build direction on specimens in as-built condition as
well as in both post-treated conditions. The specimens were machined to the conventional flat dog
bone type geometry with a parallel section length of 26.8 mm and a rectangular cross section of
5.25 mm by 3 mm. The radius between the narrow section and the grip section was 10 mm. The tests
were conducted in ambient conditions at a strain rate of 10−3/s using Instron 5582 and Instron 8802
machines; post-treated specimens were tested in Instron 5582, while the as-built specimens were tested
in Instron 8802. A minimum of three specimens were tested for each test condition.

2.6. Fatigue Testing

Specimens for fatigue testing were prepared by machining and low stress grinding after the
thermal post-treatments. Out of all the specimens used for fatigue testing, 30 were machined on all
four sides, whereas 18 other specimens were machined such that three sides were completely machined
and one of the sides was machined partially to retain the “raw” as-built surface. The “raw” as-built
surface was retained for 40 mm in the middle of the partially machined side. This was performed
to facilitate proper contact between the rollers in the test fixture and the specimens (at the machined
areas). Out of the 30 completely machined specimens, 18 were machined to have 10 mm × 10 mm
sides, while 12 others were machined to a smaller 6 mm × 6 mm sides. The smaller specimens were
machined such that only the hatch region was present and the entire contour region was removed
(see the schematic representation in Figure 3). All specimens were 80 mm long and the edges were
rounded off suitably to avoid edge effects. The machined surfaces were finished to a Ra value of 0.2 µm.
A summary of the specimen conditions is presented in Table 3.

Materials 2018, 11, x FOR PEER REVIEW  6 of 23 

 

Tensile tests were conducted along the build direction on specimens in as-built condition as well 
as in both post-treated conditions. The specimens were machined to the conventional flat dog bone 
type geometry with a parallel section length of 26.8 mm and a rectangular cross section of 5.25 mm 
by 3 mm. The radius between the narrow section and the grip section was 10 mm. The tests were 
conducted in ambient conditions at a strain rate of 10−3/s using Instron 5582 and Instron 8802 
machines; post-treated specimens were tested in Instron 5582, while the as-built specimens were 
tested in Instron 8802. A minimum of three specimens were tested for each test condition. 

2.6. Fatigue Testing 

Specimens for fatigue testing were prepared by machining and low stress grinding after the 
thermal post-treatments. Out of all the specimens used for fatigue testing, 30 were machined on all 
four sides, whereas 18 other specimens were machined such that three sides were completely 
machined and one of the sides was machined partially to retain the “raw” as-built surface. The “raw” 
as-built surface was retained for 40 mm in the middle of the partially machined side. This was 
performed to facilitate proper contact between the rollers in the test fixture and the specimens (at the 
machined areas). Out of the 30 completely machined specimens, 18 were machined to have 
10 mm × 10 mm sides, while 12 others were machined to a smaller 6 mm × 6 mm sides. The smaller 
specimens were machined such that only the hatch region was present and the entire contour region 
was removed (see the schematic representation in Figure 3). All specimens were 80 mm long and the 
edges were rounded off suitably to avoid edge effects. The machined surfaces were finished to a Ra 
value of 0.2 µm. A summary of the specimen conditions is presented in Table 3. 

 
Figure 3. A schematic representation indicating the location of the extracted fatigue specimens from 
the built specimens. 

Table 3. Specimen types for fatigue testing. 

Thermal Post-
Treatment 

Surface Post-
Treatment 

Cross-Section 
(mm2) 

No. of 
Specimens 

HIP+STA As-built 10 × 10 9 
HIP+STA Machined 10 × 10 9 
HIP+STA Machined 6 × 6 6 

STA As-built 10 × 10  9 
STA Machined 10 × 10  9 
STA Machined  6 × 6 6 

Load controlled four-point bending fatigue tests were performed in constant amplitude mode 
on a servo-hydraulic test machine. The testing machine was fitted with a self-aligning four-point 
bending fixture, an Instron 8800 controller and a ±30 kN load cell. The tests were performed at room 
temperature, stress ratio R = 0.1 and 20 Hz frequency. The specimens in different thermal and surface 
post-treated conditions were tested with at least three different stress ranges. The as-built specimens 
were mounted on the four-point bending fatigue fixture such that the “raw” as-built surface was 

Figure 3. A schematic representation indicating the location of the extracted fatigue specimens from
the built specimens.

Table 3. Specimen types for fatigue testing.

Thermal
Post-Treatment

Surface
Post-Treatment

Cross-Section
(mm2) No. of Specimens

HIP+STA As-built 10 × 10 9
HIP+STA Machined 10 × 10 9
HIP+STA Machined 6 × 6 6

STA As-built 10 × 10 9
STA Machined 10 × 10 9
STA Machined 6 × 6 6

Load controlled four-point bending fatigue tests were performed in constant amplitude mode
on a servo-hydraulic test machine. The testing machine was fitted with a self-aligning four-point
bending fixture, an Instron 8800 controller and a ±30 kN load cell. The tests were performed at room
temperature, stress ratio R = 0.1 and 20 Hz frequency. The specimens in different thermal and surface
post-treated conditions were tested with at least three different stress ranges. The as-built specimens
were mounted on the four-point bending fatigue fixture such that the “raw” as-built surface was
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under tensile stress due to bending. Some of the results from these tests have already been published
elsewhere [19].

2.7. Fractography

Fracture surfaces of both tensile and fatigue tested specimens were first analysed using an
Olympus SZX9 stereomicroscope. Further analysis at high magnification was performed using a Zeiss
EVO 50 SEM.

3. Results

3.1. Powder Characterization

The feedstock used in this study was pre-alloyed virgin powder of Alloy 718, manufactured
by plasma atomization. The powder particles were spherical with a minimal amount of satellites,
as shown in the low magnification secondary electron (SE) image in Figure 4a. The high magnification
SE images, Figure 4b,c, show the surface morphology of the powder that had a dendritic structure.
Furthermore, the surface morphology of the powder is typical of the virgin powder without the
presence of any particulate oxides.
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area indicated in (b).

3.2. Microstructure

The microstructural investigation in the present study includes characterization of the different
phases and their distribution, the different defects and their distribution and finally, texture analysis.
The top few layers, which have been reported to retain the solidification structure and Laves phase,
are not characterized in this study, as this region does not contribute to the bulk properties of tall
specimens/parts [10,14]. The results pertaining to the phases and defects for the three material
conditions are presented first, followed by the results of the texture analysis.

3.2.1. As-built Condition

Three types of defects, including lack of fusion (LoF), gas porosity and shrinkage porosity,
were present in the as-built condition as shown in Figure 5. These defects were distributed in a
different manner within the contour, the hatch and the contour-hatch interface regions. The LoF defects
were concentrated in the contour region and the contour-hatch interface region but were also present
randomly in the hatch region. The shrinkage porosities, however, were concentrated in the hatch
region and the contour-hatch interface region (appearing as strings aligned horizontally); very few
shrinkage porosities were found in the contour region. The gas porosities were randomly distributed
in all three regions. Some of these defects contained oxides of aluminium with some titanium nitride
particles precipitated on the oxides. An EDS map around a LoF defect is shown in Figure 6.
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2.5. Tensile Testing

Tensile tests were conducted along the build direction on specimens in as-built condition as
well as in both post-treated conditions. The specimens were machined to the conventional flat dog
bone type geometry with a parallel section length of 26.8 mm and a rectangular cross section of
5.25 mm by 3 mm. The radius between the narrow section and the grip section was 10 mm. The tests
were conducted in ambient conditions at a strain rate of 10−3/s using Instron 5582 and Instron 8802
machines; post-treated specimens were tested in Instron 5582, while the as-built specimens were tested
in Instron 8802. A minimum of three specimens were tested for each test condition.

2.6. Fatigue Testing

Specimens for fatigue testing were prepared by machining and low stress grinding after the
thermal post-treatments. Out of all the specimens used for fatigue testing, 30 were machined on all
four sides, whereas 18 other specimens were machined such that three sides were completely machined
and one of the sides was machined partially to retain the “raw” as-built surface. The “raw” as-built
surface was retained for 40 mm in the middle of the partially machined side. This was performed
to facilitate proper contact between the rollers in the test fixture and the specimens (at the machined
areas). Out of the 30 completely machined specimens, 18 were machined to have 10 mm × 10 mm
sides, while 12 others were machined to a smaller 6 mm × 6 mm sides. The smaller specimens were
machined such that only the hatch region was present and the entire contour region was removed
(see the schematic representation in Figure 3). All specimens were 80 mm long and the edges were
rounded off suitably to avoid edge effects. The machined surfaces were finished to a Ra value of 0.2 µm.
A summary of the specimen conditions is presented in Table 3.
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Table 3. Specimen types for fatigue testing.

Thermal
Post-Treatment

Surface
Post-Treatment

Cross-Section
(mm2) No. of Specimens

HIP+STA As-built 10 × 10 9
HIP+STA Machined 10 × 10 9
HIP+STA Machined 6 × 6 6

STA As-built 10 × 10 9
STA Machined 10 × 10 9
STA Machined 6 × 6 6

Load controlled four-point bending fatigue tests were performed in constant amplitude mode
on a servo-hydraulic test machine. The testing machine was fitted with a self-aligning four-point
bending fixture, an Instron 8800 controller and a ±30 kN load cell. The tests were performed at room
temperature, stress ratio R = 0.1 and 20 Hz frequency. The specimens in different thermal and surface
post-treated conditions were tested with at least three different stress ranges. The as-built specimens
were mounted on the four-point bending fatigue fixture such that the “raw” as-built surface was
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under tensile stress due to bending. Some of the results from these tests have already been published
elsewhere [19].

2.7. Fractography

Fracture surfaces of both tensile and fatigue tested specimens were first analysed using an
Olympus SZX9 stereomicroscope. Further analysis at high magnification was performed using a Zeiss
EVO 50 SEM.

3. Results

3.1. Powder Characterization

The feedstock used in this study was pre-alloyed virgin powder of Alloy 718, manufactured
by plasma atomization. The powder particles were spherical with a minimal amount of satellites,
as shown in the low magnification secondary electron (SE) image in Figure 4a. The high magnification
SE images, Figure 4b,c, show the surface morphology of the powder that had a dendritic structure.
Furthermore, the surface morphology of the powder is typical of the virgin powder without the
presence of any particulate oxides.
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Figure 4. Secondary electron (SE) image of powder particles. (a) Low magnification image of powder
particles. (b) High magnification image of one powder particle. (c) High magnification image of the
area indicated in (b).

3.2. Microstructure

The microstructural investigation in the present study includes characterization of the different
phases and their distribution, the different defects and their distribution and finally, texture analysis.
The top few layers, which have been reported to retain the solidification structure and Laves phase,
are not characterized in this study, as this region does not contribute to the bulk properties of tall
specimens/parts [10,14]. The results pertaining to the phases and defects for the three material
conditions are presented first, followed by the results of the texture analysis.

3.2.1. As-built Condition

Three types of defects, including lack of fusion (LoF), gas porosity and shrinkage porosity,
were present in the as-built condition as shown in Figure 5. These defects were distributed in a
different manner within the contour, the hatch and the contour-hatch interface regions. The LoF defects
were concentrated in the contour region and the contour-hatch interface region but were also present
randomly in the hatch region. The shrinkage porosities, however, were concentrated in the hatch
region and the contour-hatch interface region (appearing as strings aligned horizontally); very few
shrinkage porosities were found in the contour region. The gas porosities were randomly distributed
in all three regions. Some of these defects contained oxides of aluminium with some titanium nitride
particles precipitated on the oxides. An EDS map around a LoF defect is shown in Figure 6.
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In the as-built condition, the microstructure in the contour was different from that of the hatch
region. The contour region was composed of a combination of fine curved columnar grains elongated
towards the building direction, some fine equiaxed grains and some long/large grains. The majority
of the equiaxed grains were present at the periphery of the specimen, which was in contact with the
powder bed. The contour-hatch interface region had columnar grains that curved towards the hatch
region along the build direction. The hatch region consisted of long columnar grains typical for EBM
manufactured material. Representative images showing these features are presented in Figure 7a,b.
In the hatch region, some of the grain boundaries contained needle-like δ phase as shown in Figure 7c.
These columnar grains also contain vertically aligned strings of carbides (NbC). The microstructure at
different locations (top, middle and bottom of the specimens) was found to be identical in terms of the
defects, grain morphology, NbC and δ phase distribution.Materials 2018, 11, x FOR PEER REVIEW  10 of 23 
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In the STA condition, as seen in Figure 7d,e, the contour region showed the presence of fine 
curved columnar grains, fine equiaxed grains and some long/large grains as observed in the as-built 
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region were also present (see Figure 8). In addition, the needle-like δ phase was found in some of the 
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Figure 7. BSE images of the microstructure. (a–c) As-built condition, (d–f) STA condition,
(g–i) HIP+STA condition. Images (a,d,g) show the contour region. All other images are from the
hatch region. Images (c,f) are in etched condition; all other images are in as-polished condition. δ phase
particles are indicated by the ellipses.

3.2.2. STA Condition

In the STA condition, as seen in Figure 7d,e, the contour region showed the presence of fine curved
columnar grains, fine equiaxed grains and some long/large grains as observed in the as-built condition;
in addition, columnar grains in the hatch region and columnar grains curved towards the hatch region
were also observed. The vertically aligned strings of carbides in the grains of the hatch region were also
present (see Figure 8). In addition, the needle-like δ phase was found in some of the grain boundaries;
however, the size of the δ phase precipitates appears to be smaller than those observed in the as-built
condition (compare Figure 7c,f). Furthermore, all the defects, such as gas porosity, shrinkage porosity
and LoF were also present in a distribution similar to the as-built condition.
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In the as-built condition, the microstructure in the contour was different from that of the hatch
region. The contour region was composed of a combination of fine curved columnar grains elongated
towards the building direction, some fine equiaxed grains and some long/large grains. The majority
of the equiaxed grains were present at the periphery of the specimen, which was in contact with the
powder bed. The contour-hatch interface region had columnar grains that curved towards the hatch
region along the build direction. The hatch region consisted of long columnar grains typical for EBM
manufactured material. Representative images showing these features are presented in Figure 7a,b.
In the hatch region, some of the grain boundaries contained needle-like δ phase as shown in Figure 7c.
These columnar grains also contain vertically aligned strings of carbides (NbC). The microstructure at
different locations (top, middle and bottom of the specimens) was found to be identical in terms of the
defects, grain morphology, NbC and δ phase distribution.Materials 2018, 11, x FOR PEER REVIEW  10 of 23 
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Figure 7. BSE images of the microstructure. (a–c) As-built condition, (d–f) STA condition,
(g–i) HIP+STA condition. Images (a,d,g) show the contour region. All other images are from the
hatch region. Images (c,f) are in etched condition; all other images are in as-polished condition. δ phase
particles are indicated by the ellipses.

3.2.2. STA Condition

In the STA condition, as seen in Figure 7d,e, the contour region showed the presence of fine curved
columnar grains, fine equiaxed grains and some long/large grains as observed in the as-built condition;
in addition, columnar grains in the hatch region and columnar grains curved towards the hatch region
were also observed. The vertically aligned strings of carbides in the grains of the hatch region were also
present (see Figure 8). In addition, the needle-like δ phase was found in some of the grain boundaries;
however, the size of the δ phase precipitates appears to be smaller than those observed in the as-built
condition (compare Figure 7c,f). Furthermore, all the defects, such as gas porosity, shrinkage porosity
and LoF were also present in a distribution similar to the as-built condition.
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Figure 8. High magnification the BSE image showing strings of vertically aligned carbides. The white
arrow indicates the building direction. Some of the carbide particles are indicated by arrows. Note:
For the sake of brevity, the image showing carbide distribution is presented only for the STA condition.

3.2.3. HIP+STA Condition

In the HIP+STA treated specimens, large equiaxed grains were present in the contour region at
the periphery as shown in Figure 7g. The grain size seems to have increased, as observed in the plane
parallel to the building direction, indicating that exposure to 1200 ◦C for 4 h in the HIP treatment
results in grain growth; compare Figure 7a,d,g. In the hatch region, the columnar microstructure which
has columnar grains oriented along the build direction was observed to have the same size as the
other two conditions (see Figure 7b,e,h). Additionally, all of the shrinkage porosities appear to have
healed. Some of the porosities and LoF defects were not fully healed, indicating that the HIP+STA
post-treatment performed in this work could not eliminate the defects completely. Furthermore, in this
condition, the δ phase that was observed in the as-built condition and the STA condition was not
found; the carbide precipitates, on the other hand, were found in a distribution similar to the other
two conditions.

3.2.4. Texture

The columnar grains in the hatch region had a strong <100> texture along the building direction
in the as-built condition. The contour region, which had three distinct grain morphologies, was not as
textured as the hatch region. In the STA condition, a similar texture was observed pertaining to both
the hatch and the contour regions, as seen in Figure 9. In the HIP+STA condition, <100> texture along
the building direction was retained. The grains in the contour region were observed to have grown
due to HIP treatment; however, the randomness in the orientation of grains was still present, as seen
in Figure 10.
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Figure 9. An STA specimen. (a) BSE image of hatch region; (b) BSE image of contour region; (c) EBSD
IPF map of hatch region indicated in (a); (d) EBSD IPF map of contour region indicated in (b). (e) IPF
map legend to interpret (c,d).
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map legend to interpret (b,c).
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Figure 8. High magnification the BSE image showing strings of vertically aligned carbides. The white
arrow indicates the building direction. Some of the carbide particles are indicated by arrows. Note:
For the sake of brevity, the image showing carbide distribution is presented only for the STA condition.

3.2.3. HIP+STA Condition

In the HIP+STA treated specimens, large equiaxed grains were present in the contour region at
the periphery as shown in Figure 7g. The grain size seems to have increased, as observed in the plane
parallel to the building direction, indicating that exposure to 1200 ◦C for 4 h in the HIP treatment
results in grain growth; compare Figure 7a,d,g. In the hatch region, the columnar microstructure which
has columnar grains oriented along the build direction was observed to have the same size as the
other two conditions (see Figure 7b,e,h). Additionally, all of the shrinkage porosities appear to have
healed. Some of the porosities and LoF defects were not fully healed, indicating that the HIP+STA
post-treatment performed in this work could not eliminate the defects completely. Furthermore, in this
condition, the δ phase that was observed in the as-built condition and the STA condition was not
found; the carbide precipitates, on the other hand, were found in a distribution similar to the other
two conditions.

3.2.4. Texture

The columnar grains in the hatch region had a strong <100> texture along the building direction
in the as-built condition. The contour region, which had three distinct grain morphologies, was not as
textured as the hatch region. In the STA condition, a similar texture was observed pertaining to both
the hatch and the contour regions, as seen in Figure 9. In the HIP+STA condition, <100> texture along
the building direction was retained. The grains in the contour region were observed to have grown
due to HIP treatment; however, the randomness in the orientation of grains was still present, as seen
in Figure 10.
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map legend to interpret (c,d).
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IPF map of hatch region indicated in (a). (c) EBSD IPF map of contour region indicated in (a). (d) IPF
map legend to interpret (b,c).



Materials 2019, 12, 68 12 of 21

3.3. Hardness

The hardness measurements acquired from different locations of the as-built (bottom, middle and
top region) and the two post-treated specimens (end 1, end 2 and middle) did not show a significant
variation along the build direction. Therefore, the hardness measurements obtained from different
locations of these specimens are grouped together and reported (see Figure 11). The HIP+STA and the
STA specimens had higher hardness compared to the as-built specimens. The HIP+STA specimens,
on average, had a slightly higher hardness compared to the STA specimens.
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3.4. Tensile Properties

The tensile test results of the as-built, STA and HIP+STA material conditions are presented in
Table 4. The yield strength (YS) and the ultimate tensile strength (UTS) in the as-built condition were
inferior to both the STA and the HIP+STA condition. Specimens in both the thermal post-treated
conditions had comparable mean values of YS and UTS. The highest elongation to fracture was
observed for specimens in the HIP+STA condition, whereas the elongation was the lowest in the STA
condition; the as-built condition showed moderate elongation.

Table 4. Tensile properties of EBM manufactured Alloy 718.

Material Condition Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa) Elongation (%) Young’s

Modulus (GPa)

As-built 920 ± 16 1075 ± 46 10 ± 3 138 ± 5
STA 1096 ± 6 1172 ± 30 6 ± 1 137 ± 7

HIP+STA 1100 ± 13 1190 ± 33 14 ± 1 142 ± 4
Cast (AMS 5383) [26] ≥ 760 ≥ 860 ≥ 5 -

Wrought (AMS 5662) [27] ≥ 1034 ≥ 1275 ≥ 12 -

Fracture surface analysis of the ruptured specimens reveals more information on the differences
in tensile properties. The fracture surfaces of specimens after tensile testing showed a typical dimpled,
ductile fracture appearance, in all three material conditions (as-built, STA, HIP+STA). In the as-built and
the STA conditions, shrinkage porosity and LoF defects were found, as seen in Figure 12a–f. The LoF
defects often contained partially melted powder particles and an oxide film, as seen in Figure 12c,e.
These defects had a detrimental effect on the tensile ductility. In the HIP+STA condition, no shrinkage
porosity was observed on the fracture surface, which is in agreement with the microstructural analysis
discussed earlier. The LoF defects were, in this case, found to be partially healed, that is, the LoF sites
showed a fibrous appearance resembling that of dimples, with finely distributed oxide particles in
between the fibrous regions (see Figure 12g–i).
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The characterization of surface roughness and its effect on crack initiation, the effect of distribution 
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Figure 12. SE images of tensile fracture surfaces of (a–c) the as-built condition; (d–f) the STA condition
and (g–i) the HIP+STA condition. (b,e) Shrinkage porosities; (e,f) LoF defect area. (i) The partially
healed LoF area.

3.5. Fatigue Properties

The fatigue life of EBM manufactured Alloy 718 after different thermal post-treatments, such as
STA and HIP+STA in combination with different surface post-treatments such as the ‘raw’ as-built
surface, the machined surface with the contour region retained (10 × 10 cross-section) and the machined
surface without the contour (6 × 6 cross section) are presented in Figure 13. In all specimens with the
‘raw’ as-built surface, the fatigue life was affected by both the valley-like features in the surface and LoF
defects in the contour region, as seen in Figure 14. In the specimens with machined surfaces that have
10 × 10 cross sections (in which the contour region was still present), the fatigue life was adversely
affected by the presence of LoF defects. Post-treatments such as machining and HIP only marginally
improve the fatigue performance and often a large scatter in fatigue life exists. The characterization
of surface roughness and its effect on crack initiation, the effect of distribution and the nature of LoF
defects on fatigue life have been formerly published [19].

The complete removal of the contour region by machining (for specimens with 6 × 6 cross section)
improved fatigue life significantly. In the STA condition, removing the contour region improved
fatigue life by approximately an order of magnitude compared to the specimens with contour, whereas
in the HIP+STA condition the improvement in fatigue life is roughly two orders of magnitude. In the
STA condition, shrinkage porosities are present in the crack propagation region, as seen in Figure 15.
These defects were not present in the fracture surfaces of HIP+STA treated specimens. Two specimens
in the HIP+STA condition, one each tested at 600 MPa and 725 MPa, sustained 5 million cycles and did
not fracture. One of the specimens tested at 725 MPa failed at a relatively lower life and had fatigue
crack initiation from a LoF defect on the side surface of the specimen (adjacent side to the loading side).
This LoF defect had not healed because of the presence of oxides and it was not removed by machining.
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3.3. Hardness

The hardness measurements acquired from different locations of the as-built (bottom, middle and
top region) and the two post-treated specimens (end 1, end 2 and middle) did not show a significant
variation along the build direction. Therefore, the hardness measurements obtained from different
locations of these specimens are grouped together and reported (see Figure 11). The HIP+STA and the
STA specimens had higher hardness compared to the as-built specimens. The HIP+STA specimens,
on average, had a slightly higher hardness compared to the STA specimens.
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Figure 11. Vickers hardness (HV1) in the as-built and post-treated conditions.

3.4. Tensile Properties

The tensile test results of the as-built, STA and HIP+STA material conditions are presented in
Table 4. The yield strength (YS) and the ultimate tensile strength (UTS) in the as-built condition were
inferior to both the STA and the HIP+STA condition. Specimens in both the thermal post-treated
conditions had comparable mean values of YS and UTS. The highest elongation to fracture was
observed for specimens in the HIP+STA condition, whereas the elongation was the lowest in the STA
condition; the as-built condition showed moderate elongation.

Table 4. Tensile properties of EBM manufactured Alloy 718.

Material Condition Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa) Elongation (%) Young’s

Modulus (GPa)

As-built 920 ± 16 1075 ± 46 10 ± 3 138 ± 5
STA 1096 ± 6 1172 ± 30 6 ± 1 137 ± 7

HIP+STA 1100 ± 13 1190 ± 33 14 ± 1 142 ± 4
Cast (AMS 5383) [26] ≥ 760 ≥ 860 ≥ 5 -

Wrought (AMS 5662) [27] ≥ 1034 ≥ 1275 ≥ 12 -

Fracture surface analysis of the ruptured specimens reveals more information on the differences
in tensile properties. The fracture surfaces of specimens after tensile testing showed a typical dimpled,
ductile fracture appearance, in all three material conditions (as-built, STA, HIP+STA). In the as-built and
the STA conditions, shrinkage porosity and LoF defects were found, as seen in Figure 12a–f. The LoF
defects often contained partially melted powder particles and an oxide film, as seen in Figure 12c,e.
These defects had a detrimental effect on the tensile ductility. In the HIP+STA condition, no shrinkage
porosity was observed on the fracture surface, which is in agreement with the microstructural analysis
discussed earlier. The LoF defects were, in this case, found to be partially healed, that is, the LoF sites
showed a fibrous appearance resembling that of dimples, with finely distributed oxide particles in
between the fibrous regions (see Figure 12g–i).
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3.5. Fatigue Properties

The fatigue life of EBM manufactured Alloy 718 after different thermal post-treatments, such as
STA and HIP+STA in combination with different surface post-treatments such as the ‘raw’ as-built
surface, the machined surface with the contour region retained (10 × 10 cross-section) and the machined
surface without the contour (6 × 6 cross section) are presented in Figure 13. In all specimens with the
‘raw’ as-built surface, the fatigue life was affected by both the valley-like features in the surface and LoF
defects in the contour region, as seen in Figure 14. In the specimens with machined surfaces that have
10 × 10 cross sections (in which the contour region was still present), the fatigue life was adversely
affected by the presence of LoF defects. Post-treatments such as machining and HIP only marginally
improve the fatigue performance and often a large scatter in fatigue life exists. The characterization
of surface roughness and its effect on crack initiation, the effect of distribution and the nature of LoF
defects on fatigue life have been formerly published [19].

The complete removal of the contour region by machining (for specimens with 6 × 6 cross section)
improved fatigue life significantly. In the STA condition, removing the contour region improved
fatigue life by approximately an order of magnitude compared to the specimens with contour, whereas
in the HIP+STA condition the improvement in fatigue life is roughly two orders of magnitude. In the
STA condition, shrinkage porosities are present in the crack propagation region, as seen in Figure 15.
These defects were not present in the fracture surfaces of HIP+STA treated specimens. Two specimens
in the HIP+STA condition, one each tested at 600 MPa and 725 MPa, sustained 5 million cycles and did
not fracture. One of the specimens tested at 725 MPa failed at a relatively lower life and had fatigue
crack initiation from a LoF defect on the side surface of the specimen (adjacent side to the loading side).
This LoF defect had not healed because of the presence of oxides and it was not removed by machining.
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All specimens in the HIP+STA condition with the contour region (the ‘raw’ as-built specimens
and machined specimens with 10 × 10 cross-section) had a faceted appearance on the fracture surface,
whereas the specimens without the contour region (machined specimens with 6 × 6 cross-section) did
not show a faceted appearance, as seen in Figure 16a–c. The STA specimens did not show any such
faceting behaviour (see Figure 14).
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4. Discussion

4.1. Powder Characteristics

The spherical particle morphology and minimal satellite particles, features of the powder used
in the present study, are essential characteristics for good powder packing density and flowability.
The presence of excess amounts of satellite-like features and the irregular shape of the powder particles
leads to poor packing density and flowability [28]. The flowability of the powder influences how the
powder is dispensed on to the powder bed, which along with the packing density could affect the
build characteristics [29]. Formation of particulate oxides on the powder surface, deformation of the
powder surfaces and changes in size distribution have been observed after the recycling of powders
used in powder bed additive manufacturing [30–32]. These changes have been observed to affect the
flowability of the powder. Several studies on the effects of recycling of powders and its influence on
mechanical properties in powder bed additive manufacturing have concluded that the limiting factor
for recycling could be oxygen pickup during the process and that not all mechanical properties are
affected by the recycling [32–34].

4.2. Microstructure

The differences in the microstructure between the contour and the hatch are related to the
different melting strategies. The ‘multi-spot’ strategy of the contours leads to multiple small melt
pools. The steepest thermal gradient, which is locally normal to the melt pool boundary, is towards the
centre of these individual spots (or short line segments). In addition, the presence of powder particles
provides numerous heterogeneous nucleation sites. These new grains grow along the steepest thermal
gradient and hence are curved and elongated. The long <100> textured grains are possibly at the
centre of individual melt pools which form due to epitaxial grain growth from the bottom. Some of the
powder particles at the periphery are only partially melted. This leads to the presence of numerous
fine equiaxed grains at the periphery. The presence of other equiaxed grains could be due to random
stray grain formation caused by local melt pool conditions. The re-melting of the solidified contour,
due to overlap between the adjacent contour passes, leads to the formation of large grains as a result
of epitaxial grain growth from the sides. The ‘snaking’ strategy in the hatch leads to the formation
of a single large melt pool [35]. The steepest thermal gradient is still locally normal to the melt pool
surface, which leads to the curvature of grains in the contour-hatch interface region. However, due to
the rotation of the hatching direction for each layer, the highest average global thermal gradient of this



Materials 2019, 12, 68 14 of 21Materials 2018, 11, x FOR PEER REVIEW  15 of 23 

 

 
Figure 13. SN curves of EBM manufactured Alloy 718 in different post-treated conditions. 

 

Figure 14. SE images of fatigue fracture surfaces showing the crack initiation area in the ‘raw’ as-built 
surface condition of (a) an STA specimen; (b) an HIP+STA specimen. The yellow dotted lines indicate 
the LoF area. . 

The complete removal of the contour region by machining (for specimens with 6 × 6 cross 
section) improved fatigue life significantly. In the STA condition, removing the contour region 
improved fatigue life by approximately an order of magnitude compared to the specimens with 
contour, whereas in the HIP+STA condition the improvement in fatigue life is roughly two orders of 
magnitude. In the STA condition, shrinkage porosities are present in the crack propagation region, 
as seen in Figure 15. These defects were not present in the fracture surfaces of HIP+STA treated 
specimens. Two specimens in the HIP+STA condition, one each tested at 600 MPa and 725 MPa, 
sustained 5 million cycles and did not fracture. One of the specimens tested at 725 MPa failed at a 
relatively lower life and had fatigue crack initiation from a LoF defect on the side surface of the 
specimen (adjacent side to the loading side). This LoF defect had not healed because of the presence 
of oxides and it was not removed by machining. 

Figure 13. SN curves of EBM manufactured Alloy 718 in different post-treated conditions.

Materials 2018, 11, x FOR PEER REVIEW  15 of 23 

 

 
Figure 13. SN curves of EBM manufactured Alloy 718 in different post-treated conditions. 

 

Figure 14. SE images of fatigue fracture surfaces showing the crack initiation area in the ‘raw’ as-built 
surface condition of (a) an STA specimen; (b) an HIP+STA specimen. The yellow dotted lines indicate 
the LoF area. . 

The complete removal of the contour region by machining (for specimens with 6 × 6 cross 
section) improved fatigue life significantly. In the STA condition, removing the contour region 
improved fatigue life by approximately an order of magnitude compared to the specimens with 
contour, whereas in the HIP+STA condition the improvement in fatigue life is roughly two orders of 
magnitude. In the STA condition, shrinkage porosities are present in the crack propagation region, 
as seen in Figure 15. These defects were not present in the fracture surfaces of HIP+STA treated 
specimens. Two specimens in the HIP+STA condition, one each tested at 600 MPa and 725 MPa, 
sustained 5 million cycles and did not fracture. One of the specimens tested at 725 MPa failed at a 
relatively lower life and had fatigue crack initiation from a LoF defect on the side surface of the 
specimen (adjacent side to the loading side). This LoF defect had not healed because of the presence 
of oxides and it was not removed by machining. 

Figure 14. SE images of fatigue fracture surfaces showing the crack initiation area in the ‘raw’ as-built
surface condition of (a) an STA specimen; (b) an HIP+STA specimen. The yellow dotted lines indicate
the LoF area.Materials 2018, 11, x FOR PEER REVIEW  16 of 23 

 

 
Figure 15. SEM images of the fatigue fracture surface of a 6 × 6 specimen in the STA condition; (a) 
overview, (b) shrinkage porosities in the crack propagation area. 

All specimens in the HIP+STA condition with the contour region (the ‘raw’ as-built specimens 
and machined specimens with 10 × 10 cross-section) had a faceted appearance on the fracture surface, 
whereas the specimens without the contour region (machined specimens with 6 × 6 cross-section) did 
not show a faceted appearance, as seen in Figure 16a–c. The STA specimens did not show any such 
faceting behaviour (see Figure 14). 

 
Figure 16. SEM images of the fracture surfaces of HIP+STA treated specimens in different surface 
conditions: (a) the ‘raw’ as-built surface, (b) the machined surface with the contour region and (c) the 
machined surface without contour region. 

4. Discussion 

4.1. Powder Characteristics 

The spherical particle morphology and minimal satellite particles, features of the powder used 
in the present study, are essential characteristics for good powder packing density and flowability. 
The presence of excess amounts of satellite-like features and the irregular shape of the powder 
particles leads to poor packing density and flowability [28]. The flowability of the powder influences 
how the powder is dispensed on to the powder bed, which along with the packing density could 
affect the build characteristics [29]. Formation of particulate oxides on the powder surface, 
deformation of the powder surfaces and changes in size distribution have been observed after the 
recycling of powders used in powder bed additive manufacturing [30–32]. These changes have been 
observed to affect the flowability of the powder. Several studies on the effects of recycling of powders 
and its influence on mechanical properties in powder bed additive manufacturing have concluded 
that the limiting factor for recycling could be oxygen pickup during the process and that not all 
mechanical properties are affected by the recycling [32–34]. 

4.2. Microstructure 

Figure 15. SEM images of the fatigue fracture surface of a 6 × 6 specimen in the STA condition;
(a) overview, (b) shrinkage porosities in the crack propagation area.

Materials 2019, 12, 68 15 of 21

All specimens in the HIP+STA condition with the contour region (the ‘raw’ as-built specimens
and machined specimens with 10 × 10 cross-section) had a faceted appearance on the fracture surface,
whereas the specimens without the contour region (machined specimens with 6 × 6 cross-section) did
not show a faceted appearance, as seen in Figure 16a–c. The STA specimens did not show any such
faceting behaviour (see Figure 14).
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4. Discussion

4.1. Powder Characteristics

The spherical particle morphology and minimal satellite particles, features of the powder used
in the present study, are essential characteristics for good powder packing density and flowability.
The presence of excess amounts of satellite-like features and the irregular shape of the powder particles
leads to poor packing density and flowability [28]. The flowability of the powder influences how the
powder is dispensed on to the powder bed, which along with the packing density could affect the
build characteristics [29]. Formation of particulate oxides on the powder surface, deformation of the
powder surfaces and changes in size distribution have been observed after the recycling of powders
used in powder bed additive manufacturing [30–32]. These changes have been observed to affect the
flowability of the powder. Several studies on the effects of recycling of powders and its influence on
mechanical properties in powder bed additive manufacturing have concluded that the limiting factor
for recycling could be oxygen pickup during the process and that not all mechanical properties are
affected by the recycling [32–34].

4.2. Microstructure

The differences in the microstructure between the contour and the hatch are related to the
different melting strategies. The ‘multi-spot’ strategy of the contours leads to multiple small melt
pools. The steepest thermal gradient, which is locally normal to the melt pool boundary, is towards the
centre of these individual spots (or short line segments). In addition, the presence of powder particles
provides numerous heterogeneous nucleation sites. These new grains grow along the steepest thermal
gradient and hence are curved and elongated. The long <100> textured grains are possibly at the
centre of individual melt pools which form due to epitaxial grain growth from the bottom. Some of the
powder particles at the periphery are only partially melted. This leads to the presence of numerous
fine equiaxed grains at the periphery. The presence of other equiaxed grains could be due to random
stray grain formation caused by local melt pool conditions. The re-melting of the solidified contour,
due to overlap between the adjacent contour passes, leads to the formation of large grains as a result
of epitaxial grain growth from the sides. The ‘snaking’ strategy in the hatch leads to the formation
of a single large melt pool [35]. The steepest thermal gradient is still locally normal to the melt pool
surface, which leads to the curvature of grains in the contour-hatch interface region. However, due to
the rotation of the hatching direction for each layer, the highest average global thermal gradient of this
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large melt pool (away from the contour-hatch interface region) is along the building direction. Due to
the epitaxial growth of FCC γ grains (which have the fastest crystal growth along <100> direction),
the grains that have <100> orientation along the building direction are favoured. This leads to the
formation of long columnar grains with strong <100> texture. Furthermore, Strondl et al. [17] reported
that the texture is unaffected by thermal post-treatments, which was also observed in the present work.
The grains in the contour region were found to have grown only in the HIP+STA specimens and not
the STA specimens. The higher temperature of the HIP treatment (compared to the STA treatment)
results in a higher diffusion rate, leading to grain growth. The reason why only the grains in the
contour region have grown is unclear. The driving force for grain growth in the contour region could
be to minimize the grain boundary area of the smaller grains in the region. Similar to these findings,
Kirka et al. have reported that the columnar grains in the hatch region do not grow when subjected to
a HIP treatment [13].

In the present study, in the as-built condition, the δ phase was found only in a few grain boundaries.
Deng et al. have reported preferential precipitation of the δ phase at high angle grain boundaries
in EBM manufactured Alloy 718 [9]. However, Kirka et al. have reported spurious precipitation of
the δ phase in the columnar grains [10] and Unonic et al. have observed different size fractions of
the δ phase at the top and bottom of the investigated specimens [36]. Such differences in the δ phase
precipitation are related to thermal conditions prevailing in the specific build designs, that is, the size of
the specimens, other components built together in the same build [36], build pre-heat temperature [15],
spacing between the specimens, the kind of support structure used, chemical composition of the
powder and cooling down after the build sequence [16]. At temperatures of ~900 ◦C, direct δ phase
precipitation from the FCC γ matrix is also possible [37], which would hinder the precipitation
of the primary strengthening phase (γ”). Since the EBM manufacturing is conducted at a higher
powder bed temperature, this direct precipitation of the δ phase is also possible. It was found that
the δ phase remained in certain grain boundaries even after the STA treatment in which the solution
treatment temperature (1066 ◦C) was above δ solvus. In HIP+STA treated specimens (the material
was exposed to 1200 ◦C) the δ phase was completely dissolved. The higher diffusion rate at higher
temperatures (compared to the STA treatment) leads to complete dissolution of the δ phase in HIP+STA
treated specimens. Deng et al. have reported complete dissolution of the δ phase after treatment at
1080 ◦C [9]. The small-sized δ phase observed in the present work found in the STA treated condition
could be a result of the incomplete dissolution of the precipitates. This effect could be attributed to
the local chemical variations of Nb distribution; however, further investigation is required to fully
understand this.

The presence of vertically aligned strings of carbides in the interdendritic region in EBM
manufactured Alloy 718 were also observed by Strondl et al. [8]. This is a result of columnar grain
growth, which results in the interdendritic regions being vertical and aligned along the build direction.
Since the carbides precipitate in the interdendritic regions, these manifest as strings aligned along the
build direction [14]. The temperature for HIP and STA treatments used in this study are lower than
the solvus temperature of NbC [38]. Therefore, the strings of carbides remain as strings and are not
dissolved by any of the applied post-treatments. Kirka et al. have reported that the size of the size of
the primary strengthening precipitates, γ”, can be different at the top and the bottom of the built parts
in the as-built condition depending on build conditions. Furthermore, they also reported uniform
size distribution of γ” after post-treatments. Though not investigated in this study, the uniformity in
hardness between the different locations in the specimens in the post-treated conditions is an indication
of a similar size distribution of γ”

The formation of defects and their preferential distribution stems from improper melting during
manufacturing, which is related to the different melting strategies [19,39]. The shrinkage porosities in
the hatch and the contour-hatch interface formed because of scan lines that were longer than optimal,
which led to lack of sufficient energy for melting. In the standard theme, the process variables, such as
beam current and velocity, are automatically controlled by the heat model algorithm together with
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several compensation functions [29]. The speed function in the theme works in a way that it adjusts
the beam current and velocity proportional to the length of scan lines to keep the time for melting
individual lines as constant, that is, as scan lines increase in length, both beam current and velocity
are increased. However, the beam current has a fixed maximum limit and if the scan length is further
increased, only the velocity of the beam increases. This results in lower energy for melting as the
optimal scan length is exceeded, leading to the formation of shrinkage porosities. The LoF defects in
the contour and contour-hatch interface are related to non-optimal ‘multi-spot’ melting parameters [29].
It is possible to optimize the parameters related to the contour regions to build parts with minimal
LoF defects [40]. Gas porosity is randomly distributed and originates from the powder [31]. All these
defects were least affected by the STA treatments, which was as expected. The HIP+STA treatment
resulted in the closure of most of the defects; some LoF defects were only partially healed, which was
confirmed to be related with the presence of oxides. The formation of oxides in EBM manufactured
Alloy 718 has been attributed to the powder [41]. The powder used to manufacture the specimens did
not have particulate oxides on the surface. Therefore, it is possible that the oxides observed on the
fracture surfaces were formed during the EBM process by transformation of the passive oxide layer in
the powder and/or by oxidation in the chamber [41].

4.3. Hardness

The post-treated specimens showed higher hardness than the as-built specimens, as expected due
to the precipitation hardening in Alloy 718 resulting from the applied ageing treatment. Comparing
the HIP+STA and STA specimens, the HIP+STA specimens showed slightly higher hardness which is
attributed to the closure of defects such as shrinkage porosity and LoF by the applied HIP treatment [42].
The difference, however, is not high enough to suggest that the HIP+STA treatment will lead to a
higher hardness than the STA treatment alone. Strondl et al. [17] reported that there is no difference
in hardness between the top and bottom of the builds, which was also observed in the present study.
Deng et al. [9] reported similar hardness values to that observed in the current work for the as-built
and post-treated EBM manufactured Alloy 718.

4.4. Tensile Properties

The YS and UTS of the specimens in both post-treated conditions were higher than in the as-built
specimens. This increase in YS and UTS is expected after an ageing treatment, after which the
precipitation of the γ” phase occurs. The elongation to fracture, however, was higher in the HIP+STA
treated specimens than in the as-built specimens. Since defects were healed (or partially healed in case
of LoFs, see Figure 12i) after HIP+STA treatment, these specimens showed higher elongation to failure.
This was also evident from the fractographic analysis. The STA treated specimens, on the other hand,
showed lesser elongation to failure than the as-built specimens, even though defects were present
in both the cases. The STA treatment does not affect the defects but leads to an increase in strength;
this increase in strength makes the material more notch sensitive, which manifests in a drop of ductility.
Strondl et al. reported that shrinkage porosities are responsible for the lesser elongation to fracture
in EBM manufactured Alloy 718 [17]. The Young’s modulus values measured parallel to the build
direction were comparable for the as-built and post-treated conditions. Additionally, the modulus
values obtained in this work are comparable to those reported by Körner et al., Deng et al. and Kumara
et al. using experimental and modelling studies for EBM manufactured Alloy 718 [9,43,44]. The low
Young’s modulus of ~140 GPa measured along the build direction are attributed to the fact that the
<100> direction is the softest direction in FCC crystals. A similar effect of the lower Young’s modulus
of ~160 GPa is also reported for SLM manufactured and post-treated Alloy 718 specimens due to the
<100> texture [24].

The tensile properties measured in this work for both post-treated conditions (STA and HIP+STA)
are higher than typical properties of cast Alloy 718; however, the wrought form of Alloy 718 has
still higher UTS. The differences in the mechanical properties between these different material forms
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large melt pool (away from the contour-hatch interface region) is along the building direction. Due to
the epitaxial growth of FCC γ grains (which have the fastest crystal growth along <100> direction),
the grains that have <100> orientation along the building direction are favoured. This leads to the
formation of long columnar grains with strong <100> texture. Furthermore, Strondl et al. [17] reported
that the texture is unaffected by thermal post-treatments, which was also observed in the present work.
The grains in the contour region were found to have grown only in the HIP+STA specimens and not
the STA specimens. The higher temperature of the HIP treatment (compared to the STA treatment)
results in a higher diffusion rate, leading to grain growth. The reason why only the grains in the
contour region have grown is unclear. The driving force for grain growth in the contour region could
be to minimize the grain boundary area of the smaller grains in the region. Similar to these findings,
Kirka et al. have reported that the columnar grains in the hatch region do not grow when subjected to
a HIP treatment [13].

In the present study, in the as-built condition, the δ phase was found only in a few grain boundaries.
Deng et al. have reported preferential precipitation of the δ phase at high angle grain boundaries
in EBM manufactured Alloy 718 [9]. However, Kirka et al. have reported spurious precipitation of
the δ phase in the columnar grains [10] and Unonic et al. have observed different size fractions of
the δ phase at the top and bottom of the investigated specimens [36]. Such differences in the δ phase
precipitation are related to thermal conditions prevailing in the specific build designs, that is, the size of
the specimens, other components built together in the same build [36], build pre-heat temperature [15],
spacing between the specimens, the kind of support structure used, chemical composition of the
powder and cooling down after the build sequence [16]. At temperatures of ~900 ◦C, direct δ phase
precipitation from the FCC γ matrix is also possible [37], which would hinder the precipitation
of the primary strengthening phase (γ”). Since the EBM manufacturing is conducted at a higher
powder bed temperature, this direct precipitation of the δ phase is also possible. It was found that
the δ phase remained in certain grain boundaries even after the STA treatment in which the solution
treatment temperature (1066 ◦C) was above δ solvus. In HIP+STA treated specimens (the material
was exposed to 1200 ◦C) the δ phase was completely dissolved. The higher diffusion rate at higher
temperatures (compared to the STA treatment) leads to complete dissolution of the δ phase in HIP+STA
treated specimens. Deng et al. have reported complete dissolution of the δ phase after treatment at
1080 ◦C [9]. The small-sized δ phase observed in the present work found in the STA treated condition
could be a result of the incomplete dissolution of the precipitates. This effect could be attributed to
the local chemical variations of Nb distribution; however, further investigation is required to fully
understand this.

The presence of vertically aligned strings of carbides in the interdendritic region in EBM
manufactured Alloy 718 were also observed by Strondl et al. [8]. This is a result of columnar grain
growth, which results in the interdendritic regions being vertical and aligned along the build direction.
Since the carbides precipitate in the interdendritic regions, these manifest as strings aligned along the
build direction [14]. The temperature for HIP and STA treatments used in this study are lower than
the solvus temperature of NbC [38]. Therefore, the strings of carbides remain as strings and are not
dissolved by any of the applied post-treatments. Kirka et al. have reported that the size of the size of
the primary strengthening precipitates, γ”, can be different at the top and the bottom of the built parts
in the as-built condition depending on build conditions. Furthermore, they also reported uniform
size distribution of γ” after post-treatments. Though not investigated in this study, the uniformity in
hardness between the different locations in the specimens in the post-treated conditions is an indication
of a similar size distribution of γ”

The formation of defects and their preferential distribution stems from improper melting during
manufacturing, which is related to the different melting strategies [19,39]. The shrinkage porosities in
the hatch and the contour-hatch interface formed because of scan lines that were longer than optimal,
which led to lack of sufficient energy for melting. In the standard theme, the process variables, such as
beam current and velocity, are automatically controlled by the heat model algorithm together with
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several compensation functions [29]. The speed function in the theme works in a way that it adjusts
the beam current and velocity proportional to the length of scan lines to keep the time for melting
individual lines as constant, that is, as scan lines increase in length, both beam current and velocity
are increased. However, the beam current has a fixed maximum limit and if the scan length is further
increased, only the velocity of the beam increases. This results in lower energy for melting as the
optimal scan length is exceeded, leading to the formation of shrinkage porosities. The LoF defects in
the contour and contour-hatch interface are related to non-optimal ‘multi-spot’ melting parameters [29].
It is possible to optimize the parameters related to the contour regions to build parts with minimal
LoF defects [40]. Gas porosity is randomly distributed and originates from the powder [31]. All these
defects were least affected by the STA treatments, which was as expected. The HIP+STA treatment
resulted in the closure of most of the defects; some LoF defects were only partially healed, which was
confirmed to be related with the presence of oxides. The formation of oxides in EBM manufactured
Alloy 718 has been attributed to the powder [41]. The powder used to manufacture the specimens did
not have particulate oxides on the surface. Therefore, it is possible that the oxides observed on the
fracture surfaces were formed during the EBM process by transformation of the passive oxide layer in
the powder and/or by oxidation in the chamber [41].

4.3. Hardness

The post-treated specimens showed higher hardness than the as-built specimens, as expected due
to the precipitation hardening in Alloy 718 resulting from the applied ageing treatment. Comparing
the HIP+STA and STA specimens, the HIP+STA specimens showed slightly higher hardness which is
attributed to the closure of defects such as shrinkage porosity and LoF by the applied HIP treatment [42].
The difference, however, is not high enough to suggest that the HIP+STA treatment will lead to a
higher hardness than the STA treatment alone. Strondl et al. [17] reported that there is no difference
in hardness between the top and bottom of the builds, which was also observed in the present study.
Deng et al. [9] reported similar hardness values to that observed in the current work for the as-built
and post-treated EBM manufactured Alloy 718.

4.4. Tensile Properties

The YS and UTS of the specimens in both post-treated conditions were higher than in the as-built
specimens. This increase in YS and UTS is expected after an ageing treatment, after which the
precipitation of the γ” phase occurs. The elongation to fracture, however, was higher in the HIP+STA
treated specimens than in the as-built specimens. Since defects were healed (or partially healed in case
of LoFs, see Figure 12i) after HIP+STA treatment, these specimens showed higher elongation to failure.
This was also evident from the fractographic analysis. The STA treated specimens, on the other hand,
showed lesser elongation to failure than the as-built specimens, even though defects were present
in both the cases. The STA treatment does not affect the defects but leads to an increase in strength;
this increase in strength makes the material more notch sensitive, which manifests in a drop of ductility.
Strondl et al. reported that shrinkage porosities are responsible for the lesser elongation to fracture
in EBM manufactured Alloy 718 [17]. The Young’s modulus values measured parallel to the build
direction were comparable for the as-built and post-treated conditions. Additionally, the modulus
values obtained in this work are comparable to those reported by Körner et al., Deng et al. and Kumara
et al. using experimental and modelling studies for EBM manufactured Alloy 718 [9,43,44]. The low
Young’s modulus of ~140 GPa measured along the build direction are attributed to the fact that the
<100> direction is the softest direction in FCC crystals. A similar effect of the lower Young’s modulus
of ~160 GPa is also reported for SLM manufactured and post-treated Alloy 718 specimens due to the
<100> texture [24].

The tensile properties measured in this work for both post-treated conditions (STA and HIP+STA)
are higher than typical properties of cast Alloy 718; however, the wrought form of Alloy 718 has
still higher UTS. The differences in the mechanical properties between these different material forms
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is attributed to differences in grain size, texture, defects, the condition of precipitate phases and so
forth [45,46]. Furthermore, for the HIP+STA condition, the YS achieved in this work is slightly higher
than that reported by Kirka et al. for EBM manufactured and HIP+STA post-treated Inconel 718 [25].
However, the UTS and elongation values achieved in this work were slightly lower compared to
those reported by Kirka et al. [25]. SLM manufactured and post-treated Alloy 718 material is often
reported to have higher YS and UTS values than the EBM manufactured material with similar or
higher ductility [24,25,47]. In addition, anisotropy in total plastic strain accumulation during LCF
testing of EBM manufactured Alloy 718 has also been reported [48]. Therefore, a detailed investigation
of the deformation behaviour of EBM manufactured Alloy 718 is necessary to fully understand and
explain the mechanical behaviour.

4.5. Fatigue Properties

The stress concentrations in the vicinity of both the valley like features in the ‘raw’ as-built surface
and the LoF defects promote crack initiation and thus result in poor fatigue performance of the 10 × 10
specimens. A detailed analysis of the effect of as-built surface and LoF defects on fatigue life has been
presented elsewhere [19]. These features, which were in the contour and contour-hatch interface region,
were present at/near the maximum stressed region under the bending load conditions. Therefore,
these defects have an even larger influence on the fatigue properties than the hatch region.

The complete removal of the contour region ensured removal of the LoF defects, which thereby
improved the fatigue strength significantly. In this case, only the hatch region influenced the fatigue
properties. In these small 6 × 6 specimens that were STA treated, shrinkage porosities affect crack
propagation, possibly by the local acceleration of crack growth rate when the crack front reaches
these defects. This was evident from the fracture surfaces that showed the presence of shrinkage
porosities in the crack propagation region, as shown in Figure 15. The closure of shrinkage porosities
due to HIP+STA treatment had a positive effect on crack propagation behaviour by eliminating the
local crack growth rate acceleration associated with these defects. Due to the compounding effect of
mitigating LoF defects and shrinkage porosities, that is, improved crack initiation and propagation
resistance, the HIP+STA treated 6 × 6 specimens showed fatigue life that was almost two orders of
magnitude higher.

In coarse-grained material, fatigue crack growth can happen via cyclic cleavage mode due to
the single shear mechanism [49]. Furthermore, the cyclic hardening behaviour of textured material
is different from that of non-textured polycrystalline material [49]. As described earlier, the grains
in the contour region of the HIP+STA specimens were coarsened and were not textured along the
build direction. In addition, the grains in the 6 × 6 specimens were all <100> textured and were not
coarsened. Therefore, differences in deformation behaviour and crack propagation behaviour due
to the difference in both the size and the texture of grains at/near the maximum stressed region of
the specimens could explain the faceting behaviour observed in the fracture surfaces of the HIP+STA
specimens. Similarly, the absence of faceting in STA specimens can be related to the randomly oriented
finer grain structure. Hence, it is possible that the <100> texture of the EBM manufactured material
influences both the crack initiation and crack propagation behaviour. As noted earlier, anisotropic total
plastic strain accumulation in LCF testing has been reported for EBM manufactured and HIP+STA
treated Alloy 718 [48]. Thorough investigations on the deformation behaviour of EBM manufactured
Alloy 718 are necessary to explain the influences of texture and grain size on the mechanical properties.

5. Conclusions

In this work, EBM manufactured Alloy 718 was investigated in the as-built condition and in two
thermal post-treated conditions, STA and HIP+STA. Mechanical properties such as hardness, tensile
and fatigue properties were evaluated. From this study, it can be concluded that:

• In the as-built condition, the needle-like δ phase was present only at certain grain boundaries.
In the STA condition, the δ phase precipitates were smaller in size than those observed in
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the as-built condition. In the HIP+STA condition, the δ phase was not observed at all due
to complete dissolution.

• The HIP+STA treatment resulted in grain coarsening in the contour region, while no change in
grain size was found after the STA treatment when compared to that of the as-built material.

• The hardness of the as-built material was lower than that of the STA and HIP+STA treated
materials. The material in the HIP+STA condition was marginally higher than in the
STA condition.

• The post-treatments led to an increase in YS and UTS. HIP+STA led to improved elongation
compared to STA due to the closure of defects but YS and UTS were comparable in both the
conditions. Fracture analysis of HIP+STA specimens showed partial healing of LoF defects.

• Fatigue strength improved with the HIP+STA treatment. The highest fatigue strength was
achieved when the contours were completely removed prior to testing.

• The faceted appearance of fatigue fracture surfaces was found to be affected by both the grain
size and the texture.
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is attributed to differences in grain size, texture, defects, the condition of precipitate phases and so
forth [45,46]. Furthermore, for the HIP+STA condition, the YS achieved in this work is slightly higher
than that reported by Kirka et al. for EBM manufactured and HIP+STA post-treated Inconel 718 [25].
However, the UTS and elongation values achieved in this work were slightly lower compared to
those reported by Kirka et al. [25]. SLM manufactured and post-treated Alloy 718 material is often
reported to have higher YS and UTS values than the EBM manufactured material with similar or
higher ductility [24,25,47]. In addition, anisotropy in total plastic strain accumulation during LCF
testing of EBM manufactured Alloy 718 has also been reported [48]. Therefore, a detailed investigation
of the deformation behaviour of EBM manufactured Alloy 718 is necessary to fully understand and
explain the mechanical behaviour.

4.5. Fatigue Properties

The stress concentrations in the vicinity of both the valley like features in the ‘raw’ as-built surface
and the LoF defects promote crack initiation and thus result in poor fatigue performance of the 10 × 10
specimens. A detailed analysis of the effect of as-built surface and LoF defects on fatigue life has been
presented elsewhere [19]. These features, which were in the contour and contour-hatch interface region,
were present at/near the maximum stressed region under the bending load conditions. Therefore,
these defects have an even larger influence on the fatigue properties than the hatch region.

The complete removal of the contour region ensured removal of the LoF defects, which thereby
improved the fatigue strength significantly. In this case, only the hatch region influenced the fatigue
properties. In these small 6 × 6 specimens that were STA treated, shrinkage porosities affect crack
propagation, possibly by the local acceleration of crack growth rate when the crack front reaches
these defects. This was evident from the fracture surfaces that showed the presence of shrinkage
porosities in the crack propagation region, as shown in Figure 15. The closure of shrinkage porosities
due to HIP+STA treatment had a positive effect on crack propagation behaviour by eliminating the
local crack growth rate acceleration associated with these defects. Due to the compounding effect of
mitigating LoF defects and shrinkage porosities, that is, improved crack initiation and propagation
resistance, the HIP+STA treated 6 × 6 specimens showed fatigue life that was almost two orders of
magnitude higher.

In coarse-grained material, fatigue crack growth can happen via cyclic cleavage mode due to
the single shear mechanism [49]. Furthermore, the cyclic hardening behaviour of textured material
is different from that of non-textured polycrystalline material [49]. As described earlier, the grains
in the contour region of the HIP+STA specimens were coarsened and were not textured along the
build direction. In addition, the grains in the 6 × 6 specimens were all <100> textured and were not
coarsened. Therefore, differences in deformation behaviour and crack propagation behaviour due
to the difference in both the size and the texture of grains at/near the maximum stressed region of
the specimens could explain the faceting behaviour observed in the fracture surfaces of the HIP+STA
specimens. Similarly, the absence of faceting in STA specimens can be related to the randomly oriented
finer grain structure. Hence, it is possible that the <100> texture of the EBM manufactured material
influences both the crack initiation and crack propagation behaviour. As noted earlier, anisotropic total
plastic strain accumulation in LCF testing has been reported for EBM manufactured and HIP+STA
treated Alloy 718 [48]. Thorough investigations on the deformation behaviour of EBM manufactured
Alloy 718 are necessary to explain the influences of texture and grain size on the mechanical properties.

5. Conclusions

In this work, EBM manufactured Alloy 718 was investigated in the as-built condition and in two
thermal post-treated conditions, STA and HIP+STA. Mechanical properties such as hardness, tensile
and fatigue properties were evaluated. From this study, it can be concluded that:

• In the as-built condition, the needle-like δ phase was present only at certain grain boundaries.
In the STA condition, the δ phase precipitates were smaller in size than those observed in
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the as-built condition. In the HIP+STA condition, the δ phase was not observed at all due
to complete dissolution.

• The HIP+STA treatment resulted in grain coarsening in the contour region, while no change in
grain size was found after the STA treatment when compared to that of the as-built material.

• The hardness of the as-built material was lower than that of the STA and HIP+STA treated
materials. The material in the HIP+STA condition was marginally higher than in the
STA condition.

• The post-treatments led to an increase in YS and UTS. HIP+STA led to improved elongation
compared to STA due to the closure of defects but YS and UTS were comparable in both the
conditions. Fracture analysis of HIP+STA specimens showed partial healing of LoF defects.

• Fatigue strength improved with the HIP+STA treatment. The highest fatigue strength was
achieved when the contours were completely removed prior to testing.

• The faceted appearance of fatigue fracture surfaces was found to be affected by both the grain
size and the texture.
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A B S T R A C T

Electron Beam Powder Bed Fusion process for Alloy 718 was investigated, in the sense of microstructural evo-
lution with varying process conditions. The existence of a geometric relationship between the melt front and the
processing parameters was observed. By understanding and capitalizing on this relationship, it was possible to
obtain columnar, equiaxed or bimodal microstructure.

1. Introduction

Electron Beam Powder Bed Fusion (EB-PBF) is being used for
manufacturing with a variety of materials such as titanium alloys, nickel
superalloys, cobalt chrome alloys, steels, intermetallics and, more
recently, even amorphous metals. The current standard melting theme,
that is provided by Arcam, for processing Alloy 718 in an Arcam A2X
Electron Beam Melting (EBM) utilizes ‘multi-spot’ melting for the con-
tour region (periphery) and ‘raster’ melting for the hatch region (bulk).
Deng et al. [1] showed that, the contour region has heterogeneous grain
morphologies with weak texture and the hatch region has columnar
grains and strong <100> texture along the build direction. Helmer et al.
[2] modified the ‘raster’ scanning strategy by lowering the line offset,
increasing the beam velocity and altering the scan rotation to achieve an
equiaxed microstructure instead of the columnar one. They were able to
achieve an equiaxed microstructure; however, there was still strong
texture along the build direction. Raghavan [3] investigated the use of a
variety of ‘spot’ melting strategies and showed that it is possible to
achieve an equiaxed microstructure with a lower texture, but it was not
possible to eliminate texture completely. In these strategies, the electron
beam stays at a specific ‘spot’ for a defined time resulting in a circular
melt pool corresponding to each spot. These spots are moved along a
defined path to complete the melting of each layer. Furthermore, it was
shown that using these strategies it is possible to control the primary

dendrite arm spacing and the grain size of the columnar microstructure.
It has also been shown that the columnar microstructure has anisotropic
tensile properties while the equiaxed microstructure has isotropic tensile
properties [1,4]. While the melting strategy is clearly explained in the
above studies, it is not clear if it was implemented in the Arcam EBM
machine using the existing themes such as “melt theme”, “net theme”,
“point net theme”, etc., or if a custom themewas developed to control the
electron gun; it is more likely the later. In the present work, parameters in
the “melt theme” available in the standard Inco 4.2.76 theme are utilized
to explore the possibility of microstructure tailoring. Herein, ‘multi-spot’
hatch strategies are explored which is similar to the strategy used to melt
the contours in the standard theme. In this strategy, the electron beam
melts a number of short line segments, the length of which is dependent
on the chosen ‘multi-spot’ hatch parameters; therefore, the shape of the
individual melt pools also vary depending on these parameters.
Furthermore, in the present study, the effects of tailoring the micro-
structure on-demand within a single part using these different melting
strategies has been investigated; particularly to the nature of interfaces
that form between the two adjacent domains that are tailored to have
different microstructures.

1.1. Experimental procedures

An Arcam A2X EBM machine running EBM control v4.2, using the
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Arcam standard theme Inco 4.2.76, was used to build 36 cubes having 20
mm sides. The cubes were built in three separate runs, completing a
systematic design of experiments (DoE) study modifying the parameters
in Table 1 within the indicated range, which also includes the ‘multi-spot’
hatch parameters. Plasma atomized Alloy 718 powder provided by
Arcam having a size range of 40–105 μm, which was recycled through a
number of builds, was used to build the cubes. All the builds started when
the pre-heating temperature reached 1025 �C. The layer thickness used
was 75 μm. All the cubes were built only with the ‘multi-spot’ hatching
and no contouring was used. During the building process, the melting of a
few layers, of each of the cubes, was filmed using a Digital single-lens
reflex (DSLR) camera.

To study the effect of melting adjacent areas with different melting
themes, a part 40 mm � 40 mm x 20 mm in size was designed and
manufactured. Within the part, four domains were molten in the
sequence 1–4; two domains were molten with the raster melting strategy
to achieve the columnar microstructure and two other domains were
molten with the multi-spot melting strategy to achieve an equiaxed
microstructure. A pictorial representation of this part is shown in Fig. 1.
In this part, from the interfaces 1–3 and 2–4, the effect of the melting
sequence while changing the melting strategies along the building di-
rection can be inferred; no overlap was used for these two interfaces.
Similarly, from the interfaces 1–2 and 3–4, the effect of the melting
sequence while changing the melting strategies within the same layer (xy
plane) can be inferred. Two different overlaps of 200 μm and 2 mm have
been used to investigate the above two interfaces.

After the build completion, the ‘sinter-cake’ was removed from the
powder bed, to recover the sintered powder using an Arcam powder
recovery system and the cubes were removed from the build plate by
cutting off the supports. The top surfaces of the cubes were analysed
using an Olympus SZX9 stereomicroscope. Metallographic specimens
were prepared following the standard metallographic procedures
including sectioning, mounting, grinding and polishing. Electrolytic

etching was performed with oxalic acid at 3 V for ~5 s. Light optical
microscopy (LOM) was carried out using a Zeiss AX10. Further high
magnification analysis was carried out using a HITACHI TM3000 Scan-
ning Electron Microscope (SEM). Electron Backscattering Diffraction
(EBSD) was performed using a LEO Field Emission Gun (FEG) SEM and
Hitachi SU70 FEG SEM, both fitted with a HKL Nordlys EBSD detector
from Oxford instruments as well as on a LEO Gemini FEG SEM fitted with
a Symmetry EBSD detector from Oxford instruments and the analysis was
performed using MTEX toolbox [5] in MATLAB.

2. Results & discussions

In the ‘multi-spot’ hatch melting strategy, the melting is carried out as
a sequence of short line segments that follows a generated hatch pattern.
Depending on the process parameters, the total hatch length is divided
into a series of long line segments (hereafter referred to as line), and then
each of these lines are further dividend into a series of short line segments
(hereafter referred to as spot) to form the multi-spot melting hatch
pattern. The beammelts the first spot of each of the lines, before it returns
to the second spot of the first line. The process is repeated until all spots
have been melted, which corresponds to melting of the entire cross-
section. The process parameter window is given in Table 1 and the
hatch patterns for a select few parametric sets are shown in Fig. 2. The
red dots are the starting positions and the blue dashes are the length of
each of the spots. As the melting continues, the next spot starts at the end
of the blue dash and so on. Consequently, the apparent shape of the melt
fronts can be different, and are related to the process parameters. The
hatch patterns, and thus the melt fronts, have a direct geometric rela-
tionship to the part geometry and the process parameters. By under-
standing and capitalizing on this geometric relationship of the hatch
pattern with that of the processing parameters, it would be possible to
affect and control the solidifying conditions such as thermal gradient and
solidification velocity. This is illustrated in Fig. 3, in which video frames
just before the end of hatching and just after the end of hatching are
presented, which shows different shapes of the melt pools resulting from
the different hatch patterns. In Fig. 3 (a), the melt pool can be seen only at
the bottom of the image, where as in Fig. 3 (b), the melt pool has formed
across the whole cross-section.

The top surfaces of the cubes give a good indication of the quality of
the melting and the pattern that the melt front forms in the layer. These
patterns were confirmed against the corresponding videos captured using
the DSLR camera to be representative of the aforementioned hatch pat-
terns. Selected cubes from the study are presented in Fig. 4 to demon-
strate the fact. In Fig. 4 (a), (b), (d) and (e) the patterns of the melt front
are obvious; in Fig. 4 (a) it appears as if four straight melt fronts formed,
two moving from the edges towards the center and two moving from the
center and moving towards the edges; thus forming two straight lines
where they eventually meet. These were also sites where some cracks
were found during the metallographic investigations, as shown in Fig. 5
(a). This is also evident, even on the top surface as in Fig. 4(b). The crack
formation is possibly a consequence of segregation and high angle grain
boundaries.

The quality of melting i.e., whether there is sufficient energy to form a
dense solid material or if there is over melting could also be inferred.
Fig. 4 (c) shows a porous structure, which is in good agreement with
micrograph shown in Fig. 5 (b). Fig. 4 (d) is an indication of over melting
as the top surface is not flat. Fig. 4 (e) shows distinct melt pools of in-
dividual spots while Fig. 4 (f) shows a smooth surface indicating for-
mation of single large melt pool, due to merging of the individual melt
pools. It was shown in an earlier study that if such merging of individual
melt pools occurred, an equiaxed microstructure could form [3]. In such
cases as in Fig. 3 (b), the thermal gradient is lower and the solidification
velocity is higher, compared to forming distinct melt pools or a melt pool
due to raster scanning [6,7], favoring columnar to equiaxed transition
[3]. For a given pattern to form a large melt pool by merging of the in-
dividual melt pools is dependent on the energy input Ein and spot return

Table 1
Process parameters of Inco 4.2.76 theme utilized in the DoE.

Parameter Symbol Multi-spot parameter Utilized range

Beam current (mA) Ib No 20–30
Beam velocity (m/s) v Yes 1000–4000
Line offset (μm) loff No 50–100
Line order – No 1–50
Snaking – No True/False
Number of spots n Yes 20–100
Spot time (ms) t Yes 0.05–2

Fig. 1. Pictorial representation of domains along xz plane molten with different
themes. C and E represent the columnar and the equiaxed domains respectively.
Numbers 1–4 represent the melting sequence.
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time tret..

Ein ¼ VIb
vloff

(1)

where Ein is the energy input per unit area (J/mm2), V is the accelerating
voltage (kV), Ib is the beam current (mA), v is the beam velocity (m/s), loff
is the line offset (μm). Sufficient energy input is required to get fully
dense part. If the energy input is insufficient, it results in a porous part; on
the other hand, if excess energy is supplied, it results in over melting. This
equation for energy input is identical to that of the raster scanning, which
could be used for ‘multi-spot’ hatching since the beam follows the same
path as the raster. However, the energy lost by conduction and radiation
will be higher due to ‘multi-spot’ hatching since the melting is not
continuous.

In the ‘multi-spot’ hatch melting strategy, the electron beam starts
melting at a spot and continues to all the remaining spots until a unique
hatch pattern is formed, as mentioned earlier. Then the beam returns to
the spots adjacent to the first set of spots, forming the identical hatch
pattern. Spot return time, tret, is the time taken for the electron beam to
return to the corresponding adjacent spots after melting all the remaining
spots of the hatch pattern.

tret ¼ ðn� 1Þt (2)

where n is the number of spots and t is the spot time (ms). The energy loss
due to conduction and radiation is proportional to the spot return time.
Understanding the balance between the energy loss and the energy input,
it would be possible to achieve merging of the individual melt pools to a
large melt pool, confirming the findings in the published research [3,6,
7].

Within the parameter sets evaluated, some resulted in formation of a
columnar microstructure while some resulted in formation of an equi-
axed microstructure and some resulted in a bimodal microstructure.
These are presented in Fig. 6 along with the corresponding pole figures in
Fig. 7. Clearly, the columnar microstructure has strong <100> texture
along the build direction while the equiaxed microstructure has random
crystal (grain) orientations; the bimodal microstructure has a slightly
weaker <100> texture compared to the columnar microstructure as
expected. The resulting microstructures are a consequence of the solidi-
fication conditions, namely the thermal gradient and the solidification
velocity. The solidification conditions are affected by the hatch pattern
and the balance between the energy input and the conduction energy loss
as discussed earlier.

The EBSD mapping of regions around the interfaces 1–3 and 2–4 are
shown in Fig. 8. The transition of the grain morphology at these in-
terfaces is rather abrupt, as expected, due to change in solidification
conditions explained earlier. This is in agreement with the earlier find-
ings of microstructure tailoring in PBF processes [3,8]. However, a few of
the favorably oriented grains grow across the interface, following the

Fig. 2. Multi-spot hatch patterns for different parametric sets. Cross-sections are 20 mm � 20 mm.
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thermal gradient, before the transition is complete in both the cases.
At the interfaces 1–2 and 3–4, a string of vertically aligned defects

was observed for the 200 μm overlap; however, for the 2 mm overlap
there were no defects at the interface and the transition between the
microstructures was rather sharp, see Fig. 9(a) and (b). The formation of
defects at the interface with low overlap is related to similar mechanisms
that render roughness at the periphery of the parts, see Fig. 9(c). Only
upon sufficient re-melting with a high overlap, these defects disappear.

2.1. Potential consequences

The difference in the extent of texture, and therefore the anisotropic
mechanical properties, between the different microstructures could lead
to strain localizationwhen these microstructures are tailored into a single
part, especially at the interfaces with sharp transitions as above. It has
been demonstrated already that the tensile fractures occur at these sites
of strain localization [8]. Such an effect can be an important design cri-
terion for parts that transition between thin and thick sections, such as
topologically optimized designs, where differences between the grain
morphology and texture occur [9]. In certain cases, a bimodal micro-
structure has shown better properties, for instance, the hold-time fatigue
crack propagation rates at elevated temperature were found to be lower
for a necklace microstructure in forged Alloy 718 [10].

By modifying the solidifying conditions, the amount of segregation as

well as the size fraction of the phases resulting from the segregation are
affected [11]. Therefore, the size fraction of the NbC could be different
for the three microstructures discussed earlier. In such cases, the disso-
lution and coarsening kinetics of the secondary phases will be different
and have an effect on the grain coarsening behaviour as well. Another
factor affecting the grain growth is the misorientation angle between the
grains, the high angle grain boundaries migrate faster than the low angle
boundaries [12]. It was found in an earlier study that the equiaxed
microstructure coarsened while the columnar microstructure did not
coarsen when subjected to the same post-treatment [4]. In another study,
it was found that for EBM build Alloy 718, the contour region having
heterogeneous grain morphology had grain growth while the hatch re-
gion of the same sample did not show appreciable grain growth after Hot
Isostatic Pressing (HIP) followed by Solution Treatment and Ageing
(STA) [13]. The difference in grain morphology and texture had a distinct
effect on the appearance of the fatigue fracture surfaces as well [13].

3. Conclusions

In the ‘multi-spot’ hatching strategy, a direct geometric relationship
exists between the processing parameters, the hatch patterns and the part
geometry. By understanding this relationship, and controlling the energy
input, it is possible to get different morphologies of the melt pools. Thus,
affecting the solidification conditions, which gives the opportunity to

Fig. 3. Melt pool shapes corresponding to two different parameter sets. (a), (c) correspond to hatch pattern in Fig. 2 (a). (b), (d) correspond to hatch pattern in
Fig. 2(e). Note: The videos were shot at an angle due to which the square cross-sections appear distorted.
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Fig. 4. Top surfaces of selected cubes.

Fig. 5. (a) SEM image showing cracks along the build direction. (b) LOM image showing porosity.
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Fig. 6. (a) Columnar microstructure. (b) Bimodal microstructure. (c) Equiaxed microstructure.

Fig. 7. Pole figures corresponding to the different microstructures generated from the EBSD data.
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tailor the microstructures; it is possible to generate columnar, equiaxed,
or bimodal microstructures. Melting adjacent domains with different
strategies to tailor the microstructure results in the formation of in-
terfaces with sharp microstructural transition.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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Towards understanding the fatigue  
behaviour of Alloy 718 manufactured by 
Powder Bed Fusion processes
Additive Manufacturing (AM) is a disruptive modern manufacturing process in which 
parts are manufactured in a layer-wise fashion. Among the metal AM processes, Powder 
Bed Fusion (PBF) technology — comprised of Electron Beam Powder Bed Fusion (EB-
PBF) and Laser Beam Powder Bed Fusion (LB-PBF) — has opened up a design space 
that was formerly unavailable with the conventional manufacturing processes. PBF pro-
cesses offer several advantages; however, the suitability of these processes to replace 
conventional processes must be investigated in detail. Therefore, understanding the PBF 
process – post-processing – microstructure – property relationships is crucial for manu- 
facturing high-performance components. In this regard, only a limited amount of work 
has been done towards understanding the fatigue behaviour of PBF Alloy 718. The aim 
of this work, therefore, is to understand how the fatigue behaviour of PBF Alloy 718 is 
affected by its microstructure. In addition, the influence of the rough as-built surface is 
also investigated. 
The <100> fiber texture induced an anisotropy in Young’s modulus that resulted in aniso-
tropic fatigue behaviour under controlled amplitudes of strain. Oxide inclusions and de-
fects such as lack of fusion and shrinkage porosity were detrimental for fatigue life. Hot 
Isostatic Pressing (HIP) led to closure of most defects and improved the fatigue perfor-
mance. Removal of the as-built surface improved the fatigue life. The rough as-built sur-
face had numerous crack initiation sites and led to a lower scatter in fatigue life. In PBF 
Alloy 718 crack propagation was affected by the grain size and texture.


