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Abstract

Nickel superalloys find several applications in the aerospace and automotive indus-

try, notably as safety-critical components such as turbine blades and turbine discs.

A new kind of manufacturing technique termed Additive Manufacturing (AM) has

gained significant interest due to its capabilities of fabricating components that

could minimise material wastage and/or components that possess complex geome-

tries, possibly unmanufacturable using conventional technologies. Among the var-

ious AM processes for metallic components, powder bed fusion (PBF) has shown

great potential for manufacturing Inconel 718 (IN718) components. The future of

PBF is undoubtedly promising but there are still some gaps to fill before AM com-

ponents materials are ready for widespread industrial application.

Laser shock peening (LSP) is an effective surface enhancement process that

is used in an aeroengine manufacturing line to strengthen components resistance

to surface-related failures. Pioneering work in the late 1990s employed synchrotron

radiation for residual stress assessment to enable the adoption of LSP in aeroengine

components. The technology is now used in engines worth tens of billions of pounds.

Back to the present time, there is a push to adopt AM technology as a step-change

in production and integrating LSP into AM IN718 seems to be an obvious way

forward.

The work presented in this thesis aims to better understand the effects that

LSP has brought to AM IN718, which have not been systematically investigated.

Microstructures of AM IN718 have been characterised with scanning electron mi-

croscopy (SEM) using the electron backscattered diffraction (EBSD) technique and

transmission electron microscopy (TEM) to correlate microstructural changes with

xii



the process conditions. Mechanical properties (e.g. microhardness and tensile prop-

erties) have also been measured and rationalised with regards to the LSP treatments.

Specimens were put under various thermal and mechanical loading to simulate the

aeroengine setting. Synchrotron X-ray diffraction (SXRD) was utilised to assess the

residual stress relaxation of these specimens and the phases present in AM IN718.

Full width half maximum (FWHM) data from the SXRD experiment were used to

characterise the cold work present in the specimens that were LSP-ed. Three point

flexure test was selected as the appropriate test scenario to evaluate the mechanical

performance of the LSP AM IN718 at a structural level.

Comparison of the observed mechanical performance indicates that there is

potential for LSP to be integrated with the AM process of IN718. Within a 550°C

environment, the LSP-ed specimens hold up to 50% of its initial residual stress after

going through about a million flexural cycles. Surface roughness and cold work were

found to be key factors controlling the fatigue performance. Microstructure analysis

suggests that LSP bring minimal cold work to AM IN718 which is the contributing

factor to it’s excellent containment of residual stress. Results from this licentiate

thesis provide the basis for the further industrial research on the cyclic mechanical

properties of AM IN718.

xiii



Abbreviations

AE Acoustic emission

AM Additive manufacturing

AMS Aerospace material specifications

A Ageing

ASTM American society for testing and materials

BCT Body-centered tetragonal

BS British standard

DOE Design of experiment

DA Direct ageing

DED Direct energy deposition

EDM Electrical discharge machine

EBSD Electron backscatter diffraction

EDS Energy dispersive X-ray spectroscopy

FCC Face-centered-cubic

FWHM Full width half maximum

GE General electric

xiv



GEAE General electric aircraft engines

HIP Hot isostatic pressing

IN718 Inconel 718

LSP Laser shock peening

LCF Low cycle fatigue

MT Mechanical twins

CT Micro-computed tomography

PBF Powder bed fusion

RTP Room temeprature

SA Solution annealed

SHT Solution heat treated

SXRD Synchrotron X-ray diffraction

TCP Topologically close pack

TEM Transmission electron microscope

UTS Ultimate tensile strength

VHCF Very-high-cycle fatigue

W Wrought IN718

YS Yield strength

θ Bragg angle

b Breadth of the specimen

El Elongation

xv



γ′′ Gamma double prime

γ′ Gamma prime

h Height of the specimen

d Lattice spacing

dhkl Lattice spacing of a relevant hkl plane

Li Length of the cantilever

F Load

q Momentum transfer in reciprocal-space

ν Poisson ratio

q0 Strain free reciprocal-space

q0hkl Strain free reciprocal-space of a relevant hkl plane

σ Stress

σx Stress state in the X direction

R Stress to number of cycles graph

λ X-ray wavelength

E Young’s elastic modulus of the material

xvi



Chapter 1

Introduction

1.1 What is additive manufacturing

Additive Manufacturing (AM), also known as 3D printing, is a manufacturing pro-

cess that utilises 3D model data to deposit successive layers of material, one layer

on top of another to form the component. The first AM technology was stere-

olithography, utilising a ultraviolet laser to selectively solidify a liquid resin, and

has evolved over the years into many formats, processing a wide range of materials.

Currently, it is readily accepted as a manufacturing option in the aerospace indus-

try for many products [1, 2, 3], and particularly for turbine components [4]. The

technique has garnered much attention in the industry as it can build products with

more geometric flexibility in a much shorter time than conventional manufacturing

processes.

Alloys that operate at high temperatures are critical for these industries

as fuel conversion efficiency is closely related to the operating temperature. The

effective temperature rise in the aeroengine provides the energy required to propel

the vehicle. Essentially, the higher the temperature, the greater the exhaust velocity

and the limiting factor is usually the turbine material melting point [5]. Generally,

these alloys are nickel, iron or cobalt-based. The high strength of these alloys

can pose a challenge, as machining them can be very difficult and expensive due

to their natural tendency for work hardening. The shift to AM technology has

allowed manufacturers to produce complex geometries such as lattice structures

[6, 7], whereas traditional manufacturing such as casting or forging is more time-

consuming or incapable of achieving these geometries. Researchers [8, 9] have made

great efforts to understand the process-structure-property-performance relationships

for AM materials. Figure 1.1 illustrates a general metal alloy design chart with the

1



intent to produce the most optimised mechanical properties suited for its intended

application.

Figure 1.1: Material design chart that showcase the process-structure-properties-
performance relationship for AM metal alloy retrieved from [8]

The outbreak of COVID19 has prompted companies to look towards a “just

in case” production framework rather than “just in time” [10], specifically benefit-

ing from the advanced production capability of AM processes. However, the AM

printing process has been plagued by many defects such as micro-porosity and detri-

mental tensile stress [11, 12, 13] and the scientific community have been looking at

many ways to optimise the process-structure-property-performance. Substandard

AM processing parameters can caused the lack of fusion and keyhole pores to form.

These pores create local stress concentration which indirectly trigger crack to initi-

ate [14]. High temperature gradient cause by the fast solidification during the AM

processes cause tensile residual stresses in AM parts to form. These stresses are

detrimental to fatigue behavior and can result in distortion of the manufactured

parts [15]. Nonetheless, the future of AM is promising, and this thesis covers the

current research gap and introduces a novel post-processing technique to further its

applications in high temperature environments.
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1.2 Research aims & questions

This chapter introduces the drivers for utilising AM in the aerospace industry and

the role that AM material can play realising high-performance critical aeroengine

parts. The current research on AM aims to overcome some of the inherent defects

present in the technique itself. Inconel 718 (IN718) is a widely used nickel-based

superalloy as it can withstand loading at an operating temperature close to its melt-

ing point [16]. Among all the viable metal alloys that can be manufactured through

the AM process, IN718 has excellent fatigue resistance in high temperature envi-

ronment. It is heavily utilised by aeroengine manufacturers [17] and therefore, it is

worthwhile to explore the options of complementing AM into current manufacturing

process of IN718.

Researchers worldwide have tried to deal with the defects present through

AM processing, and the results have been lacklustre [18, 19, 20]. Surface enhance-

ment processes such as laser shock peening (LSP) have shown to be effective in

increasing the material fatigue limit on wrought material [21, 22]. There are also

interest in the aerospace industry to incorporate LSP on AM material [23]. This

thesis presents a body of research targeting the development of LSP technique on

AM IN718 material and the beneficial effects it can bring to increase its useability

in high temperature environments.

Figure 1.2: Block diagram showcasing the research input and outputs

The general aims of the present research are to investigate the effect of LSP

on the mechanical and microstructure properties of AM IN718. This will form a

basis for understanding it’s performance in both room temperature and high tem-

perature environment. More specifically, the main focus is placed on correlating the
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mechanical properties (e.g. cold work and residual stress) with the fatigue life. In

summary, the thesis addresses the following research questions:

1. How does AM IN718 perform in the room temperature environment?

• What are the mechanical and microstructure properties?

• How does it compare to wrought IN718?

2. How receptive is AM IN718 towards LSP? environment

• What does LSP provide to the material?

• Does it bring beneficial or harmful effects to the material?

• If it’s beneficial, does it increase the useability in a high temperature

environment?

The research is pictorially summarised in Figure 1.2.

1.3 Structure of thesis

Chapter 1 provides a brief introduction to AM and established the context of mul-

tiple topics that justify the work undertaken in this thesis.

Chapter 2 presents a thorough review of the literature corresponding to the

AM process, material characteristics and the laser shock peening process.

Chapter 3 describes the manufacturing process and methodologies used in

this research. It includes the AM process, laser shock peening process, and vari-

ous mechanical tests used to characterise the processed samples. The chapter also

discusses the techniques used to analyse the samples’ residual stress state and the

setup for both the uniaxial tensile test and three-point flexure fatigue bending test.

Chapter 4 describes the material and mechanical characteristics of both the

pristine (i.e. as-built) and laser shock peened specimens. Surface roughness, phase

identification and evaluation of cold work are presented in the chapter to highlight

the effects laser shock peening has on the specimens. This is followed by a thorough

residual stress evaluation of the specimens and the stress relaxation that they go

through at various temperatures. The chapter concludes with a comparison of the

mechanical performance of the pristine and laser shock peened AM specimens and

explore the feasibility of the technique.

Chapter 5 summarises the results in this thesis and provides recommenda-

tions for future research work in this area. It also discusses the wider implications

of the work and where laser shock peened AM samples can be applied effectively.
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Chapter 2

Literature review

This chapter provides a review of the previously conducted research in the fields

relevant to this thesis. The chapter begins with a general overview of the AM

process and its benefits to the aerospace industry. Following this, the material

properties of AM IN718 are discussed and the mechanical properties of the material

are provided. Thereafter, a brief introduction of the LSP process is discussed and

the effect it brings on metal alloy is discussed. The chapter close by assessing LSP

suitability on AM IN718 alloy.

2.1 AM process

2.1.1 Benefits

Reviews on the AM build process have been covered by various authors [24, 25, 26,

27, 28, 29] but the mechanical properties and performance of AM materials have not

been thoroughly review. This section will start off by giving an introduction of the

standards that is established by the ASTM F2792-12a followed by the commercial

value AM material brings into the aerospace industry.

Out of the seven main AM processes, powder bed fusion (PBF) and direct

energy deposition (DED) are generally used to produce high quality metal parts.

Lewandowski et al. [25] categorized these two mainstream processes into their re-

spective energy source for fusion and the companies specialising in them.

PBF has a unique position because of its potential to manufacture metal

components in a range of alloys using fine metal powders (typically 15 - 45 µm)

at high resolution of up to 100 µm [30], which has broadened the application to

various industries. The process consists of depositing thin layers of fine powder on a

platform which is then fused together with a laser or electron beam. Many metallic
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materials such as stainless and tool steels, aluminium alloys, titanium and its alloys,

and nickel-based alloys can be manufactured by this process. Spierings et al. [31]

studied the relationship between the particle size distribution (PSD) and the powder

layer thickness. The authors concluded that effective powder layer thickness should

be larger than the 90th percentile of the particle size [32]. It was also concluded

in Nguyen et al. study that the ideal PSD for PBF is typically in the range from

15 µm to 63 µm [33]. This is largely due to working forces such as the presence

of gravity and inter-particle forces. Although smaller size particles that result in

highly packed powder beds are desirable as it minimises void volume fraction, it can

pose other challenges as well. When the particle size is smaller than a threshold

value, van der Waals and electrostatic forces becomes dorminant, causing formation

of aggregates that result in poor part quality [34]. In this research, PBF is solely

used to fabricate the specimens using the recommended PSD parameters because of

the various advantage it brings to the manufacturing process.
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2.1.2 Industrial value

In the past 10 years, many companies have embraced AM technologies and are be-

ginning to enjoy the real business benefits. In a report by Statista, the global 3D

printer market size reached US$7.3 billion in 2017 and the aerospace and defence

sectors account for 17.8% of the market distribution in 2016 [35]. The global AM

market is expected to see double digit growth into 2022 with market analysis pro-

jecting a growth of up to 35% per annum [36]. Recent developments such as cheaper

metal powder [37] and the influx of new vendors [38] have significantly reduced the

cost of the printers and AM has worked its way into the biomedical [39] and build

construction [40] industry. The growing consensus of adopting AM into its pro-

duction floor is attributed to several advantages over traditional manufacturing, as

shown in Table 2.1

A wide variety of materials can be utilised in PBF, but metals are generally

popular due to their extensive use in industrial and consumer appliances, including

aerospace components. Figure 2.1 illustrates the activity map of selected aerospace

companies, with many players focusing their research and development work on AM

technology. General Electric (GE) leads the industry in terms of both the volume

and machine capacity and have printed more than 100,000 parts by 2020 [41]. Rolls

Royce, MTU Aero Engines, Pratt & Whitney and GKN Aerospace have established

their own competencies centres to upskill their AM capabilities [36]. GE Aviation

has been particularly successful in implementing AM technology into its product.

In 2015, GE announced that the next LEAP engine will have nearly twenty AM

fuel nozzles, simplifying parts by combining multiple components. Traditionally,

the aerospace industry used advanced and costly materials like titanium and nickel

alloys to manufacture some of its safety critical aeroengine parts, which are difficult

to manufacture due to its high strength, and unavoidably creates a large amount

of waste when fabricating them. For example, Wilson et al. [42] has shown that

through the use of AM technology, his team was able to achieve a 45% carbon

footprint improvement and a 36% savings in total energy over replacing it with an

entirely new blade. In 2019, Rolls Royce produced its first AM low-pressure turbine

for the Trent XWB-84 which is expected to result in a component weight reduction

of up to 40% as well as generate significant cost savings for the company [4].

In a separate report made by Deloitte, it highlighted that conventional way

of machining the raw material into components can entail a scrap rate as high as

80–90 percent of the original billet whereas AM technology utilises around 10-20% of

the raw material instead [43]. Moreover, AM has the potential to lower overall cost

as it is able to manufacture spare parts on demand, reducing maintenance time and
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Figure 2.1: AM industry activity map of selected aerospace companies, retrieved
from [36]

the need for inventory management [44]. Boeing and Airbus typically sourced their

4 million spare parts globally, and airlines usually maintain an inventory of spares

to avoid their planes from becoming grounded. AM technology is an enabler for

these companies to embark on a supply chain transformation, making on-demand

manufacturing possible.
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Table 2.1: Advantages of AM over traditional manufacturing

Areas of appli-
cation

Advantages

Rapid Prototyp-
ing

Reduce time to market by accelerating prototyp-
ing, reduce the cost involved in product develop-
ment and making companies more efficient and
competitive at innovation

Production of
Spare Parts

Reduce repair times, labor cost and avoid costly
warehousing

Small Volume
Manufacturing

Small batches can be produced cost-efficiently and
eliminate the investment in tooling

Customized
Unique Items

Low cost, quick production of exact and cus-
tomized replacement parts on site and reduce cost
for redesign

Complex Work
Pieces

Produce complex work pieces at reduced cost

Machine Tool
Manufacturing

Reduce labour cost, avoid costly warehousing and
enables mass customization at low cost

Rapid Manufac-
turing

Directly manufacturing finished components and
relatively inexpensive production of small number
of parts

Component
Manufacturing

Enable customization at low cost, improve quality,
shorten supply chain, reduce the cost involved in
development and help eliminate excess parts

On-site and On-
demand Manu-
facturing of Re-
placement Parts

Eliminate storage and transportation cost, reduce
downtime, shorten supply chain and allow product
lifecycle leverage

10. Rapid Re-
pair

Reduction in repair time and opportunity to mod-
ify repaired components to the latest design
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2.1.3 Common alloys processed by PBF

Table 2.2: Metal alloys commonly used for PBF process

Alloy Examples Reference

Titanium Ti-6Al-4V, Ti-6.5Al-1Mo-1V-
2Zr, Ti-6.5Al-3.5Mo-1.5Zr-0.3Si,
Ti-5Al-4Mo-2Zr-2Sn-4Cr, Ti-
3Al-10V-2Fe, Ti6242

[18, 45, 46, 47, 48, 49,
50, 51, 52, 53, 54, 55,
56, 57]

Intermetallics NiTi [58, 59, 60, 61]

Steel 316L, 17-4PH, AISI 420 [62, 63, 64, 65, 66, 67]

Nickel ABD900, IN718, IN625, IN939,
C263, Hastelloy X, Haynes 282,
K418

[68, 69, 70, 71, 72, 73,
74, 75, 76, 77, 78, 79,
80, 81, 82, 83, 84, 85,
86, 87, 88, 89, 90, 12,
91, 92, 93, 94, 95, 96,
97, 98, 99, 100, 101,
102, 103, 104]

Aluminium Al-Si10-Mg, Al-Si12-Mg, 6061 [51, 105, 106]

IN718 is the most commonly used nickel-based alloy in the aerospace indus-

try due to its superior mechanical properties at elevated temperatures and has been

widely used in the turbine section of the aeroengine [107, 16, 108]. Nickel alloys

such as IN718 is suitable for for AM as it has a relative high density due to their

good weldability [109] and the ability to operate up to around 650◦C for applica-

tions under load. It has a high phase stability of face-centered-cubic (FCC) nickel

matrix and the capability to be strengthened by other elements such as chromium

and/or aluminium [17]. The microstructure of IN718 is referred to by γ (gamma),

a continuous matrix phase where cobalt and chromium prefers to reside; γ′ (gamma

prime), an intermetallic phase based on Ni3(Al,Ti) with a L12 crystal structure;

γ′′ (gamma double prime), a metastable phase that is the primary strengthening

precipitate with a body-centered tetragonal (BCT) ordered compound with a D022

crystal structure; δ (delta), an equilibrium phase with an orthorhombic D0a struc-

ture that forms at prolonged exposure at intermediate temperatures from γ′′ [110];

Laves phase with an embrittling topologically close pack (TCP) phase; carbides and

borides that prefer to reside on the grain boundaries [111, 112, 113]. However, the

usage of PBF IN718 (AM IN718) in aeroengines has been limited owing to the pres-

ence of undesirable phases [11] and its unconventional microstructure [11, 12, 13].

Efforts have been made to limit these defects through the use of heat treatment
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[11, 102] and hot isostatic pressing (HIP-ing) [96], but the results have been mixed

and no significant improvements have been made on PBF IN718.

2.2 Microstructure of AM IN718

2.2.1 Grain structure

Grain structure constitutes both grain size and grain texture of the material. Unlike

its wrought counterpart, AM IN718 displays a mixture of columnar and equiaxed

grains when no additional heat treatment is applied. This is due to its uneven cooling

rate as the material is being built up layer by layer. Factors such as heat flux and

thermal gradients greatly affect the growth of the grains, and this important area

is discussed in detail in the literature [71, 114, 115, 116]. Ahmad et al. [11] showed

that AM IN718 has columnar grains growing parallel to the building direction.

An electron microscopic image of the microstructure of AM IN718 without any

additional treatment is shown in Figure 2.2.

Figure 2.2: An electron microscopic image showing the columnar grains of AM
IN718, retrieved from [11]

Gribbin et al. [19] took one step further and utilized EBSD to investigate

the crystallographic structure of the material. As-built AM IN718 exhibits columnar

dendrites structure with a moderate {100} fibre texture formed along the build di-

rection. These varying structure were correlated to the multiple heating and cooling

cycle induced by the laser process [117]. Studies on various laser process in IN718

concluded that higher ordered columnar dendrites are established due to the increase

of base cooling effect during the deposition [118]. The elongated grain growth is

along the Z-direction as this is the primary direction of thermal flow which is align
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with the {100} direction [119]. Fatigue strength of the wrought alloy outperforms the

AM alloy at room temperature (RTP), suggesting the grain texture is likely the main

competing microstructural feature affecting the fatigue performances at RTP. The

microstructural study findings were comparable to other studies [112, 83, 12, 100],

although fatigue life of wrought alloys is known to be generally dominated by key

characteristics such as surface roughness [120, 121, 37, 53], porosity [91, 122], coarse

precipitates [83] and residual stress distribution [123]. Thus, the conclusion made by

Gribbin et al.[19] might be incomplete and further investigation has to be made. The

fatigue response of the as-built AM material had a similar response to the wrought

material at an elevated temperature of 500◦C. Both materials had a fatigue limit of

approximately 600 MPa [19] despite AM IN718’s inherent weakness of high content

of coarse δ precipitates, which is known to deteriorate the fatigue behaviour at high

temperature. This suggests that the difference in microstructural features is not as

pronounced in high temperature environments as compared to the RTP condition.

Another interesting finding on wrought IN718 at elevated temperature has

shown that the coarse-grain alloy has a fatigue strength significantly lower than fine-

grain alloy when it is beyond 105 cycles [111]. It is likely that in order to maximize

the AM IN718 capability in high temperature applications, controlling the grain

size of the alloy will be vital, and any grain size refinement technique for AM metal

alloys will be welcome.

2.2.2 Effects of δ phases

IN718 is a precipitation-strengthened nickel-based superalloy with γ′′ as the main

phase contributing to its excellent high temperature strength [124]. However, the

metastable γ′′ phase easily transforms to a stable δ phase under certain thermal

conditions, decreasing the volume fraction of γ′′, which indirectly affects the me-

chanical properties of the alloy [125]. It is generally undesirable as it is known to

decrease the fracture toughness and ductility of the material. δ precipitates are usu-

ally formed during the heat treatment process or during service, and mainly resides

at grain boundaries. However, there are cases where δ precipitates have shown to

display beneficial effects such as grain stabilization [44] and increasing stress rup-

ture resistance [126]. An et al. [127] investigated the role of the δ phase for fatigue

crack propagation behaviour in wrought IN718 and showed that the growth rate in-

creases with increasing δ phase volume fractions. There were both long needle-like

and granular shaped δ precipitates present in the alloy which have very different

effects on the fatigue crack growth. When γ′′ transforms into long needle-like δ pre-

cipitates, precipitates free zone formed around the δ phase, inhibiting micro cracks
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that are detrimental to the fatigue performance of the alloy. While the granular

shaped δ precipitates, with low length-diameter ratio, act as a pin between the

grain boundaries, increasing the strength of the alloy.

AM IN718 usually has a slight variation on the volume fraction of its re-

spective phases. In Gribbin’s study, the δ phase content in wrought IN718 was 1.6

± 0.5% while the as-built AM IN718 contained 3.8 ± 0.4% [19], which is rather

unusual for the IN718 alloy. The increase of the δ phase content could be due to the

heat treatment used to solution treat the alloy, leaving the precipitates undissolved.

Yang et al. [11] compared the microstructure and mechanical performances of PBF-

fabricated IN 718 alloy in various heat treatment conditions. The results show that

the morphology and distributions of the δ phase are key factors determining their

high temperature performance. Too much coarse δ phase along the grain bound-

aries could cause dislocation to pile up [83], causing local stress concentrations and

premature failure. Whereas the lack of the δ phase will reduce the strength of the

alloy at elevated temperature as it will have limited influence of the pinning effect

on grain boundaries.

Formation of intragranular δ precipitates was also observed in AM IN718,

which is a common observation for IN718 alloy when the parameters of the heat

treatment are not optimized [125]. Presence of high concentrations of niobium in

the feedstock [19], combined with the inconsistent heat flux caused by heating and

melting of the powder, is the reason why intragranular δ precipitates are formed.

Maximizing the volume fraction of intergranular δ precipitates gives the alloy better

ductility while a high amount of intragranular δ precipitates hardens the material

[125]. The ratio between intragranular and intergranular precipitates could be a

critical parameter in optimizing the mechanical properties at elevated temperature

of AM IN718 based on the past studies.

2.2.3 Mechanical properties of AM IN718 alloy

Most of the data derived from the literature (refer to Publication 2 Table 4 for the full

details) focuses on the static performance of the AM material with slight difference

on the geometry or the direction of the test piece. Generally, a post-processing step

such as heat treatment or HIP-ing gives a better tensile strength but with a slight

dip in its ductility. There were some instances where the tensile properties were

superior to the wrought ones, giving end users the extra confidence in employing

AM IN718 on its production line. Researchers such as Strößner et al. [13] and

Gallmeyer et al. [128] have attempted to optimize the heat treatment process by

increasing its homogenization or ageing temperature and thereby controlling the
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growth of the γ′′ phase, and minimizing the impact of either the δ or Laves phases,

resulting in an increase in the strength and hardness of the material.

Data showing the fatigue strength of PBF IN718 alloy is limited in the liter-

ature, as these tests are more costly. Fatigue tests are typically conducted on servo

hydraulic test machines which are capable of applying large amplitude cycles over

a long period of time [21]. It is heavily used in high-value industries such as the

aerospace and oil and gas sectors [129] where safety standards are much stringent

than in other sectors. For AM IN718 alloy to be used in a safety-critical applica-

tion, it is vital to understand the process-structure-property relationship, and the

availability of fatigue data gives extra confidence for manufacturers to utilize this

technology. At the same time, several problems such as weak grain texture in a

certain direction and detrimental residual stresses [20, 18, 19] have to be dealt with

in order to widen the adoption of AM IN718 alloy. This drives a need to introduce

novel post-processing methods to improve the quality of AM products, which will

be discussed in the next section. Interested readers could refer to Appendix G for

the compiled fatigue data by the author and literature on the effect of defects in

AM parts pertaining fatigue performance [130, 131].

2.3 Laser Shock Peening process

2.3.1 Introduction

Laser peening or laser shock peening (LSP) is a surface enhancement process used

to impart beneficial residual stresses in materials which could trace its roots back to

Battelle laboratories from Ohio. It is mainly used to enhance resistance to fatigue

[132], fretting [133] and stress corrosion cracking [134]. General Electric Aircraft

Engines (GEAE) adopted this technique in its production line of F101 fan blades in

1998 [135].

Despite the long presence in the aerospace industry, the LSP process is a niche

technique where only a handful of companies are providing the technology. This is

due to the multi-disciplinary specialisation needed to understand the technique and

the high investment cost [136] needed to set up the process. Currently, the Q-

switched laser system with neodymium-doped glass or yttrium aluminium garnet

(YAG) crystal lasing rod has the capability to fulfil the requirements needed for the

LSP process. It can produce beams of 80 – 100J output energy that are less than

30 ns in duration [137]. When the targeted area is irradiated with such high energy

short pulse width laser, instantaneous vaporisation of the surface layer generates a

high-pressure high temperature plasma. Laser spot diameters used in the industrial
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settings are typically in the range of 2 – 7 mm.

The pressure shock wave that is created by the plasma propagates into the

substrate, inducing beneficial compressive residual stress. Plastic deformation oc-

curs when the shock wave pressure exceeds the dynamic yield strength of the metal,

which results in high dislocation multiplication and movements which affect the mi-

crostructure and properties of the material. The maximum pressure induced by a

short pulse laser in a transparent confined layer is proportional to the square root of

the laser power density and is independent of the laser pulse duration or wavelength

[138]

In order to reduce the amount of heat generated during the plasma genera-

tion, a sacrificial coating such as black paint or adhesive tape, is applied over the

targeted area. This is to prevent heating/melting on the target, resulting in an

unintended tensile residual stress introduced [139].

A transparent overlay such as water or glass are used over the aforementioned

sacrificial layer to increase the shock wave [140], as shown in Figure 2.3. The use of

transparent overlay has been found to increase the shock wave intensity propagating

into the metal by up to two orders of magnitude, as compared to plasmas generated

in a vacuum [141]. The water acts as a amplifier and a container of the heated

plasma in the target region as it creates the high amplitude-short duration pressure

shock wave required.

Figure 2.3: Mechanism of shock wave creation in the LSP process, retrieved from
[135]
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2.3.2 Effects on material properties

Microstructure

LSP treated materials undergo high strain rates up to 106 s−1, resulting in mi-

crostructural changes that can be seen on the surface. Grain refinement was seen

in ANSI 304 stainless steel that was subjected to multiple laser shocks [142]. With

the first LSP impact, mechanical twins (MT) subdivide the coarse grain into a thin

twin matrix. Subsequent impacts further subdivide the blocks to become subgrain

boundaries, which eventually forms equiaxed refined grains. A schematic illustration

by Lu et al. [142] showed the microstructural evolution on the top surface induced

by multiple laser shocks, as shown in Figure 2.4

Figure 2.4: Schematic illustration of grain refined through multiple LSP impacts,
retrieved from [142]

Similarly, Zhang et al. [134] observed that LSP on AZ31B Mg alloy, which

has a coarse grain size in the range of 5 - 20 µm, created a relatively homogeneous

fine-grained microstructure with an average grain size of 5.8 µm after four laser

impacts, as shown in Figure 2.5. In addition, the depth of the compressive residual

stress after LSP could reach up to about 0.8 mm from the surface by increasing the

number of laser impacts. The effective region remained at 0.8 mm from the surface

even after four laser impacts, suggesting that the effect of LSP has saturated. The

grain size changes are attributed to the high strain plastic deformations which were

induced by LSP, similar to what Lu et al.[142] has reported.
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Figure 2.5: Optical microscope on the surface of AZ31B Mg alloy at 0.8 mm below
the surface (a) before LSP; (b) with one impact; (c) with two impacts; and (d) with
four impacts, retrieved from [134]
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Plastic deformation

Plastic deformation or cold work arises from the distribution of dislocations or with

other defects such as second-phase particles. A number of papers have reported that

the improvement in mechanical properties of metal alloys that were LSP-ed was due

to the generation of dislocations near the surface layer [143, 144, 145]. To understand

the high strain process such as LSP, TEM is often used to visualise and understand

the deformation at lower length scales. For example, it was used to investigate

the dislocation movement in 6061-T6 aluminium alloy that was subjected to LSP

[145]. 6061-T6 aluminium alloy has needle-shape precipitates that contribute to

strengthening and hardening of the material by hindering dislocation mobility [146].

By studying both the dislocation’s movement and the precipitates present in the

alloy, Binol et al.[145] hypothesized that the precipitates could be formed through

the thermally activated high strain deformation caused by LSP, which generates

temperatures equivalent to the ageing temperature of this alloy [145]. Altenberger et

al.[143] observed that the highly tangled and dense dislocation substructure formed

at the near surface layer were stable up to 800°C after LSP was performed on AISI

304 alloy through the use of bright field images, as illustrated in Figure 2.6. These

high dislocation densities were believed to act as obstacles to stable dislocation slip,

improving resistance to fatigue crack initiation and thus increasing fatigue life.

Kattoura et al.[147] concluded that the increase in dislocation density caused

by LSP on the near surface layer of ATI 718Plus alloy gave better fatigue resistance

at high temperature. The authors preliminary concluded that the LSP material is

much more capable of withstanding plastic strain prior to failure due to its formation

of dislocation entanglements and slip bands that created a barrier that hinders the

nucleation and propagation of fatigue cracks. However, no comparison were made

between the LSP-ed and pristine material. The dislocations that were present in

the LSP ATI 718Plus alloy may already be there in its pristine state due to other

processes.

Table 2.3: Comparison of cold work provided by shot peening and LSP

Strain rate
(s−1)

Cold work
(Depth
(mm)

Typical
roughness
Ra(µm)

Shot Peen-
ing

103 – 104 15 – 50 0.2 4.52 (X20
Steel)

LSP 106 – 107 5 – 7 1.2 0.98
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Figure 2.6: Near-surface microstructure of LSP AISI 304 after thermal exposure
between 25 to 900°C, retrieved from [143]

Table 2.3 compares the effects of shot peening and LSP on X20 steel [135].

LSP brings about a significant lower cold work as compared to shot peening. It was

also observed in Ti-6Al-4V alloy [148] and IN718 coupons where the cold work was

approximately 2% [135]. The difference between the X20 Steel and IN718 alloy is

mainly due to the material’s deformation capability. Although it is beyond the scope

of this work to discuss shot peening, it is useful to bring it up as a comparison to LSP

as it is a widely adopted technique in the aerospace industry. Shot peening involves

multiple steel or ceramic shots projected at a high velocity through a nozzle, to strike

the surface of the work-piece with force sufficient to create plastic deformation.

Due to the continuous shots, most of the energy is expended in inducing plastic

deformation, resulting in a highly cold worked surface layer [148]. On the other hand,

LSP produced remarkably little cold work on the surface [149], as shown in Figure
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2.7. A high degree of cold work has been found to relax rapidly at high temperature

[147, 149, 148] which is detrimental for high temperature application in the nuclear

and aerospace industry. Figure 2.8 illustrates the difference in performance of IN718

coupons under high temperature that has been subjected to both shot peening and

LSP. At the surface, the cold work produced by shot peening is completely lost

after thermal exposure of 670◦C for 10 minutes. The thermal relaxation occurred in

shot peened IN718 alloy appears to follow the Avrami diffusion model described by

Eigenmann et al. [150] which states that it progress in two stages – a fast and rapid

first stage and a steady transient secondary stage. Whereas IN718 coupons that were

LSP-ed show no indication of thermal stress relaxation at any depth or exposure

time at the same temperature. Consequently, LSP technology is a more suitable

technology as it has a significantly lower cold work that gives better performance in

a thermomechanical loading environment.

Figure 2.7: Residual stress distribution and cold work developed by in IN718
coupons using various surface enhancement process, retrieved from [148]
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Figure 2.8: Effect of thermal relaxation of IN718 at 670°C that has been subjected
to both shot peening and laser shock peening, retrieved from [148]
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2.3.3 Performance of LSP wrought IN718

In general, LSP imparts deep compressive residual stress, generates dislocations

near the surface layer [143, 144, 145] and refines the grain size to improve the mate-

rial’s mechanical properties. To the best of the authors’ knowledge, data regarding

the performance of LSP wrought IN718 remains elusive. First known set of LSP

IN718 data came from Prevey et al. [148] when the technique was still in its infancy

stage. Gill et al. [151] took a step forward by making a detailed comparison of

LSP technique on IN718 with other surface enhancement processes. LSP treated

IN718 showed a small increase in surface roughness and no grain size modifica-

tion was observed. LSP showed a 20% increase in hardness at the surface with a

maximum residual stress of 750 MPa. Residual stress fields were bi-axial in nature

and a moderate density of dislocations were found on the samples. Kattoura et al.

went on to evaluate LSP treated IN718 in both RTP [152] and heated environment

[147]. Results have shown that the fatigue life of LSP IN718 in RTP and 650 °C
were significantly higher than the pristine specimen. The combined effects of high

magnitude retained compressive residual stress and the presence of high disloca-

tion density delayed the specimen crack initiation and propagation efforts. Overall,

LSP has demonstrated its benefit of low cold work and deep compressive stress on

IN718 specimens and further proved that it’s a suitable technique to utilise in a high

temperature environment.
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2.3.4 Suitability of LSP on AM IN718

LSP is also being used as a post-processing method for AM metal components such

as aluminium [153], stainless steel [154] and titanium alloy [155]. Kalentics et al.

[156, 154] have proposed to use LSP to tailor the residual stresses of stainless steel

samples by moving the baseplate back and forth between a printing machine and a

LSP station. Dubbed it 3D LSP, an ex-situ LSP combined with the AM process has

shown to increase both magnitude and depth of compressive residual stress. This is

an effect that is highly sought after for AM components with detrimental residual

stress [20, 18, 19]. The depth of compressive residual stress can reach up to a depth

of 1 mm for AM 316L stainless steel component subjected to the 3D LSP principle,

as shown in Figure 2.9.

Figure 2.9: Residual stress curve measured for 316L stainless steel for as-built (AB),
LSP after AM (2D LSP) and ex-situ LSP on AM (3D LSP), retrieved from [154]

AM IN718 has shown to exhibit favourable strength in low-cycle fatigue

(LCF) environment comparable to conventional IN718 in RTP environment, espe-

cially in low strain amplitudes [157]. In addition, very-high-cycle fatigue (VHCF)

behaviour of AM IN718 at 650 °C was seen to be comparable to the wrought coun-

terpart [158]. There is mounting evidence that AM IN718 can have comparable

mechanical properties to its wrought counterpart. The integration of LSP with AM

IN718 will further enhance the effectiveness of the material in high temperature en-

vironments. The main aim of this thesis is to provide a better understanding of the

fatigue behaviour of LSP treated AM IN718 used in high-temperature applications.
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2.4 Summary and gaps in literature

The sections covered in this chapter span across multiple topics. Each section pro-

vides a brief background as well as the current status of the relevant research. There

are specific gaps in the literature that haven been identified so far:

• There exists a shortage of studies investigating the fatigue properties of AM

IN718 alloys. Among the seven processes, the PBF technique was identified

as the most viable method for high quality parts. However, current state-

of-the-art lacks the required industrial research to put it in use for a critical

component

• LSP process was identified as a suitable surface enhancement process for high

temperature fatigue environment as it could maintain low cold work and at

the same time induce deep compressive stress to the material

• LSP was shown to give enhanced mechanical performance in other AM ma-

terials such as stainless steels and aluminium alloys. There was a knowledge

gap for surface enhanced AM IN718 alloys. Thus, it is crucial to assess the

suitability of the LSP process of AM IN718 alloys in various conditions that

represents a real aeroengine environment
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Chapter 3

Experimental methods

This chapter presents the materials and the experimental methodologies employed

in this work. Firstly, the PBF system utilised for fabrication of the specimens is

introduced and the following manufacturing processes were explained. The steps

taken to process the synchrotron X-ray diffraction data to produce residual stress

measurements were included. Finally, the equipment and methods utilised for me-

chanical testing of the AM specimens are presented in this chapter.

3.1 Powder Bed Fusion

3.1.1 Material specifications

Samples used were prepared by the PBF using an EOS M280 (EOS GmBH, Ger-

many) machine with a 400W fibre laser. The chemical composition of the specimens

was sent to IMR test lab and prepared using the inert gas fusion techniques to anal-

yse the chemical composition. It was tumble at 15 RPM for 30 minutes and dried

at 80°C for more than 12 hours as prescribed by ASTM E1019-18 standards. The

chemical composition of the specimens used in this experiment is given in Table 3.1

(refer to Appendix B for more details)

Table 3.1: AM IN718 initial powder chemical composition w.t %

Ni Cr Nb Mo Ti Al Co Cu C Si Mn Fe

Bal 18.98 5.22 3.07 1.01 0.50 0.08 0.02 0.04 0.02 0.02 17.89

25



3.1.2 Processing parameters

The specimens were built using a laser power of 285 W, scan speed of 960 mm/s

and a layer thickness of 40 µm and a beam spacing of 110 µm, as suggested by the

machine manufacturer. They were built vertically upwards along the Z axis with

the specimen build orientation along 67° on the XY plane in an Argon environment.

3.1.3 Geometry

Specimens were designed to facilitate easy access to both the LSP machine and the

SXRD measurements. Flat dog-boned tensile geometry was used and adhere to the

prescript recommendation given in BS EN 3987:2009. Details of the specimen is

specified in Figure 3.1.

Figure 3.1: Schematics of a dog-boned geometry specimen showing the build and
powder layering direction
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3.1.4 Heat treatment

The specimens were heat treated according to Aerospace Material Specification

(AMS) 5663, where it was solution annealed at 980°C for 1 hour and aged at 720°C
for 8 hours in an argon environment and later air cooled. It was then wire cut from

the base plate after the heat treatment through an in-house Electrical Discharge

Machine (EDM) CUT 300 Sp (GF Machining Solutions, Switzerland) to prevent

any unnecessary cold work from being introduced.

3.1.5 Milling

Lastly, the specimens were sent to a local machinist workshop (Whits Technologies,

Singapore) to mill the surface of the specimens to a Ra value of 0.2 µm.

3.1.6 Wrought

Conventional wrought IN718 were purchased and machined into the desired geom-

etry from a local machinist workshop (Whits Technologies, Singapore). The speci-

mens were also heat treated according to Aerospace Material Specifications (AMS)

5663.

3.2 Laser Shock Peening

3.2.1 Processing parameters

An industrial laser shock peening system YS120-R200A (Tyrida International Pte

Ltd, Singapore) was used for the experiment. It was conducted at room temperature

using a Q-switched Nd:YAG laser that operated at a wavelength of 1064 nm, a

pulse repetition rate of 5 Hz and a pulse duration of 18 ns. The specimen was

held with a fixture mounted on a six-axis robot arm and placed precisely normal

to the incident laser beam at a focal plane position for peening, as shown in Figure

3.2a. A protective black tape overlay was utilized to protect the surface from the

thermal effects of the laser beam. LSP was performed with single pulse impact

and deionised water with a thickness of 2 mm flowing onto the targeted area as

a transparent confining media. Figure 3.2b shows the peening strategy. The laser

peen pattern was designed to be applied in four steps to achieve a complete coverage

on the area. The spots were peened one by one following the robot movement

sequence. With step 1 as reference, laser spots for steps 2, 3 and 4 were translated

in x, y and diagonal directions respectively by 1.5 mm to achieve complete coverage

of the peened surface. For the selected geometry, applying the LSP process on the

27



opposite sides of the section is recommended to balance the generated force. Two-

sided peening is used to avoid harmful effects such as spalling and fracture. A laser

peak power density of 7.1 GW/cm2 was selected as it was deemed to be the lowest

cost option. Interested readers could refer to the Appendix F on the paper written

by the author.

Figure 3.2: (a) Experimental setup of the laser shock peening process using a robotic
arm and (b) the four step peening strategy

3.3 Surface roughness measurements

Figure 3.3: Surface roughness measurements segregated into three regions

A stylus profilometer (PGI 800; Taylor Hobson) was used to determine the Ra

in the longitudinal and transverse directions for the surface roughness measurement,

as seen in Figure 3.3 Three regions were identified on the specimen. Measurements

for each direction in each region were performed three times with a sampling length

of 0.8 mm and the average of these measurements was reported as surface roughness

for each direction of the regions. Transverse readings on Region B were not taken

as there was not enough runway to take a statistically accurate measurement.
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3.4 Stress measurement

3.4.1 Synchrotron X-ray Diffraction (SXRD) processing parame-

ters & setup

SXRD was employed to measure the strain induced by the LSP process and the

experiment was conducted using the I12 beamline at Diamond Light Source (Ox-

ford, UK). In order to capture the highest resolution required in the shortest pos-

sible time, a beam energy of 123 keV and a wavelength of 0.1 Å were utilised. At

this wavelength, the beam can penetrate hard metals such as IN718 and provide

an unique insight into these type of polycrystalline material. An automatic XYZ

translator was fitted onto the stage and the beam was scanned vertically from top

to bottom. The gauge volume was fixed in space and the specimen was translated

with a step size of 10 µm to make measurements through the depth, with each step-

ping point taking approximately 10 seconds of exposure time. Figure 3.4 shows the

experimental setup at the DIAMOND facility.

Figure 3.4: (a) Samples stacked together with the beam line scanning it vertically
and (b) photo of the experiment setup in DIAMOND I12 facility

3.4.2 Data processing

Raw 2D diffraction images were captured by the large area 2D detector and processed

using proprietary DAWN software developed by DIAMOND developers [159, 160].

First, masking was initialised to phase out the lower and upper limits. Subse-

quently, an entire cake remapping was performed on the diffraction images with

36 Azimuthal bins, accounting for 10° for each bin. In this setup, the horizontal

position is defined as the starting point, 0° and rotating clockwise is positive. In

particular, the bin, which account from -5° to 5° from the diffraction image has
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been used to measure the in-plane stress, as shown in Figure 3.5. Reflections from

Figure 3.5: Raw diffraction images with the selected Azimuthal slice which corre-
spond to the in-plane stress

the {311} planes represent a reasonable average strain in the crystallographic unit

cell of lattice strain applied in both wrought [161] or AM IN718 alloy [162]. {311}
peaks are considered to be representative of the bulk behaviour as it is insensitive

to intergranular strain development in Nickel-based superalloys [161]. The choice of

{311} was made recommended to be used as the diffraction reflections as prescribed

by the ISO 21432:2019 standard [163]. The diffracted intensity was determined by

fitting a Gaussian function peak profile by least square regression after correction

for a flat background, as directed by BS EN ISO 21432. The processing was built

using the LMfit library that is based on the Python language. The peak positions,
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full width half maximum (FWHM) and their respective standard errors were com-

puted by the processing pipeline. An example of the fitting function is showcased

in Figure 3.6 (refer to Appendix E for the Python code). Data for the peak position

Figure 3.6: Example of a fitted Gaussian peak profile with a flat background using
the LMfit library

can be converted via the Bragg diffraction equation [164];

2d{hkl} sin(θ) = nλ (3.1)

where λ is the X-ray wavelength, d is the lattice spacing and θ is the Bragg angle

of the relevant hkl planes. For the sake of simplicity, the momentum transfer in

reciprocal-space (q) is used where

q =
2π

d
(3.2)

Strain can be obtained simply from [165]

ϵ{hkl} =
q0{hkl}
q{hkl}

− 1 (3.3)
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where q0{hkl} is the strain free reciprocal-space reflection used for the specified set of

lattice planes and is referred to q0 hereafter. Elastic strains measured can be then

converted to stresses via standard mechanics of solid [165];

σx =
E

(1− v)(1− 2v)
[(1− v)ϵx + v(ϵy + ϵz)] (3.4)

where ϵ is the stress state for the corresponding x, y and z directions, elastic modulus

E = 170 MPa and was gathered from various literature sources [166, 167], and

Poisson’s ratio v = 0.29 [166, 167]. In this experiment, the stress component in the

through-thickness direction (y-axis) is assumed to be zero and the in-plane stress

(x and z-axis) is isotropic [168]. In this case, it is possible to calculate the in-plane

stress (usually of most interest) from a single strain data;

σ = E
(ϵ+ vϵ)

(1− v2)
(3.5)

3.4.3 Strain free reference

Determination of q0 is not trivial and can be formulated either by choosing a point

where the strain-free point is most likely to be observed [169] (i.e. far away from the

LSP area) or an average of values over the strain-free specimen. In this experiment,

an average value of q was used over the pristine AM specimen as it has been part

of the stack and acts as a means of control over the quality of the data.

3.4.4 Propagation of errors

σϵ{hkl}
ϵ{hkl}

=

√
(
σq0
q0

)2 + (
σqhkl
qhkl

)2 (3.6)

The estimated standard error of qhkl is determined by inverting the Hessian matrix

which represents the second derivative of fit quality. ϵhkl is derived from the division

of qhkl and as a result its respective standard error is propagated by the two variables

[170]. Derived standard error were insignificant for each strain component and the

cause for the difference lies in the varying grain size throughout the depth of the

samples.

3.5 Phase identification using Powder Cell

Phases were determined by the full-profile analysis using the PowderCell software

[171] that matches with the raw SXRD data. The compositions of individual phases
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in the alloys were then simulated and determined from the crystallographic data in

the literature source [172].

3.6 Cold work measurements

3.6.1 Preparation

Microhardness measurements to accompany the topographic data was used as a

means to characterise surface hardening by the LSP. Specimens were sectioned us-

ing IsoMet 4000 linear precision saw (Buehler, U.S) and then compression mounted

with conductive resin using SimpliMet XPS1 mounting system (Buehler, U.S). Sub-

sequent polishing was performed using a MetaServe 250 grinder-polisher (Buehler,

U.S) to obtain the desired surface quality. The top surface was mechanically pol-

ished with P240 grit SiC and subsequently with a series of cloths using 9, 3 and 1

µm diamond suspension. The final polishing was performed with 0.02 µm colloidal

silica suspension.

3.6.2 Microhardness

Vickers hardness testing using 500 gF and a dwell time of 10 seconds was performed

on the LSPed AM sample using Falcon 510 (Innovatest, Netherlands) , as shown

in Figure 3.7a. Indentations were made on the sample edge vertically downwards

towards the centre up to a depth of 1000 µm and horizontally up to a length of 1000

µm as well. A total of 100 indents were made on one specimen with no repeats.

According to ASTM E9217, the distance between two indents or an indent and the

edge of the test piece shall be at least two and a half times the diagonal of the

indentation. In this particular setup, the diagonal of the indentation were between

42 to 45 µm giving a spacing of 100 µm sufficient enough to avoid interactions

between the stress fields[173]. The experimental setup is illustrated in Figure 3.7b.
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Figure 3.7: Photograph of (a) Innovatest Falson 510 indentor and (b) schematics of
how the hardness measurement were collected on a cross-sectional LSP AM IN718
specimen
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3.6.3 Full width half maximum

Profiles obtained from the synchrotron X-ray diffraction were fitted with a Gaussian

function to obtain the characteristics of the peak. FWHM was used as an estimation

of the level of plastic deformation. Generally, peak broadening can be affected by

low-angle boundaries, very small grain size, plastic deformation as well as variations

in macro or micro lattice strain.

3.7 Microstructure characterisation

The samples cross-sections were prepared to a finish suitable for use for electron

backscattered diffraction (EBSD) analysis as described in Section 3.6.1. EBSD maps

were collected from JSM 7800F SEM (JEOL, Japan) at 3000 Hz with a horizontal

field of view (HFW) of 750 µm and a step size of 0.29 µm. One such scans were

performed for the pristine AM and LSP AM IN718 specimens.
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3.8 Mechanical test

3.8.1 Uniaxial tensile test

Three different mechanical tests were employed in this research and workpieces

were first ground and polished to 0.2 µm Ra as per EN 3987:2009 standard. The

specimens that were used has the same geometry as specified in Figure 3.1. The first

mechanical test was an universal uniaxial tensile test to derive the static strength of

the AM IN718 material. It was performed using a 30 kN load cell servo-hydraulic

machine (Instron, U.S) at a cross-head speed of 0.166 mm s−1 with the longitudinal

axis in line with the test load direction. It was carried out at room temperature

with three repeated measurements. The extensometer was attached directly to the

specimen gauge length during the test. Load, extension and stress were determined

by Instron material testing software Bluehill version 2. Through the data collected,

it was possible to determine the material yield strength (YS) and ultimate tensile

strength (UTS). A stress ratio (R) of 0.1 was used in all three of the mechanical

tests.

3.8.2 Thermal and mechanical loading

The stress relaxation of LSP specimens under various loading conditions was ex-

plored. A total of eight samples were chosen randomly from one build to avoid

the influence of manufacturing defects. These samples were then divided into three

conditions, with specimens going through a pure thermal load, pure mechanical load

and a combination of thermal and mechanical loading. Testing was performed us-

ing a 25 kN load cell servo-hydraulic machine (Instron, U.S) with the longitudinal

axis in line with the test load direction. The experimental matrix is listed in Table

3.2 and the loading setup is shown in Figure 3.8. The practical thermal limits

of these alloys is in the range of 500◦C to 650◦C [174]. 550◦C was selected as the

middle ground and thus was used in all temperature-related experiments. The oven

(Instron, U.S) was pre-heated to 550◦C before the specimens were put into it. An

exposure time of 1 hour was chosen as a large proportion of the total relaxation

occurs in the initial exposure period [175, 176]. A 15 hour exposure time coincides

with the time needed to run approximately 1,000,000 fatigue cycles in a 20 Hz set-

ting. Similarly, a mechanical load of 30% yield strength [177] was used to replicate

as close as possible the loading experienced in an aeroengine turbine section.
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Table 3.2: Experiment setup of thermomechanical test

Sample
number

Loading condition

1 Pristine AM IN718

2 LSP AM IN718

3 LSP AM IN718 and thermal exposure for 1 hour with no
mechanical load

4 LSP AM IN718 and thermal exposure for 15 hours with no
mechanical load

5 LSP AM IN718 at mechanical load at 30% yield strength
to 10,000 cycles at room temperature with R = 0.1

6 LSP AM IN718 at mechanical load at 30% yield strength
to 1,000,000 cycles at room temperature with R = 0.1

7 LSP AM IN718 at mechanical load at 30% yield strength
to 10,000 cycles at 550◦C with R = 0.1

8 LSP AM IN718 at mechanical load at 30% yield strength
to 1,000,000 cycles at 550◦C with R = 0.1

Figure 3.8: Photograph of the experimental setup of the thermomechanical test of
25 kN load cell Instron dynamic fatigue machine with oven attached to it
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3.8.3 Three point flexural fatigue

A total of 29 samples were used to conduct the test and the number of cycles was

recorded accordingly at both RTP and at 550°C. It was conducted according to the

ASTM E739 standard. The three point flexural fatigue test was carried out on the

same servo-hydraulic machine used in the previous section, as seen in Figure 3.9. All

coupons were tested until failure or until runout of 1.5 × 106 cycles. The frequency

of the fatigue test was set to 7 Hz with 10 N preload and step up to the desired

testing force ranging from 700 N to 1500 N .

Figure 3.9: Photograph of the experimental setup of the three point flexure test

The calculation of the maximum bending stress was simplified as a cantilever

σmax =
3FLi

2bh2
(3.7)

where F is the load being applied, Li is the distance between the two pin holes,

b is the breadth of the specimen and h is the height of the specimen. Figure 3.10

describes the experiment setup with the specimen geometry as described in Figure

3.1. The peak stress produced in the three point flexure test is at the specimen

mid-point with reduced stress elsewhere. Hence, this analysis (stress localization) is

ideal to test for specific isolation of stress on the specimen and the effectiveness of

LSP process.
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Figure 3.10: Schematics of the three point flexure test with the specimen

3.8.4 Fractography analysis

Fractography analysis of broken fatigue test specimens were outsourced to IMR Test

Lab Singapore. It was performed on a VEGA3 TESCAN SEM at 20kV. Detailed

reporting of the analysis can be found in the Appendix D .
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Chapter 4

Results & discussions

4.1 Surface roughness

Table 4.1: Surface roughness Ra values of pristine AM and AM LSP in both direc-
tions

Pristine AM AM LSP

Longitudinal
(µm)

Transverse
(µm)

Longitudinal
(µm)

Transverse
(µm)

Region A 0.120 ± 0.005 0.556 ± 0.005 1.463 ± 0.005 1.520 ± 0.005

Region B 0.163 ± 0.005 - 1.342 ± 0.005 -

Region C 0.166 ± 0.005 0.547 ± 0.005 1.308 ± 0.005 1.400 ± 0.005

For the rest of thesis, AM IN718 specimens that were LSP will be abbreviated

as AM LSP. Two key observations can be seen in the measurement taken. Firstly,

transverse measurements in pristine AM specimens are shown to be higher than that

of the longitudinal direction, as shown in Table 4.1. This is due to the directional

effect caused by the milling process to smooth the surface. Secondly, the use of

LSP gave an approximately 10x increase of its Ra value, reaching up to a value of

1.52 µm. In all three regions, the Ra values of both the longitudinal and transverse

directions were very close as it has been shown that LSP is a bi-axial process [10]

where the topography effect on both directions is uniform. The peening strategy

that was employed in this experiment kept the Ra value low in the 1.3 µm - 1.5 µm

range.
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4.2 Phase identifications

Figure 4.1: Phase identification using SXRD data

Figure 4.1 displays the indexed and fitted AM and AM LSP diffraction pat-

terns using the raw SXRD data on the PowderCell software where q is the mo-

mentum transfer in reciprocal-space that was defined in Chapter 3. The identified

phases are γ′ which correspond to (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) planes

respectively. The lapping of γ, γ′ and γ′′ makes it difficult to distinguish the distinct

phases in the material [178, 179]. Both pristine AM and AM LSP show no signif-

icant differences in their phase composition. There has not been any observations

that the thermal or mechanical induced energy of LSP is capable of altering the

phases of nickel alloy [180]. Chemical analysis and phase identification with SEM-

EDS of AM LSP are shown in Figure 4.2. Spherical and needle-like δ precipitates

were observed in this region, area 1 and 2 respectively. EDS maps reveal that both

the needle-like (area 2) and spherical (area 1) δ precipitates are enriched with Ni,

Nb, Ti and depleted with Cr.
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Figure 4.2: Elemental analysis of AM LSP using EDS-SEM

4.2.1 Summary

IN718 is a precipitation-strengthened nickel-based superalloy with γ′′ as the main

phase contributing to its excellent high-temperature strength [124]. δ precipitates

derived from metastable γ′′ can be detrimental to the overall mechanical properties

of the alloy [125]. The highest level of δ precipitation is commonly found to form

at 900◦C [125] and the presence of these precipitates can degrade the material per-

formance, being shown to trigger intergranular cracking. Given the heat treatment

profile used, δ phase is expected to develop in the grains and the grain boundaries

itself, as shown in the EDS result. The volume fraction and aspect ratio of these

precipitates is crucial to determine the load-bearing effect on the material [127]. As

discussed in the literature review section, the ratio between intragranular (spherical)

and intergranular (needle-like) precipitates could be a critical parameter in optimiz-

ing the mechanical properties at elevated temperature of AM IN718 [125]. Due to

the limitation in the scope of the work, the volume fraction and aspect ratio of the

precipitates were not investigated.
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4.3 Effect of LSP on grain size

Figure 4.3: SEM image of (a) pristine AM and (b) AM LSP IN718

SEM images of the surface of pristine AM and AM LSP samples are shown

in Figure 4.3. Both specimens exhibited columnar grains and showed no significant

difference between them. Table 4.2 shows the calculated grain size of AM and

AM LSP specimen using the mean line intercept method. The average grain size of

pristine AM and AM LSP was measured to be around 29.77 ± 12.24 µm and 32.52

± 11.34µm respectively.

Figure 4.4 illustrates equivalent circle diameter distribution of AM LSP. It

displays a bimodal distribution that is skewed to the left with grain size ranging

from 3.57 µm to 129 µm. The grain size has an average major axis of 17.9 µm and

an average minor axis of 8.88 µm, indicating that it is elongated in nature. As we

have discussed in the previous section, LSP does not alter the grain structure of the

specimen and the only valid reason these grains are elongated in nature is due to the

way in which these specimens were manufactured. The rapid heating and cooling

effect of the PBF process gives rise to this observation where elongated grains were

promoted [27].

Evidently, the use of LSP did not introduce any grain refinement in the near

surface region for AM IN718. It would be expected that shock waves generated in

wrought and AM IN718 samples would attenuate similarly and produce the same

effect on the grain size.

Table 4.2: Grain size estimation of pristine AM and AM LSP specimen using the
mean line intercept method

Average Standard Deviation

AM 29.77 µm 12.24 µm

AM LSP 32.52µm 11.34µm
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Figure 4.4: Cumulative area-weighted fraction of AM LSP equivalent circle diameter
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4.4 Cold work

4.4.1 Vicker’s hardness result

Figure 4.5: 2D heatmap of hardness value of a cross-sectional area of AM LSP
specimen

A heat map of the hardness of AM LSP samples is illustrated in Figure 4.5. It

ranged between 475 ± 1HV/0.5 to 510 ± 1HV/0.5 and were relatively homogeneous

in the area that was tested. On the surface of the AM LSP specimens (top layer)

where the LSP effect is the most prominent, hardness value across the horizontal

direction were at an average of 496 ± 1 HV/0.5. Similarly, the hardness value across

the horizontal direction at 1200 µm deep was at an average of 488 ± 1HV/0.5. There

is no significant difference between the peened area from the bulk of the specimen. A

low degree of cold work helps to stabilise its high-temperature fatigue performance

[181], an important characteristic needed for aerospace applications [182].
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Figure 4.6: FWHM data of both pristine AM and AM LSP specimen across the
entire thickness

4.4.2 FWHM data from SXRD

FWHM values from the Bragg diffraction {311} peaks were used to measure the

relative dislocation density or cold work induced by the LSP process. It can be

seen from Figure 4.6 that the FWHM value of AM LSP has a similar profile to the

pristine AM specimen on the surface level and is in agreement with the work done

using the Vickers hardness technique. The sinusoidal shape of the curve were also

observed in other AM Inconel alloys. It was postulate that due to the nature of

the grain size of the material that was built during the AM process, it causes the

FWHM value to fluctuate as the grains were not coherent. In the SEM images,

grains were columnar in every depth of the material and FWHM is largely affected

by grain size. Also, the FWHM has a nearly constant value of 0.0450◦ ± 0.0003

on the surface level, which indicates that the LSP process induced little or no cold

work. This will be further discussed in the next section with the available data of

the EBSD maps.

The AM LSP FWHM profile see a jump in the middle region after 700 µm
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deep, where the balancing tensile stress is present coincidentally. From a microstruc-

tural point of view, the increase in FWHM may indicate that the dual side LSP pro-

cess induces an extreme increase in dislocation density in the region where the shock

waves move deeper into the material. Vashista and Paul [183] observed a nonlinear

correlation between FWHM and residual stress generated by grinding AISI 1060

carbon steel. The study concluded that other surface integrity factors such as the

presence of tensile stress, an increase in grain size, or other microstructural factors

could affect the FWHM measurements. Therefore, further studies are recommended

to investigate this phenomenon.

4.4.3 Mapping and measuring plastic deformation using EBSD

Twinning is a common sight in FCC metals and alloys with low stacking fault energy

when plastic deformation is exerted onto the material. The presence of twins allows

the material to restructure it’s grain boundaries and improve its material properties

[184, 185]. EBSD is one of those techniques that is sensitive to the collective effects

of dislocations such as twinning[186] or low angle misorientation[187].

Despite it’s advantages, EBSD technique can still face difficulties detecting

dislocation boundaries with very low misorientation angles with potentially very

narrow spacing. It is restricted by its operational capabilities of having limited spa-

tial and angular resolution, leading the detection of boundaries with misorientations

angles below 2◦[188, 189]. Kamaya et al. [189] used deformed Type 316 stainless

steel specimens as a control specimen to measure the efficiency of EBSD technique

between 11 different organisations. Specimens were induced will plastic strain be-

tween 0.25% to 10.28% and was found that EBSD could detect the plastic strain of

accuracy up to 0.5% with the application of the smoothing filter on the background

noise.

Laine et al. [190]conducted a detail analysis of Ti–6Al–4V processed by

metallic shot peening and laser shock peening using both EBSD and TEM tech-

niques. The study pointed out that LSP induced limited nanoscale deformation

twinnning in the first 10µm of Ti–6Al–4V despite the high strain rate LSP produces

and was supported by the other authors who used high speed shot peening ballistic

testing [191].

The Kernel Average Misorientation (KAM) map of the cross sectional sur-

face of pristine AM and AM LSP is shown in Figure 4.7. KAM is used to represent

the average misorientation between a given point and its nearest neighbours which

belongs to the same grain. The analysis helps to understand local lattice distortion

and could suggest stored strain energy in the grain. In this analysis, 5◦ KAM was
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the cut-off point and labelled with a rainbow scale; where blue and red represent

the minimum and maximum misorientation (0-5°), respectively. The examined area

displays a low KAM value (blue) in the pristine AM matrix with a small amount

of the misorientation mainly found on the grain boundaries . AM IN718 that has

undergone appropriate heat treatment process tend to release the high dislocation

density resulting in a significant decrease of misorientation. It is not the interest of

this EngD to discuss the effect of heat treatment on the KAM value in AM IN718

specimens. Interested reader may refer to the various journal papers[192, 109]. On

the other hand, AM LSP specimens show a general increase in the dislocations all

around the matrix, signifying the presence of deformation generated by the LSP

process [187]. Meyers et al. [109] studied shock deformed nickel and concluded that

plastic deformation in the case shock waves is the result of dislocations generation at

the rapidly moving shock front. In a process like LSP where time scales interaction

between the laser pulse and the targeted material are short, dislocation generation,

not dislocation motion, is responsible for deformation. These dislocations are re-

sponsible for introducing the misorientations in the material which is reflected in

the KAM analysis.
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Figure 4.7: KAM of the cross sectional surface of (a) pristine AM and (b) AM LSP
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4.4.4 Analysis and summary

The current LSP process on AM IN718 specimen bring minimum cold work where

it could be identified with EBSD maps. There was no grain size refinement found

and FWHM profile was similar to its pristine state. The EBSD maps show signs

of dislocations in the microstructure due to the LSP process. Gill et al. [193] also

reported that no grain refinement was found in wrought IN718 that undergone the

a different kind of LSP process defined as LSP without coating (LSPwC) process

where no protective layer was applied on the material surface. The LSP condition

used in Gill’s research was in the range of 3 - 8 GW/cm2, which is close to the

processing condition used in this thesis. Gill et al. hypothesised that it was the high

temperature and pressure brought by the plasma generation that caused the grain

structure to remain as it was. The absence of the black tape in Gill’s experiment may

have led to plasma transmitting thermal energy onto the surface of the specimen,

diffusing the initial dislocation that was generated by the LSP. At this point, the

discrepancy seen in this experiment as compared to the conventional LSP process is

not known as there were no temperature data taken during the LSP process itself.

4.5 Residual stress measurements due to LSP

The through-thickness stress measurements of AM and AM LSP are illustrated in

Figure 4.8. Stress values were derived from Equation 3.5 where the strain data was

collected from the SXRD experiment. Calculated fit uncertainties were insignificant

and are thus not shown in the rest of the plotted Figures. For the baseline AM

samples, not subjected to LSP, the overall level of residual stress is low and globally

consistent across the sample thickness. A small difference is observed between in-

plane and out-of-plane stress which is likely to arise due to the assumption of a

single reference q0 value for all data. AM LSP stresses became less compressive

along the depth but its effect could still reach up to -650 ± 25 µm from the surface.

The highest compressive residual stress of AM LSP is observed at the surface with

a value of -606 MPa. LSP treated materials undergo high strain rates up to 106/s

[194] and have been shown to provide deep compressive stress of up to 1 mm in

depth [195]. The sum of forces must be equal to zero as no external forces are

present in the samples. The balancing tensile stresses are found between the depth

region of 650 ± 25 µm to 2650 ± 25 µm and could go up to +427 MPa. Wagner

[196] reported that high-cycle fatigue cracks often nucleate in the subsurface level

of where the balancing tensile stress resides. This detrimental effect can reduce the

overall effect of the surface enhancement process, making the enhanced material
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Figure 4.8: Through thickness stress measurement of AM and AM LSP specimens

weaker than its pristine state. More observations and discussions will be made on

the bending fatigue and fractography experiments with regards to the observations

made about the residual stress present in the material.

4.6 Residual stress relaxation

4.6.1 Residual stress with thermal load

The through-thickness stress measurements of AM LSP, AM LSP exposed for 1 hour

at 550◦C (AM LSP 1h) and AM LSP expose to 15 hours at 550◦C (AM LSP 15h)

are illustrated in Figure 4.9. AM LSP 1h shows no signs of stress relaxation on

both sides of the specimen at the compressive stress region (circled in grey). On

the other hand, the compressive region on both sides of AM LSP 15h reduces from

the initial 650 ± 25 µm from the surface to 425 ± 25 µm. Interestingly, both

samples show a significant decrease in the tensile stress region and a slight shift of

the profile towards the right of the sample. This could be due to an experimental

setup where one side of the specimen is closer to the heating coil, causing the stress
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Figure 4.9: Through thickness residual stress measurement of AM LSP specimen in
a 550◦C setting for 1 hour and 15 hours respectively

relaxation to be more notable. Zhou et al. [197] reported that the simulation

work on residual stress relaxation for LSP IN718 reveals that nearly no relaxation

occurred at temperatures lower than 700◦C, which aligns with the result obtained

in this project. Stress relaxation is more significant and increases with temperature

and time. When exposure time increases to 15 hours, the stress relaxation was more

obvious in AM LSP 15h as dislocations try to recover and reduce the misfit between

the bulk and deformed layer [198]. Rate of relaxation were found to depend primarily

on the degree of cold working [175, 148, 199] and in the previous experiments,

minimal cold work was found on the surface.

4.6.2 Residual stress with mechanical load

The through-thickness stress measurements of AM LSP, AM LSP expose to mechan-

ical loading of 30% yield strength to 10,000 cycles at room temperature (AM LSP 10k RTP)

and AM LSP expose to mechanical loading of 30% yield strength to 1,000,000 cy-

cles at room temperature (AM LSP 1m RTP) are illustrated in Figure 4.10. The
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Figure 4.10: Through thickness residual stress measurement of AM LSP specimen
under cyclic loading in a room temperature setting

compressive and tensile regions stayed very much alike across all LSP conditions.

Relaxation due to cyclic loading is mainly dependent on these five factors: (1) initial

magnitude of the compressive stress, (2) gradient of the stress field, (3) amount of

cold work generated, (4) stress amplitude applied onto the specimen and (5) ma-

terial cyclic stress-strain response [200]. In the literature, stress relaxation on LSP

IN718 due to cyclic loading is mainly determined by the amount of cold work intro-

duced into the specimen [201, 202, 200] and studies regarding the other four factors

are limited. Thus, it is prudent to attribute most of the mechanical relaxation to

the amount of cold work generated by the LSP process. Furthermore, stress relax-

ation with the greatest reduction in residual stress values were observed in the first

cycle [201, 203]. In this particular case, stress relaxation were kept to the mini-

mum as minimal cold work has been observed on the specimen through previous

experiments.
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Figure 4.11: Through thickness residual stress measurements under cyclic loading
in a 550◦C setting

4.6.3 Stress relaxation due to thermomechanical load

The through-thickness stress measurements of AM LSP, AM LSP exposed to ther-

momechanical loading of 30% yield strength to 10,000 cycles at (AM LSP 10k 550C)

at 550◦C and AM LSP expose to mechanical loading of 30% yield strength to

1,000,000 cycles at 550◦C (AM LSP 1m 550C) are illustrated in Figure 4.11. Sur-

face stress decreases from -606 MPa to -334 MPa and -301 MPa (Region I), re-

spectively. The compressive stress region on the left side (Region II) is largely

unaffected and remains at 650 µm below the surface. However, the compression re-

gion on the opposite side of the specimen (Region III) was reduced to 450 ± 25 µm

for AM LSP 10k 550C and 600 ± 25 µm for AM LSP 1m 550C respectively below

the surface. Interestingly, the compressive region for AM LSP 10k 550C has re-

duced more than the AM LSP 1m 550C. Literature has shown that specimens that

undergo more cyclic loading lead to an increase of dislocation densities and it is

refer to mechanical annealing [204, 205]. Mobile dislocations rearrange itself, caus-

ing them to multiply and interact with other dislocations during the cyclic process
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however at the expense of change in shape or dimension.

In the pure mechanical loading test, there were no significant differences be-

tween the two conditions. When exposed to a heated environment, AM LSP 1m 550C

were able to contain the residual stress better than AM LSP 10k 550C. The surface

stress on the opposite side of the specimen (Region IV) for AM LSP 1m 550C (-558

MPa) was much higher than AM LSP 10k 550C (-312 MPa). This phenomenon was

also observed in the pure thermal load environment where both AM LSP 1h and

AM LSP 15h show a slight shift of the residual stress profile to the right.

In this particular setting, the thermal exposure of the specimen has caused

the dislocations to be more mobile and with the effect of mechanical annealing, the

residual stress of AM LSP 1m 550C see a shift to the right due to one side of the

specimen closer to the heating coil of the oven and able to hold on to residual stress

better than AM LSP 10k 550C respectively.

4.6.4 Summary

The results of these three different testing conditions highlighted the effects of LSP

on AM IN718 specimens. When the AM LSP specimens were subjected to pure me-

chanical loading at room temperature, AM LSP 1m RTP can retain the beneficial

compressive stress up to a million cycles at 30% yield strength loading condition.

This is a vital observation as it gives aeroengine manufacturers confidence that LSP

AM IN718 is a viable material for structural parts. Likewise, specimens that were

exposed to thermal loading showed promising results. Surface compressive stress

remains largely unaffected but when it’s exposed to a longer heating time i.e. 15

hours, the compressive region decreases from the initial 650 ± 25 µm from the sur-

face to 425 ± 25 µm, as seen in Figure 4.9. On the other hand, specimens that

was tested in a thermomechanical environment only saw a 50% decrease on both

the surface stress and compressive region. Finally, it is worthwhile to point out that

LSP brought very little cold work onto AM IN718 samples which is a contributing

factor on the performance of these mechanical test.

4.7 Uniaxial tensile stress

Wrought specimens (W) were used to do a benchmark of AM static performance

and the values were taken from various literature papers. These also act as a control

of the effectiveness of the LSP process. In general, AM is slightly stronger than W

with an ultimate tensile strength of 1592 ± 31 MPa compared to 1493 ± 8 MPa.

Also, the YS of AM samples were 23% higher than W despite having similar UTS, as
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Figure 4.12: Comparison of tensile strength of pristine AM, AM LSP, Wrought and
LSP Wrought specimens

shown in Figure 4.12. This is mainly attributed to the generation of small grain size

diameter and minimum alloying element segregation of the AM material [206, 207],

resulting in an increase in strength. AM LSP was found to have a yield strength

of 1543 ± 21 MPa, which is approximately equal to its pristine state which has a

yield strength of 1592 ± 30 MPa. Similarly, the introduction of LSP has little or no

effect on the tensile properties of the W specimens and this was also verified on other

materials in the literature [208]. Pavlina and Van Tyne [209] correlate hardness with

YS and UTS, which have been crucial to the scientific community. The team have

established a linear correlation with the hardness over the entire range of strength

values for steels and this finding have been extended to other metal alloys as well

[210, 211, 212]. In the previous section, the hardness value of AM LSP specimens

remained relatively constant thus the strength of the specimens see no change in

their YS and UTS.
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4.8 Bending fatigue

Cyclic three point bend testing was performed to evaluate the fatigue performance of

the alloys before and after LSP in both room temperature and heated environment.

This section is divided into two parts to individually analyse the effect of LSP on

the two different environments.

4.8.1 Room temperature bending fatigue

Figure 4.13: S-N curve of bending flexure test of pristine AM and AM LSP speci-
mens under room temperature setting

Figure 4.13 shows the S − N curves for both pristine AM and AM LSP

specimens under room temperature setting. As can be seen, the S − N curve for

peened coupons (AM LSP) shifted downwards compared with the unpeened coupons

(AM). At 2650 MPa, AM fails at 93,137 cycles whereas AM LSP fails at 50,416

cycles, 54% of the cycles it was able to achieve prior to LSP. Bending fatigue strength

at above 106 cycles for AM and AM LSP are 1822 ± 209 MPa and 1363 ± 175 MPa

respectively.
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This is an interesting phenomenon because many prior research works had

found that LSP treatment increases the fatigue life of the treated material, and a

lot of literature also agrees with this view [154, 213, 214, 195, 215]. The lacklustre

fatigue performance in AM LSP has three possible causes. Firstly, the increase

in surface roughness from 0.3 µm Ra to 1.5 µm Ra have caused the material to

deteriorate in performance. When materials with rougher surface go through cyclic

loading, it creates unnecessary local stress concentration and trigger fatigue crack

initiation. Numerous studies highlighted the influence of higher surface roughness as

the cause for the premature fatigue failure of PBF parts for IN718 material [216, 217]

and other metal alloys [218, 219]. Secondly, the residual stress state on the entire

specimen is currently unverified due to the time restriction on the synchrotron beam

line. Therefore, it is possible that there are regions where tensile stress is present

on the surface that promotes crack propagation, further weakening the specimen.

Lastly, the presence of balancing tensile stress in the middle region of the specimen

coincides with the δ precipitates in the grain boundaries which accelerate the crack

initiation [179]. Fractography analysis will be able to determine the location of crack

initiation sites, which is discussed in the next section.

Fractography

Fractography images of AM and AM LSP specimens are shown in Figures 4.14-4.17.

As seen in Figure 4.15a, AM specimens showed crack initiation from the near-surface

region, in particular on the corner of the cross-sectional area. The crack propagates

towards the bulk region (Figure 4.15b) and striations were also found on the surface

(Figure 4.15c). Upon closer examination, there were also signs of ductile overload

at the final fracture area (Figure 4.15d) . Similar fracture surfaces are observed in

AM LSP specimens (Figure 4.16 and Figure 4.17) [192]. Comparable fractography

characteristics were also seen in the specimen despite having a lower bending fatigue

strength. Crack initiation also starts at the corner and propagates towards the bulk

region. In Figure 4.15b, AM LSP final fracture region seems to be rougher than AM

and it was the case for the other six fractured specimens also. The introduction of

LSP have caused a rougher surface on the peened specimens as seen in Table 4.1,

causing it to fail earlier than the pristine AM condition.
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Figure 4.14: Picture of (a) fractured pristine AM specimen and (b) closeup photo-
graph of fractured surface

Figure 4.15: SEM image of pristine AM (a) crack initiation point, (b) fatigue prop-
agation area, (c) high magnification showing striation marks and (d) high magnifi-
cation showing dimple feature
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Figure 4.16: Picture of (a) fractured AM LSP specimen and (b) closeup photograph
of fractured surface

Figure 4.17: SEM image of AM LSP (a) crack initiation point, (b) fatigue propaga-
tion area, (c) high magnification showing striation marks and (d) high magnification
showing dimple feature
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4.8.2 550◦C bending fatigue

Figure 4.18: S-N curve of bending flexure test under 550◦C setting

Figure 4.18 shows the S −N curves for both alloys when exposed to 550◦C.

The S −N curve for the peened coupons (AM LSP) performed comparable as the

unpeened coupons (AM). At stress level of 2650 MPa, AM fails at 32,898 cycles,

whereas AM LSP fails at 44,292 cycles, achieving a slightly better result. Bending

fatigue strength above 106 cycles for AM and AM LSP are 2112 ± 181 MPa and

2049 ± 174 MPa respectively. Given the wide confidence interval that S −N curve

typically has, it is reasonable to conclude that both alloys are behaving in the same

way in a heated environment.

Fractography

Fractography images of AM and AM LSP specimens that were exposed to 550◦C are

shown in Figures 4.19-4.22. As seen in Figure 4.19a, AM specimens showed crack

initiation from the near-surface region. Crack propagates towards the bulk region

(Figure 4.19b) and striations were also found on the surface (Figure 4.19c). Similar

fracture surfaces were observed in AM LSP specimens (Figure 4.21 and Figure 4.22).

Crack initiation starts at the corner and propagates towards the bulk region. One

notable difference was that the fatigue propagation (Figure 4.21b) was much larger

than the pristine AM sample (Figure 4.18b). This observation is in line with the
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bending fatigue result where AM LSP saw a great jump in performance when it is

placed in a heated environment.

The larger area showed that LSP was effective in delaying the final fracture

point [220]. However,crack propagation speed is a better predictor feature in pre-

dicting the effect of LSP on overall fatigue life improvement [221, 222]. LSP-induced

compressive residual stress have been shown to vastly increases initiation time, but

this also depends on the applied stress range. The higher the applied stress range,

the less effective LSP-induced compressive residual stress are at delaying crack initi-

ation. In addition, the LSP-induced residual stress field and depth profile, as well as

the shape and depth of defects appear to be important variables influencing fatigue

crack initiation mechanisms and thus changes in fatigue regime [220].

Further work is required to accurately the entire crack cycle especially the

crack propagation data such as short crack shape, growth rate and stress intensity

factor range. One option is to use X-ray tomography in combination with other

characterisation techniques such as SEM has been shown to produce high resolution

data of fatigue cracks and surrounding microstructure [223].

Figure 4.19: Picture of (a) fractured pristine AM specimen and (b) closeup photo-
graph of fractured surface in 550◦C setting
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Figure 4.20: SEM image of pristine AM (a) crack initiation point, (b) fatigue prop-
agation area, (c) high magnification showing striation marks and (d) high magnifi-
cation showing dimple feature

Figure 4.21: Picture of (a) fractured AM LSP specimen and (b) closeup photograph
of fractured surface in 550◦C setting
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Figure 4.22: SEM image of AM LSP (a) crack initiation point, (b) fatigue propaga-
tion area, (c) high magnification showing striation marks and (d) high magnification
showing dimple feature
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4.8.3 Summary

Figure 4.23: S-N curve of bending flexure test under both room temperature envi-
ronment and 550◦C setting

Figure 4.23 shows the performance of AM (black) and AM LSP (red) in both

room temperature (dotted line) and 550◦C environment (solid line). Two significant

observations can be derived from this Figure. Firstly, AM LSP specimens performed

badly compared to pristine AM specimens in the room temperature environment.

It is possible that the combination of higher surface roughness and the presence of

tensile stress region brought by the LSP process deteriorates the AM IN718 surface,

thus showing a weaker bending fatigue resistance. It is inconclusive to postulate why

the bending fatigue life of AM LSP is significantly lower than AM specimen. For the

quantification of this phenomenon, the collection of more data points and statistical

analysis is recommended. Secondly, AM LSP sees a bigger jump in performance in

the heated environment as compared to the pristine AM specimen. In addition to

the precipitate strengthening mechanism, the compressive stress generated by LSP

was able to retain much of its beneficial effects and further delay the final fracture

from initiating. The advantage of deep compressive stress is more prominent in
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a high temperature environment and its effect outweighs the increase in surface

roughness brought by the LSP process.
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Chapter 5

Conclusion & future work

5.1 Summary and innovative contributions

This chapter summarises the performed research and lists the major conclusions

arising from the obtained results. The identified innovations in each section are

stated, followed by their relevance to industrial applications. Recommendations for

future research are discussed to address some of the limitations faced in this research.

5.1.1 Development of laser shock peening process for additive man-

ufactured Inconel 718 material

Summary and key findings

• An industrial grade powder bed fusion process fabricated additive manufac-

tured Inconel 718 samples with a flat dog-bone geometry with a thickness of

3 mm. It was then subjected to laser shock peening to find out its response

to the process

• A design of experiment was carried out to find out the optimal laser power

density to utilise in order to get the best outcome in terms of the residual

stress state (refer to publication that is listed in Appendix F). It was desig-

nated to be 7.7 GW/cm2 as it produces a reasonable compressive stress state

as compared to the other two power densities used in the optimisation
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5.1.2 Effect of laser shock peening on the mechanical properties on

additive manufactured Inconel 718

Summary and key findings

• A diverse set of mechanical tests were employed to investigate the effects of

laser shock peened additive manufactured Inconel 718 specimens. Surface

roughness, phase identification, cold work, grain size and tensile strength were

recorded in this research work

• The surface roughness data obtained from contact profilometer showed an ap-

proximately 10x increase of its Ra value, reaching up to a value of 1.52 µm.

• The data collected from the synchrotron X-ray diffraction experiment showed

that the use of laser shock peening does not impact upon the phase composi-

tion of the material.

• Full width half maximum data extracted from the synchrotron X-ray diffrac-

tion showed that minimum cold work was introduced onto the surface of the

material. However, there is an increase of full width half maximum value in

the middle of the specimens, indicating that might be dislocations present in

the core region which needs to be investigated further

• Minimal cold work is observed on the surface of the material as determined

through the Vicker’s indentation method. A 2D heat map of the cross sec-

tional area of LSP specimen was plotted to show that there was no significant

difference in the hardness between the surface and bulk material

• Utilising EBSD data, it was concluded that minimum cold work was intro-

duced into the material. Heat map of the kernel average misorientation values

were relatively low and there was indication of dislocations being generated

on the surface of additive manufactured Inconel 718 specimens

• SEM images were taken to observe the grain size difference between the pristine

and processed specimens. Using the mean line intercept method, no signifi-

cant differences were found on the grain size. This indicates that no grain
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refinement was observed in the processed specimens

• Pristine additive manufactured Inconel 718 has an average grain size of 29.77

± 12.24 µm whereas laser shock peened specimen has an average grain size of

32.52 ± 11.34 µm

• Uniaxial test were used to find out the tensile strength of the specimens.

AM LSP was found to have a yield strength of 1543 ± 21 MPa, which is ap-

proximately equal to its pristine state that has a yield strength of 1592 ± 30

MPa. There were no significant improvements made to the material as the

beneficial effects brought by the laser shock peening is more applicable in the

fatigue test

Specific innovations

• The effect of laser shock peening on additive manufactured Inconel 718 is thor-

oughly investigated for the first time

• It was shown that laser shock peening brought an increase in surface roughness

and minimal cold work into the material. No grain refinement was observed on

the material and phase composition stays the same. Yield strength of AM LSP

remain unchanged

5.1.3 Residual stress relaxation of AM LSP in various loading con-

ditions

Summary and key findings

• Data collected from synchrotron x-ray diffraction was processed and mapped

to the through thickness residual stress state of the laser shock peened speci-

mens. Various loading conditions were tested on these materials to investigate

the residual stress relaxation

• AM LSP specimens were exposed to a thermal environment of 550◦C for 1

hour and 15 hours. Residual stress relaxation was not found after 1 hour
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and their stress relaxation was minimal. When the specimens were left for 15

hours, the compressive stress region decreases by 32% from 625 µm to 425 µm

• When AM LSP specimens were put under mechanical cyclic loading at room

temperature, no sign of stress relaxation was found. Stress relaxation under

cyclic loading is largely dependent on the cold work introduced into the mate-

rial. In the previous experiment, AM LSP provides minimal cold work to the

material and thus the stress relaxation was kept to the minimal

• In the thermomechanical environment, residual stress relaxation saw a de-

crease on both the surface stress and compressive region. This observation

was also seen in the pure thermal environment. Therefore, based on the test

result, it was reasonably assumed that residual stress relaxation is broadly

determined by the temperature and time that the specimens were exposed

Specific innovations

• Residual stress relaxation for AM LSP under mechanical cyclic loading in room

temperature is very minimal. This gives great confidence for manufacturers

to consider this manufacturing approach for room temperature use

• At 550◦C, the specimen could still hold 50% of its initial residual stress pro-

file after going through about a million loading cycles. This is an important

data point for aeroengine manufacturers who are considering the laser shock

peening approach to utilise additive manufactured Inconel 718 for high tem-

perature applications

5.1.4 Three point flexural bending performance in both room tem-

perature and heated environment

Summary and key findings

• Three point flexural bend test was conducted in both room temperature and

550◦C environment. Seven specimens at various loading conditions were utilised

to plot the S −N curves
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• It was shown that AM LSP specimens performed poorly in the room tempera-

ture conditions. Fractography analysis of AM and AM LSP condition showed

that there was no major differences between their failure modes. It was hy-

pothesized that the increase in surface roughness and the possible presence

of tensile stress on other parts of the surface that was not measured in this

experiment caused AM LSP to underperform. Further investigations are re-

quired

• Laser shock peening did improve the bending fatigue performance of the spec-

imens in a heated environment. It saw a huge increase of strength when

compared to its room temperature result

Specific innovations

• The effect of laser shock peening on the structural performance of an experiment-

scale additive manufactured Inconel 718 was investigated for the first time.

Using three point flexure as a load case, it was shown that when the param-

eters were optimised, it is possible to level up the performance of laser shock

peened additive manufactured Inconel 718

• The integration of laser shock peening process and additive manufactured In-

conel 718 proved to be a viable manufacturing workflow for high temperature

applications

5.2 Limitations of the research and recommendations

for future work

The research presented in this thesis established the viability of additive manu-

factured Inconel 718 material for improved performance using laser shock peening.

This section describes the limitations of the research as well as the opportunities to

perform extensional research work in the context of this thesis.
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5.2.1 Material optimisation

The current work fabricated IN718 specimens based on the standards given by the

manufacturer. There are other school of thoughts in the scientific community to

develop a new Inconel nickel alloy with a different chemical composition so that the

printing process will generate a stronger matrix capable of handing a higher load.

On the other hand, there has been extensive work done to develop new printing

parameters (i.e. higher laser power or faster laser scanning speed) to lower the

different cooling rates between the surface and bulk layer. Thus, it is possible to

pick up a modified powder stock and enhanced processing parameters to fabricate a

stronger material that could perform better than a standard additive manufactured

Inconel 718 parameters.

5.2.2 Polishing specimen surface to a lower surface roughness value

The AM LSP specimens saw a huge jump in Ra values on the surface of the spec-

imen. Despite being in a range of 1 µm Ra, it has limited the full potential it can

bring in a fatigue environment. Through extensive review, it was shown that the

increase in roughness was due to the crater formed by the shots. Two remedies are

proposed for the increase in surface roughness: (i) in-depth study of the LSP pro-

cessing parameters and correlate it to the surface roughness values and (ii) introduce

additional polishing process to lower the surface roughness to aerospace standards

so that the full beneficial effects can be materialised.

5.2.3 Temperature data collection during the LSP process

The results of this project highlighted the importance of cold work that was sub-

jected to thermal loading in a three point flexure test. It is suspected that the cold

work was dissipated during the LSP process due to the thermal heat it generates. It

is advisable to use temperature sensors to capture the heating process it may bring

onto the surface of the material.

5.2.4 Damage analysis on fractured specimens

The analysis of the three-point flexural response in this thesis was limited to perfor-

mance based metrics based on the S − N curve and simple fractography analysis.

Expanding the analysis to include the study of damage initiation and propagation

in the specimens would provide further insights into the effect of LSP on the me-

chanical performance. This is possible through the implementation of in-situ as well

as ex-situ inspection techniques such as acoustic emission (AE), micro-computed
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tomography (CT), etc. The results generated can be correlated with the existing

results in the vast body of literature related to damage mechanisms in AM IN718.

Another important observation that was reinforced by the results of this work is

the effect of the selected loading for the evaluation of mechanical performance. In

order to completely understand the effect of LSP on flexural performance, it is rec-

ommended to test processed specimens at much higher loading temperature (up to

1000◦C) and at various mechanical cyclic loading (up to 50% yield strength).
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[190] Steven J. Lainé, Kevin M. Knowles, Phillip J. Doorbar, Richard D. Cutts, and

David Rugg. Microstructural characterisation of metallic shot peened and laser

shock peened ti–6al–4v. Acta Materialia, 123:350–361, 2017. ISSN 1359-6454. doi:

https://doi.org/10.1016/j.actamat.2016.10.044.

[191] George T. (Rusty) Gray. High-strain-rate deformation: Mechanical behavior and

deformation substructures induced. Annual Review of Materials Research, 42(1):

285–303, 2012.

[192] Eslam Fayed, Mohammad Saadati, Davood Shahriari, V. Brailovski, Mohammad

Jahazi, and Mamoun Medraj. Effect of homogenization and solution treatments

time on the elevated-temperature mechanical behavior of inconel 718 fabricated by

laser powder bed fusion. Scientific Reports, 11, 2021. doi: 10.1038/s41598-021-

81618-5.

[193] Amrinder S. Gill, Abhishek Telang, and Vijay K. Vasudevan. Characteristics of

surface layers formed on inconel 718 by laser shock peening with and without a

protective coating. Journal of Materials Processing Technology, 225:463–472, 2015.

ISSN 0924-0136. doi: https://doi.org/10.1016/j.jmatprotec.2015.06.026.

[194] Peyre, Fabbro, Merrien, and Lieurade. Laser shock processing of aluminium alloys.

application to high cycle fatigue behaviour. Materials Science and Engineering: A,

1996.

[195] X. C. Zhang, Y. K. Zhang, J. Z. Lu, F. Z. Xuan, Z. D. Wang, and S. T. Tu.

Improvement of fatigue life of ti–6al–4v alloy by laser shock peening. Materi-

als Science and Engineering: A, 527(15):3411–3415, 2010. ISSN 0921-5093. doi:

https://doi.org/10.1016/j.msea.2010.01.076.

97



[196] L. Wagner. Mechanical surface treatments on titanium, aluminum and magnesium

alloys. Materials Science and Engineering: A, 263(2):210–216, 1999. ISSN 0921-

5093. doi: https://doi.org/10.1016/S0921-5093(98)01168-X.

[197] Zhong Zhou, Amrinder S. Gill, Dong Qian, S. R. Mannava, Kristina Langer,

Youhai Wen, and Vijay K. Vasudevan. A finite element study of thermal re-

laxation of residual stress in laser shock peened in718 superalloy. International

Journal of Impact Engineering, 38(7):590–596, 2011. ISSN 0734-743X. doi:

https://doi.org/10.1016/j.ijimpeng.2011.02.006.

[198] Dennis J. Buchanan, Reji John, and Robert A. Brockman. Relaxation of shot-

peened residual stresses under creep loading. Journal of Engineering Materials and

Technology, 131(3), 2009. ISSN 0094-4289. doi: 10.1115/1.3120393.

[199] P. Prevéy. The measurement of subsurface residual stress and cold work distributions

in nickel base alloys.

[200] Wyman Z. Zhuang and Gary R. Halford. Investigation of residual stress relaxation

under cyclic load. International Journal of Fatigue, 23:31–37, 2001. ISSN 0142-1123.

doi: https://doi.org/10.1016/S0142-1123(01)00132-3.

[201] Kai Siang Chin, Idapalapati Sridhar, Anna Paradowska, Mark Reid, Shashwat

Shukla, and Dennise Ardi. Mechanical Stress Relaxation of a Laser Peened and

Shot Peened Ni-Based Superalloy, pages 182–189. 2020. ISBN 978-981-15-0053-4.
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[211] M. Tiryakioğlu, J. S. Robinson, M. A. Salazar-Guapuriche, Y. Y. Zhao, and P. D.

Eason. Hardness-strength relationships in the aluminum alloy 7010. Materials Sci-

ence and Engineering A, 631:196–200, 2015. doi: 10.1016/j.msea.2015.02.049.

[212] M. L. Zhu and F. Z. Xuan. Correlation between microstructure, hardness and

strength in haz of dissimilar welds of rotor steels. Materials Science and Engineering

A, 527(16-17):4035–4042, 2010. doi: 10.1016/j.msea.2010.03.066.

[213] Allan Clauer and John Koucky. Laser shock processing increases the fatigue life of

metal parts. Materials and Processing Report, 6(6):3–5, 1991. ISSN 0887-1949. doi:

10.1080/08871949.1991.11752452.

99



[214] M. J. Leap, J. Rankin, J. Harrison, L. Hackel, J. Nemeth, and J. Candela. Effects

of laser peening on fatigue life in an arrestment hook shank application for naval

aircraft. International Journal of Fatigue, 33(6):788–799, 2011. ISSN 01421123. doi:

10.1016/j.ijfatigue.2010.12.016.

[215] Jie Sheng, Hang Zhang, Xiaoqi Hu, and Shu Huang. Influence of laser peening

on the high-temperature fatigue life and fracture of inconel 718 nickel-based alloy.

Theoretical and Applied Fracture Mechanics, 109:102757, 2020. ISSN 0167-8442.

doi: https://doi.org/10.1016/j.tafmec.2020.102757.

[216] Niloofar Sanaei and Ali Fatemi. Analysis of the effect of surface roughness on

fatigue performance of powder bed fusion additive manufactured metals. Theo-

retical and Applied Fracture Mechanics, 108:102638, 2020. ISSN 0167-8442. doi:

https://doi.org/10.1016/j.tafmec.2020.102638.

[217] Chuanli Yu, Zhiyong Huang, Zian Zhang, Jiebin Shen, Jian Wang, and Zhiping

Xu. Influence of post-processing on very high cycle fatigue resistance of inconel 718

obtained with laser powder bed fusion. International Journal of Fatigue, 153:106510,

2021. ISSN 0142-1123. doi: https://doi.org/10.1016/j.ijfatigue.2021.106510.

[218] David B. Witkin, Thomas V. Albright, and Dhruv N. Patel. Empirical approach to

understanding the fatigue behavior of metals made using additive manufacturing.

Metallurgical and Materials Transactions A, 47(8):3823–3836, 2016. ISSN 1543-

1940. doi: 10.1007/s11661-016-3501-z.

[219] Eric Wycisk, Andreas Solbach, Shafaqat Siddique, Dirk Herzog, Frank Walther,

and Claus Emmelmann. Effects of defects in laser additive manufactured ti-6al-4v

on fatigue properties. Physics Procedia, 56:371–378, 2014. ISSN 1875-3892. doi:

https://doi.org/10.1016/j.phpro.2014.08.120.

[220] A.G. Sanchez, C. You, M. Leering, D. Glaser, D. Furfari, M.E. Fitzpatrick, J. Whar-

ton, and P.A.S. Reed. Effects of laser shock peening on the mechanisms of fatigue

short crack initiation and propagation of aa7075-t651. International Journal of

Fatigue, 143:106025, 2021. ISSN 0142-1123.

[221] J.C. Newman, E.P. Phillips, and M.H. Swain. Fatigue-life prediction methodology

using small-crack theory. International Journal of Fatigue, 21(2):109–119, 1999.

ISSN 0142-1123.

[222] Zelin Chen, Zihao Dong, Chang Liu, Yajun Dai, and Chao He. Characterization

on crack initiation and early propagation region of Nickel-Based alloys in very high

cycle fatigue. Materials (Basel), 15(17), August 2022.

100



[223] Arun Sundar Sundaram Singaravelu, Jason J. Williams, Harsh Dev Goyal, Srid-

har Niverty, Sudhanshu S. Singh, Tyler J. Stannard, Xianghui Xiao, and Nikhilesh

Chawla. 3d time-resolved observations of fatigue crack initiation and growth from

corrosion pits in al 7xxx alloys using in situ synchrotron x-ray tomography. Metal-

lurgical and Materials Transactions A, 51(1):28–41, Jan 2020.

101



Appendix A

EOS IN718 material

specifications

102



Material data sheet  

  EOS GmbH - Electro Optical Systems 

  Robert-Stirling-Ring 1 
  D-82152 Krailling / München 

  Telephone: +49 (0)89 / 893 36-0 
EOS NickelAlloy IN718  Telefax: +49 (0)89 / 893 36-285 
TMS, WEIL / 05.2014 1 / 7 Internet: www.eos.info 

EOS NickelAlloy IN718 

EOS NickelAlloy IN718 is a heat and corrosion resistant nickel alloy powder which has been op-
timized especially for processing on EOS M systems.  

This document provides information and data for parts built using EOS NickelAlloy IN718 pow-
der (EOS art.-no. 9011-0020) on the following system specifications: 

 EOSINT M280 400W System with PSW3.6 and Parameter Set IN718_Performace 1.0 

 EOS M290 400W System with EOSPRINT 1.0 and Parameter Set IN718_Performace 1.0 

Description 

Parts built from EOS NickelAlloy IN718 have chemical composition corresponding to UNS 
N07718, AMS 5662, AMS 5664, W.Nr 2.4668, DIN NiCr19Fe19NbMo3. This kind of precipita-
tion-hardening nickel-chromium alloy is characterized by having good tensile, fatigue, creep 
and rupture strength at temperatures up to 700 °C (1290 °F).  
 
This material is ideal for many high temperature applications such as gas turbine parts, instru-
mentation parts, power and process industry parts etc. It also has excellent potential for 
cryogenic applications. 
 
Parts built from EOS NickelAlloy IN718 can be easily post-hardened by precipitation-hardening 
heat treatments. In both as-built and age-hardened states the parts can be machined, spark-
eroded, welded, micro shot-peened, polished and coated if required. Due to the layerwise build-
ing method, the parts have a certain anisotropy - see Technical Data for examples. 
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  EOS GmbH - Electro Optical Systems 

EOS NickelAlloy IN718  Robert-Stirling-Ring 1 
TMS, WEIL / 05.2014 2 / 7 D-82152 Krailling / München 

Technical data 

General process data 

Typical achievable part accuracy [1], [11]  

 - small parts  approx.  40 – 60 µm 
approx.  1.6 – 2.4 x 10 -³ inch 

 - large parts    0.2 %  

Min. wall thickness [2], [11] typ. 0.3 - 0.4 mm 
typ. 0.012 – 0.016 inch 

Surface roughness [3], [11]  

 - after shot-peening Ra 4 – 6.5 µm, Rz 20 - 50 µm  
Ra 0.16 – 0.25 x 10 -³ inch,  
Rz 0.78 – 1.97 x 10 -³ inch 

 - after polishing Rz up to < 0.5 µm  
Rz up to < 0.02 x 10 -³ inch 
(can be very finely polished) 

Volume rate [4]  

 - Parameter Set IN718_Performance (40 µm) 4 mm³/s (14.4 cm³/h) 
0.88 in³/h 

 

[1] Based on users' experience of dimensional accuracy for typical geometries, e.g.  40 µm ( 1.6 x 10 -³ inch) 
when parameters can be optimized for a certain class of parts or  60 µm ( 2.4 x 10 -³ inch) when building a 
new kind of geometry for the first time. Part accuracy is subject to appropriate data preparation and post-
processing, in accordance with EOS training. 

[2] Mechanical stability is dependent on geometry (wall height etc.) and application# 

[3] Due to the layerwise building, the surface structure depends strongly on the orientation of the surface, for 
example sloping and curved surfaces exhibit a stair-step effect. The values also depend on the measurement 
method used. The values quoted here given an indication of what can be expected for horizontal (up-facing) 
or vertical surfaces. 

[4] Volume rate is a measure of build speed during laser exposure. The total build speed depends on the average 
volume rate, the recoating time (related to the number of layers) and other factors such as DMLS-Start set-
tings. 
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EOS NickelAlloy IN718  Robert-Stirling-Ring 1 
TMS, WEIL / 05.2014 3 / 7 D-82152 Krailling / München 

Physical and chemical properties of parts 

Material composition Ni (50 - 55 wt-%) 
Cr (17.0 - 21.0 wt-%) 
Nb (4.75 - 5.5 wt-%) 
Mo (2.8 - 3.3 wt-%) 
Ti (0.65 - 1.15 wt-%) 
Al (0.20 - 0.80 wt-%) 

Co ( 1.0 wt-%) 
Cu ( 0.3 wt-%) 
C ( 0.08 wt-%) 

Si, Mn (each  0.35 wt-%) 
P, S (each  0.015 wt-%) 

B ( 0.006 wt-%) 
Fe (balance) 

Relative density  approx. 100 % 

Density  min. 8.15 g/cm³ 
min. 0.294 lb/in³ 



Material data sheet 
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EOS NickelAlloy IN718  Robert-Stirling-Ring 1 
TMS, WEIL / 05.2014 4 / 7 D-82152 Krailling / München 

Mechanical properties of parts at 20 °C (68 °F)  

 As built Heat treated per 
AMS 5662 [5] 

Heat treated per AMS 
5664 [6] 

Tensile strength [7]    

 - in horizontal direction (XY) typ. 1060 ± 50 MPa
(154 ± 7 ksi) 

  

 - in vertical direction (Z) typ. 980 ± 50 MPa
(142 ± 7 ksi) 

min. 1241 MPa (180 ksi)
typ. 1400 ± 100 MPa 

(203 ± 15 ksi) 

min. 1241 MPa (180 ksi)
typ. 1380 ± 100 MPa 

(200 ± 15 ksi) 

Yield strength (Rp 0.2 %) [7]   
 

 

 - in horizontal direction (XY) typ. 780 ± 50 MPa
(113 ± 7 ksi) 

  

 - in vertical direction (Z) typ. 634 ± 50 MPa 
(92 ± 7 ksi) 

min. 1034 MPa (150 ksi)
typ. 1150 ± 100 MPa 

(167 ± 15 ksi) 

min. 1034 MPa (150 ksi)
typ. 1240 ± 100 MPa 

(180 ± 15 ksi) 

Elongation at break [7]    

 - in horizontal direction (XY) typ. (27 ± 5) %   

 - in vertical direction (Z) typ.  (31 ± 5) % min. 12 % 
typ. (15 ± 3) % 

min. 12 % 
typ. (18 ± 5) % 

Modulus of elasticity [7]    

 - in horizontal direction (XY) typ. 160 ± 20 GPa
(23 ± 3 Msi) 

  

 - in vertical direction (Z)  170 ± 20 GPa 
24.7 ± 3 Msi 

170 ± 20 GPa 
24.7 ± 3 Msi 

Hardness [8] approx. 30 HRC  
approx. 287 HB 

approx. 47 HRC 
approx. 446 HB 

approx. 43 HRC 
approx. 400 HB 

 
[5] Heat treatment procedure per AMS 5662:  

1. Solution Anneal at 980 °C (1800 °F ) for 1 hour, air (/argon) cool.  
2. Ageing treatment; hold at 720 °C (1330 °F ) 8 hours, furnace cool to 620 °C (1150 °F ) in 2 hours, hold at 
 620 °C (1150 °F ) 8 hours, air (/argon) cool. 
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[6] Heat treatment procedure per AMS 5664:  
1. Solution Anneal at 1065 °C (1950 °F ) for 1 hour, air (/argon) cool.    
2. Ageing treatment; hold at 760 °C (1400 °F ) 10 hours, furnace cool to 650 °C (1200 °F ) in 2 hours, hold 
 at 650 °C (1200 °F ) 8 hours, air (/argon)  cool 

[7] Tensile testing according to ISO 6892-1:2009 (B) Annex D, proportional test pieces, diameter of the neck ar-
ea 5 mm (0.2 inch) , original gauge length 25 mm (1 inch). 

[8] Rockwell C (HRC) hardness measurement according to EN ISO 6508-1 on polished surface. Note that meas-
ured hardness can vary significantly depending on how the specimen has been prepared. 
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Mechanical properties of parts at high temperature (649 °C, 1200 °F) [11] 

 Heat treated per 
AMS 5662 [5] 

Heat treated per  
AMS 5664 [6] 

Tensile Strength (Rm) [9]   

 - in vertical direction (Z) min. 965 MPa (140 ksi) 
typ. 1170 ± 50 MPa 

(170 ± 7 ksi) 

 
typ. 1210 ± 50 MPa 

(175 ± 7 ksi) 

Yield strength (Rp 0.2 %) [9]    

 - in vertical direction (Z) min. 862 MPa (125 ksi) 
typ. 970 ± 50 MPa 

(141 ± 7 ksi) 

 
typ. 1010 ± 50 MPa 

(146 ± 7 ksi) 

Elongation at break [9]    

 - in vertical direction (Z) min. 6 %  
typ. (16 ± 3) % 

 
typ. (20 ± 3) % 

Stress-Rupture Properties [10]    

 - in vertical direction (Z) min. 23 hours at stress 
level 689 MPa 

(100 ksi) 

 

 51 ± 5 hours 
(final applied stress to 
rupture 792.5 MPa / 

115 ksi) 

81 ± 10 hours 
(final applied stress to  
rupture 861.5 MPa / 

125 ksi) 
 

[9] Elevated temperature tensile testing at 649 °C (1200 °F) in accordance with EN 10002-5 (92) 

[10] Testing at 649 °C (1200 °F) in accordance with ASTM E139 (2006), smooth specimens. Test method as de-
scribed in AMS 5662 (3.5.1.2.3.3): “The load required to produce an initial axial stress of 689 MPa (100 ksi) 
shall be used to rupture or for 23 hours, whichever occurs first. After the 23 hours and at intervals of 8 
hours minimum, thereafter, the stress shall be increased in increments of 34.5 MPa (5 ksi).” 

[11] Hint: these properties were determined on an EOSINT M 270 IM Xtended and  EOSINT M 280-400W. Test 
parts from following machine types EOSINT M 270 Dual Mode, EOSINT M 280-200W and EOS M 290-400W 
correspond with these data.  
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EOS NickelAlloy IN718  Robert-Stirling-Ring 1 
TMS, WEIL / 05.2014 7 / 7 D-82152 Krailling / München 

Thermal properties of parts 

 Heat treated per AMS 5662 [4] 

Coefficient of thermal expansion  

 - over 25 - 200 °C (36 - 390 °F) approx. 12.5 - 13.0 x 10-6 m/m°C  
approx. 6.9 - 7.2 x 10-6 in/in°F 

 - over 25 - 750 °C (36 - 930 °F) approx. 16.6 - 17.2 x 10-6 m/m°C  
approx. 9.2 - 9.6 x 10-6 in/in°F 

Maximum operating temperature for parts under load approx. 650 °C 
approx. 1200 °F 

Oxidation resistance up to [11] approx. 980 °C 
approx. 1800 °F 

 
[12] Based on literature of conventional Ni-alloy with identical chemistry 

Abbreviations 

 typ. typical 
 min. minimum 
 approx. approximately 
 wt weight  

Notes 

The data are valid for the combinations of powder material, machine and parameter sets referred to on page 1, 
when used in accordance with the relevant Operating Instructions (including Installation Requirements and 
Maintenance) and Parameter Sheet. Part properties are measured using defined test procedures. Further details of 
the test procedures used by EOS are available on request. 

The data correspond to our knowledge and experience at the time of publication. They do not on their own provide 
a sufficient basis for designing parts. Neither do they provide any agreement or guarantee about the specific prop-
erties of a part or the suitability of a part for a specific application. The producer or the purchaser of a part is 
responsible for checking the properties and the suitability of a part for a particular application. This also applies re-
garding any rights of protection as well as laws and regulations. The data are subject to change without notice as 
part of EOS' continuous development and improvement processes. 

EOS, EOSINT and DMLS are registered trademarks of EOS GmbH. 

 2014 EOS GmbH – Electro Optical Systems. All rights reserved. 
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CHEMISTRY 
 

Element Sample 

C1 0.04 

Si 0.02 

Mn 0.02 

P <0.01 

S1 0.002 

Cr 18.98 

Mo 3.07 

Cu 0.02 

Co 0.08 

Fe 17.89 

Ti 1.01 

Al 0.50 

Nb 5.22 

Ta <0.01 

V 0.02 

W 0.01 

O2 0.024 

N3 0.010 

Ni Balance 

 

1Determined by combustion- infrared absorbance 
2Determined by inert gas fusion-infrared absorbance 
3Determined by inert gas fusion-thermal conductivity 
Results in weight percent unless otherwise indicated 
Method(s): CSP-017 Rev. E (ICP-OES), ASTM E 1019-18 (Comb./IGF) 
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import os 

import csv 

import matplotlib.pyplot as plt 

import pandas as pd 

import numpy as np 

from numpy import exp, loadtxt, pi, sqrt 

import glob 

import json 

from lmfit import Model, Parameters, fit_report, minimize, Minimizer 

from lmfit.models import GaussianModel, LinearModel, ConstantModel 

os.chdir(r'C:\Users\kiat y_c\Desktop\Warwick Main\Year 3\Synchrotron & 

Neutron Experiments\SXRD Experiments\DIAMOND Round 1\MG27288\103423-

pilatus2M-files\103423_ascii') #working directory 

filenames = glob.glob( '*dat' ) #use the .dat file that I have sent you 

 

#function 

for filename in filenames: 

    data = loadtxt(filename) 

    x = data[:, 0] 

    y = data[:, 1] 

     

    define_mod = GaussianModel (prefix='g1_') 

    line_mod = ConstantModel (prefix='line_') 

        

    pars = define_mod.guess(y, x=x) 

    pars += line_mod.guess (y, x=x) 

     

    mod = define_mod + line_mod 

     

    out = mod.fit(y, pars, x=x)     

  

    #writing the output to a csv file      

    #with open('report_'+filename+'.txt','w') as f: 

        #f.write(out.fit_report(min_correl=0.25)) 

         

    #plotting the graph 

    plt.plot(x, y, '.') 

    plt.plot(x, out.best_fit, 'r', label='Best fit') 

     

    comps = out.eval_components() 

    plt.plot(x, comps['g1_'], 'b--', label='Gaussian component') 

    plt.axhline(comps ['line_'], label='Line component') 

    plt.legend(loc='best') 

    plt.savefig('figure_'+filename+'.jpg') 

    plt.clf() 

     

    y = json.loads(out.params.dumps()) 

     

    x = pd.DataFrame(y['params']) 

     

    x.columns = 

['Attribute','Value','C','D','E','F','G','Error','I','J','K'] 

     

    x = x.drop(columns = ['C','D','E','F','G','I','J','K']) 

     

    x_transposed = x.T 



57 

58 

59 

60 

61 

     

    x_transposed = x_transposed.drop(x_transposed.index[0]) 

     

    df = x_transposed 

    df2 = df.join(df.shift(-1).add_prefix('Error_')) 

    df2 = df2.drop(['Error']) 

 

    df2.to_csv(filename+'.csv') 
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Abstract: This paper reviews state of the art additive manufactured (AM) IN718 alloy intended for
high-temperature applications. AM processes have been around for decades and have gained traction
in the past five years due to the huge economic benefit this brings to manufacturers. It is crucial for the
scientific community to look into AM IN718 applicability in order to see a step-change in production.
Microstructural studies reveal that the grain structure plays a significant role in determining the
fatigue lifespan of the material. Controlling IN718 respective phases such as the Υ”, δ and Laves
phase is seen to be crucial. Literature reviews have shown that the mechanical properties of AM IN718
were very close to its wrought counterpart when treated appropriately. Higher homogenization
temperature and longer ageing were recommended to dissolve the damaging phases. Various surface
enhancement techniques were examined to find out their compatibility to AM IN718 alloy that is
intended for high-temperature application. Laser shock peening (LSP) technology stands out due to
the ability to impart low cold work which helps in containing the beneficial compressive residual
stress it brings in a high-temperature fatigue environment.

Keywords: laser powder bed fusion; Inconel 718; high temperature; material characterisation; laser
shock peening

1. Introduction

Additive manufacturing (AM) is a promising technology for fabricating a wide range of structures
and complex geometries from three-dimensional (3D) model data. The process consists of depositing
successive layers of material, one layer on top of another. AM was first developed by Chuck Hull in
1983, who established the process which was later known as stereolithography [1]. Designs are drawn
using a computer-aided design (CAD) program which is then translated into model data. A 3D printer
takes this data and slices it into several dimensional plans which instruct it where to deposit the layers
of material. In 2015, the American Society of Testing and Materials (ASTM) issued a standard for AM
technologies that consists of seven main processes [2], which established and defines the terms used in
the field.

Alloys used for high-temperature application are highly sought after in the aerospace and nuclear
industry due to their high strength and stability at extreme temperatures. Alloys that operate at high
temperature are critical for these industries as the efficiency of fuel conversion is closely related to the
operating temperature. Generally, these alloys are nickel-, iron- or cobalt-based. Their strength could
sometimes become a weakness, as machining these alloys can be very difficult and expensive due to

Metals 2020, 10, 1576; doi:10.3390/met10121576 www.mdpi.com/journal/metals
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the natural tendency for work hardening. The shift to AM technology has allowed manufacturers to
produce complex geometries such as lattice structures [3,4], where traditional manufacturing such as
casting or forging are a lot more time-consuming, or incapable of achieving these geometries.

This review paper aims to provide an overview of the AM of Inconel 718 (IN718), focusing on
powder-bed fusion (PBF), which is one of the seven AM technologies. To the best of the authors’
knowledge, a robust understanding of the fatigue response for AM IN718 in a high-temperature
environment remains elusive. The literature review covers the current research gap and challenges
encountered in adopting AM IN718 for commercial use. Microstructural development and mechanical
performances of AM IN718 are the focus in this area. Effects such as build orientation and the AM
thermal history are purposely left out as reviews in this area have been extensively done by the scientific
community. Post-processing methods for AM IN718 are explored, as the scientific community sought
out ways to push its usability for high-value applications [5–11].

2. Additive Manufacturing (AM)

2.1. Benefits of the AM Process

Researchers have made great efforts to understand the process–structure–property–performance
relations of AM materials [12]. It is crucial to understand the consequence of each additional process
that will impact the material’s performance by altering its structure. Figure 1 illustrate a general
material design chart with the intent to produce the optimal mechanical properties suited for its specific
application. In the upcoming sections, material-specific heat treatment will be brought up frequently
and the effect of IN718 material properties on its mechanical properties.
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Figure 1. Material design chart that showcase the process–structure–properties–performance
relationship for additive manufacturing (AM) metal alloy, provided by [13].

Reviews of the AM process have been compiled thoroughly by many authors [14–19]. Discussion
on the impact of AM technology on different sectors have been brought up extensively by Ngo et al. [14],
whereas author such as Saboori et al. decided to focus on the impact of AM titanium components on
the manufacturing process. This section will focus on the seven technologies that were established
by the ASTM community, and the benefits of each individual technology to give a broad overview



Metals 2020, 10, 1576 3 of 22

of the current AM landscape. Table 1 articulates the seven processes that were brought up by the
various researchers.

Table 1. Description of the AM technologies and benefits associated with it [14,20–23].

Technologies Description Benefits

Powder-Bed Fusion

Using a laser or electron beam to fuse thin
layers of fine powders together, which are
spread and closely packed on a platform.
Subsequent layers of powders are applied
on top of the previous layers until the
final part is built

• Fine resolution High quality

Direct Energy Deposition
A nozzle mounted on a multi axis arm,
which deposits melted material onto
the substrate

• Suitable for reparation works
• Good mechanical properties

Material Jetting

Droplets of material are deposited from
the nozzle onto the platform, where it
solidifies and subsequent layers are
built on it

• Smooth surface finishing
• Multi-material printing

Binder Jetting
Utilize a binder that was deposited using
an inkjet-print head to join materials in a
powder bed

• Parts can be made with a
range of different colours

Material Extrusion
Continuous filament of a polymer is
heated and extruded onto the platform or
on top of previous layers

• Low cost
• High speed

Vat Photo-polymerization A pre-deposited photopolymer in a vat is
selectively cured by light

• Fine resolution
• High quality

Sheet Lamination Layer-by-layer cutting and lamination of
sheets or ribbons of metal

• Low cost
• High speed

2.2. Industrial Value

In the past 10 years, many companies have embraced AM technologies and are beginning to
enjoy real business benefits from them. In a report by Statista, the global 3D printer market size
reached US$7.3 billion in 2017 and the aerospace and defence sectors account for 17.8% of the market
distribution in 2016 [24]. The global AM market is expected to see double digit growth into 2022
with market analysis projecting a growth of up to 35% per annum [25]. Recent developments such
as cheaper metal powder [26] and the influx of new vendors [27] have significantly reduced the cost
of the printers and AM has worked its way into a number of markets. The growing consensus of
adopting AM into a production floor is attributed to several advantages over traditional manufacturing,
as shown in Table 2.
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Table 2. Advantages of AM over traditional manufacturing adapted from [28]. Adapted from [28],
with permission from Elsevier, 2020.

Areas of Application Advantages

Rapid Prototyping
• Reduce time to market by accelerating prototyping
• Reduce the cost involved in product development
• Making companies more efficient and competitive at innovation

Production of Spare Parts
• Reduce repair times
• Reduce labour cost
• Avoid costly warehousing

Small Volume Manufacturing • Small batches can be produced cost-efficiently
• Eliminate the investment in tooling

Customized Unique Items
• Eliminate mass customization at low cost
• Quick production of exact and customized replacement parts on site
• Eliminate penalty for redesign

Complex Work Pieces • Produce complex work pieces at low cost

Machine Tool Manufacturing
• Reduce labour cost
• Avoid costly warehousing
• Enables mass customization at low cost

Rapid Manufacturing • Directly manufacturing finished components
• Relatively inexpensive production of small number of parts

Component Manufacturing

• Enable customization at low cost
• Improve quality
• Shorten supply chain
• Reduce the cost involved in development
• Help eliminate excess parts

On-site and On-demand
Manufacturing of Replacement Parts

• Eliminate storage and transportation cost
• Reduce downtime
• Shorten supply chain
• Allow product lifecycle leverage

Rapid Repair • Reduction in repair time
• Opportunity to modify repaired components to the latest design

A wide variety of materials can be utilized, but metals are generally popular due to their extensive
use in industrial and consumer appliances. Figure 2 illustrates the activity map of selected aerospace
companies, with many players focusing their research and development work on AM technology.
General Electric (GE) leads the industry in terms of the both the volume and machine capacity, and had
printed more than 100,000 parts by 2020. Rolls Royce, MTU Aero Engines, Pratt and Whitney and
GKN Aerospace have established their own competencies centre to upskill their AM capabilities [25].
GE Aviation has been particularly successful in implementing AM technology into its product. In 2015,
GE announced that the next LEAP engine will have nearly 20 3D-printed fuel nozzles [29], simplifying
parts by combining multiple components. Traditionally, the aerospace industry used advanced and
costly materials like titanium and nickel alloys, which are difficult to manufacture and create a large
amount of waste. For example, Wilson et al. [30] has shown that through the use of AM technology,
his team was able to achieve a 45% carbon footprint improvement and a 36% savings in total energy
over replacing it with an entirely new blade. In 2019, Rolls Royce produced its first AM low-pressure
turbine for the Trent XWB-84 which is expected to result in a component weight reduction of up to 40%
as well as generate significant cost savings for the company [31].
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from Roland Berger in 2020.

A separate report by Deloitte highlighted that AM technology has been shown to take the scrap
rate to around 10–20% [32] while fabricating parts with intricate geometries such as internal cavities
and lattice structures. Moreover, AM has the potential to lower overall cost as it is able to manufacture
spare parts on demand, reducing maintenance time and the need for inventory management [33].
Boeing and Airbus typically source 4 million spare parts around the globe, and airlines usually
maintain an inventory of spares to avoid their planes from becoming grounded. AM technology is
an enabler for these companies to embark on a supply chain transformation, making on-demand
manufacturing possible. Combined with the outbreak of COVID-19, companies are looking towards
a “just in case” framework rather than “just in time” [34], specifically benefiting from the advanced
production capability of AM processes.

2.3. Types of Metal AM Process

Out of the seven main AM processes, powder-bed fusion (PBF) and direct energy deposition
(DED) are generally used to produce high-quality metal parts. Lewandowski et al. [15] categorized
these two mainstream processes into respective energy sources for fusion and the companies that have
a specialization in them, as shown in Figure 3.

The DED process has a high degree of control and freedom as it can simultaneously feed multiple
types of powders through its nozzle, as shown in Figure 4a. By adjusting the feed rate, it is feasible to
achieve desirable microstructural features and chemical composition which is favourable for building
functionally graded materials [35] or structural metal components [21]. Apart from manufacturing
near net shape components, DED is suitable for repairing high-value parts with little wastage [36–38].
This capability enables manufacturers to remanufacture turbine blades with cracks and voids which is
economically viable and helps in design enhancements at the time of restoration [30]. Consequently,
remanufacturing using accurate AM processes will enable industries to save energy and material,
and contribute towards sustainable design and manufacturing. Despite its benefits, DED faces several
challenges in terms of quality and efficiency. Resolutions are generally very low and parts have a rough
surface finish that may need post-processing such as by machining to obtain tight tolerances [18].
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PBF has a unique position because of its potential to manufacture metal components in a range of
alloys, at high resolution and accuracy, which has broadened the application to various industries.
The process consists of depositing thin layers of fine powder on a platform which is then fused with a
laser or electron beam, as shown in Figure 4b. Many metallic materials such as stainless and tool steels,
aluminium alloys, titanium and its alloys, and nickel-based alloys can be manufactured by this process.

The main difference between DED and PBF is the way that that powder is fed. In PBF, metal
powders are uniformly spread by a rake or roller, while in DED, powders are blown out from the
nozzle. The high precision of PBF allows for the optimisation of component design and manufacturing
cost. For example, GE aviation has been using metal PBF machines to manufacture its fuel nozzles and
next-generation materials, including heat-resistant ceramic matrix composites (CMCs) and carbon-fibre
blades. The fuel nozzles were five times more durable than the previous model and reduced the
number of required parts from 25 to just five [29].

Another successful case study came from Arconic, which managed to install its 3D printed
titanium brackets on the airframe of an Airbus A350 XWB commercial plane, which helps to lower
the wastage of raw materials by 80% as compared to manufacturing conventionally [41]. Some of the
common materials which have been processed by PBF by other authors are listed in Table 3.

Table 3. Common alloys processed by PBF.

Alloy Examples Reference

Titanium Ti-6Al-4V, Ti-6.5Al-1Mo-1V-2Zr, Ti-6.5Al-3.5Mo-1.5Zr-0.3Si,
Ti-5Al-4Mo-2Zr-2Sn-4Cr, Ti-3Al-10V-2Fe [42–54]

Intermetallics NiTi [55–58]
Steel 316L, 17-4PH, AISI 420 [59–64]

Nickel IN718, IN625, C263, Hastelloy X, K418 [5,65–100]
Aluminium Al-Si10-Mg, Al-Si12-Mg, 6061 [49,101,102]

IN718 is the most commonly used nickel-based alloy in the aerospace industry due to its superior
mechanical properties at elevated temperatures and it has been widely used in the turbine section of
the aeroengine [103–105]. It has the ability to withstand loading at an operating temperature close
to its melting point of 1336 ◦C [106]. It has a high phase stability of face-centred-cubic (FCC) nickel
matrix and the capability to be strengthened by other alloys such as chromium and/or aluminium [107].
The microstructure of IN718 is referred to by Υ (gamma), a continuous matrix phase where cobalt and
chromium prefers to reside; Υ’ (gamma prime), an intermetallic phase based on Ni3(Al,Ti) with a L12

crystal structure; Υ” (gamma double prime), a metastable phase that is the primary strengthening
precipitate with a body-centred tetragonal (BCT) ordered compound with a D022 crystal structure;
δ (delta), an equilibrium phase with an orthorhombic D0a structure; Laves phase with an embrittling
TCP phase; carbides and borides that prefer to reside on the grain boundaries [20,108,109]. However,
the usage of PBF IN718 in the aeroengine has been an obstacle owing to the presence of undesirable
phases [110] and its unconventional microstructure [80,110,111]. Efforts have been made to limit these
defects through the use of heat treatment [5,110] and hot isostatic pressing (HIP-ing) [74], but the
results have been mixed and no significant improvements have been made on PBF IN718. Special
attention is paid to the microstructure effect of AM IN718 on its material performance.

3. Microstructure of AM IN718

3.1. Grain Structure

In this review, grain structure constitutes both grain size and grain texture of the material. Unlike
its wrought counterpart, AM IN718 display a mixture of columnar and equiaxed grains when no
additional treatment is applied. This is due to its uneven cooling rate as the material is being built
up layer by layer. Factors such as heat flux and thermal gradients greatly affect the growth of the
grains, which are not discussed in this paper. Interested readers could look at the references given
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here [93,112–114]. Ahmad et al. [110] showed that AM IN718 has columnar grain growing parallel to
the building direction. A magnified image of the microstructure of AM IN718 without any additional
treatment using a scanning electron microscope (SEM) is shown in Figure 5.
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from [110]

Gribbin et al. [115] took one step further and utilized electron backscatter diffraction (EBSD)
to investigate the crystallographic structure of the material. As-built AM IN718 exhibits elongated
grain structure with a moderate <100> fibre texture formed along the build direction, as shown in
Figure 6. Fatigue strength of the wrought alloy outperforms the AM alloy at room temperature,
suggesting the grain texture is likely the main competing microstructural feature affecting the fatigue
performances at room temperature. The microstructural study findings were comparable to other
studies as well [70,80,86,116], although fatigue life is known generally to be dominated by surface
characteristic such as surface roughness [50,117–119] and porosity [79,120], and thus the conclusion
made by Gribbin et al. might be incomplete and further investigation has to be undertaken. The fatigue
response of the as-built AM material had a similar response to the wrought material at elevated
temperature of 500 ◦C. Both materials had a fatigue limit of approximately 600 MPa [115] despite AM
IN718′s inherent weakness of high content of δ precipitates, which is known to deteriorate the fatigue
behaviour at high temperature. This suggests that the difference in microstructural features is not
pronounced in high-temperature environments as compared to the room temperature condition.
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Another interesting finding on wrought IN718 in elevated temperature has [121] shown that the
coarse-grain alloy has a fatigue strength significantly lower than fine-grain alloy when it is beyond
105 cycles. It is likely that in order to maximize AM IN718 capability in high-temperature applications,
controlling the grain size of the alloy will be vital, and any grain size refinement technique for AM
metal alloys will be welcome.

3.2. Effects of δ Phases

IN718 is a precipitation-strengthened nickel-based superalloy with Υ” as the main phase
contributing to its excellent high temperature strength [122]. However, the metastable Υ” phase
easily transforms to a stable δ phase under certain thermal conditions, decreasing the volume fraction
of Υ’, which indirectly affects the mechanical properties of the alloy [123]. It is generally undesirable as
it is known to decrease the fracture toughness and ductility of the material [124,125]. δ precipitates
usually formed during the heat treatment process or during service and mainly reside at the grain
boundaries [126]. However, there are cases where δ precipitates have been shown to display beneficial
effects such as grain stabilization [127] and increasing stress rupture resistance [128]. An et al. [129]
investigated the role of the δ phase for fatigue crack propagation behaviour in wrought IN718 and
showed that the growth rate increases with increasing δ phase volume fractions. There were both long
needle-like and granular shaped δ precipitates present in the alloy which have very different effects on
the fatigue crack growth. When Υ” transforms into long needle-like δ precipitates, a precipitates free
zone formed around the δ phase, inhibiting micro cracks that are detrimental to the fatigue performance
of the alloy. The granular-shaped δ precipitates, with low length-diameter ratio, act as a pin between
the grain boundaries, increasing the strength of the alloy.

AM IN718 usually has a slight variation on the volume fraction of its respective phases. In Gribbin’s
study, the δ phase content in wrought IN718 was 1.6% ± 0.5% while in the as-built AM IN718 it was
3.8% ± 0.4% [115], which is rather unusual for the IN718 alloy. The increase of the δ phase content
could be due to the heat treatment used to solution treat the alloy, leaving the precipitates undissolved.
Yang et al. [130] compared the microstructure and mechanical performances of PBF-fabricated IN 718
alloy in various heat treatment conditions. The results show that the morphology and distributions of
the δ phase are key factors determining their high temperature performance. Too much δ phase along
the grain boundaries could cause dislocation to pile up [86], causing local stress concentrations and
premature failure. The lack of the δ phase will reduce the strength of the alloy at elevated temperature
as it will have limited influence of the pinning effect on grain boundaries.

The formation of intragranular δ precipitates was also observed in AM IN718, which is a common
observation for IN718 alloy when the parameters of the heat treatment are not optimized [123].
The presence of a high concentrations of niobium in the feedstock [115], combined with the inconsistent
heat flux caused by heating and melting of the powder, is the reason why intragranular δ precipitates
are formed. Maximizing the volume fraction of intergranular δ precipitates gives the alloy better
ductility while a high amount of intragranular δ precipitates hardens the material [123]. The ratio
between intragranular and intergranular precipitates could be a critical parameter in optimizing the
mechanical properties at elevated temperature of AM IN718 based on past studies.

3.3. Effects of Laves Phases

Niobium is one of the elements present in IN718 and it is highly prone to segregation and tends
to form some undesirable phases such as the δ and the Laves phases, which is known for degrading
tensile ductility, fatigue and creep rupture properties [131–133]. A high concentration of niobium has
been reported by other researchers which catalyse the formation of the Laves phase, depleting the
strengthening Υ” phase. The Laves phase provides crack initiation and propagation sites during the
melting of the metal powder [132] and is a general observation when IN718 alloy undergoes a process
in a high-temperature environment [134] such as heat treatment [5,135,136] or during the powder
deposition of the AM process [73,116,137].
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The presence of the Laves phase generally deteriorates the ductility, ultimate tensile strength [138]
and fatigue life of IN718 alloy [139]. Sui et al. [78] reported that AM IN718 alloy outperforms its
wrought counterpart at low stress amplitude due to the role that the Laves phase played during the
crack propagation stage. At high stress amplitude, almost all the Laves phase splintered into small
fragments that caused microscopic holes or cracks to form. The S-N diagram developed by Sui et al.
is shown in Figure 7. The existence of a micron-scaled Laves phase led to local stress concentrations
more easily than the wrought alloy, causing it to break up at high stress amplitude. A schematic
diagram on the fragmentation of the Laves phase is shown in Figure 8.
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To the best of the authors’ knowledge, there have been no studies on the effect of the Laves phase
on the properties affecting the fatigue life of AM IN718 at high temperature. It is generally regarded
as a “parasitic” phase that consumes the available niobium content. Studies have shown that either
increasing the homogenization temperature or time [122,140] could lower the volume fraction of the
Laves phase. Laves and carbide are generally dissolved resulting in the release of a considerable
amount of niobium back to the Υ’ matrix [136]. With that in mind, it is advisable to formulate new heat
treatment standards cater for AM IN718 alloy that is entirely different from the Aerospace Material
Specifications (AMS) standards that industry currently uses.
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4. Mechanical Properties of Powder-Bed Fusion (PBF) IN718 Alloy

Table 4 presents previous work on the mechanical testing of PBF IN718 alloy. Most of the test data
are rather similar with slight differences due to either the geometry of the test piece or the direction of
the test piece when it is being tested. Generally, a post-processing step such as heat treatment or HIP-ing
gives a better tensile strength but with a slight dip in ductility. There were some instances where the tensile
properties were superior to the wrought ones, giving the manufacturer extra confidence in employing
AM IN718 on its production line. Researchers such as Strößner et al. [111] and Gallmeyer et al. [141]
have attempted to optimize the heat treatment process by increasing its homogenization or ageing
temperature and thereby controlling the growth of the Υ” phase, and minimizing the impact of either
the δ or Laves phases, resulting in an increase in the strength and hardness of the material.

Table 4. Summary of mechanical properties of PBF IN718 alloy.

Condition UTS/MPa YS/MPa El/% Stress
Ratio

Loading
Frequency/Hz

Cycles to
Failure Reference

As-built 1110 ± 11 711 ± 14 24.5 ± 1.1 - - - [84]
1167 ± 10 858 ± 12 21.5 ± 1.3 - - - [84]

845 580 21.5 ± 1.3 - - - [84]
1010 ± 10 737 ± 4 20 - - - [84]

997.8 800 20.6 ± 2.1 - - - [84]
1335 760 21.3 - - - [141]

1142.5± 5.5 898 ± 9 22.55± 3.35 [73]
As-built, heat treated 1451 1174 13.5 - - - [69]

1370 ± 25 - 22.2 ± 2 - - - [77]
1221 1007 16.0 - - - [82]

- - - 0 20 2 × 106

(run out)
[144]

1085 ± 11 816 ± 24 19.1 ± 0.7 - - - [111]
1010 ± 10 737 ± 4 20.6 ± 2.1 - - - [111]
1417 ± 4 1222 ± 26 15.9 ± 1.0 - - - [111]

1387 ± 12 1186 ± 23 17.4 ± 0.4 - - - [111]
1325 620 28.6 SA980 [141]
1530 1135 10.6 SHT-1 [141]
1560 1240 11.6 SHT-2 [141]
1500 1120 14.5 DA620 [141]
1580 1300 9.6 DA720 [141]
1640 1245 16.6 SA1020 + A720 [141]

1319 ± 39 1131.5± 29.5 16 ± 6 [73]
As-built, hot isostatic

pressing (HIP),
heat treated

1200 890 28 - - - [109]

1384 ± 8 1123 ± 13 21.5 ± 3.5 - - - [145]
Wrought 1241 1034 10 - - - AMS 5662 [146]

1610 1160 13.5 [141]
As-cast 802 758 5 - - - AMS 5383 [146]

Data about the fatigue strength of PBF IN718 alloy was limited as it usually costs a significant
amount of resources to develop. Fatigue tests are typically conducted on servo hydraulic test machines
which are capable of applying large amplitude cycles over a long period of time [142]. They are heavily
used in high-value industries such as the aerospace and biomedical sectors where safety standards are
much more stringent than in other sectors. For AM IN718 alloy to be used in a safety-critical application,
it is vital to understand the process-structure-property relationship, and the availability of fatigue data
gives extra confidence for manufacturers to utilize this technology. At the same time, several problems
such as weak grain texture and detrimental residual stress [43,115,143] have to be dealt with in order to
widen the adoption of AM IN718 alloy. This drives a need to introduce novel post-processing methods
to improve the quality of AM products, which will be discussed in the next section.

5. Suitability of Surface Enhancement Process

Erfan et al. [147] utilize a common approach in cost, risk analysis and management to review the
known surface treatment process in order to evaluate the commercial value that these processes bring
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to the AM production line. Ranking is undertaken according to the time and money needed to utilize
the treatment, as seen in Figure 9b. Examples of material removal mechanical processes are traditional
machining and polishing techniques. They were ranked first, due to the wealth of research findings to
make the process more effective and the relatively low cost to employ in AM products. Next in line are
processes such as chemical etching [148] and electrochemical polishing (ECP) [149] techniques that are
used for parts with intricate geometries such as lattice and cellular structure which are hard to reach.
In addition, these chemical techniques have been able to decrease surface roughness with an average
and max height improvement of 73% and 65% respectively for ECP [149].
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On the other hand, surface treatments such as shot-peening [150], deep-rolling [151] and laser
shock peening (LSP) [152] are categorized under no material removal mechanical treatments and
are commonly used to increase the usability of AM materials. For high-temperature applications,
LSP has additional advantages over other surface treatments due to its ability to impart deep
compressive residual stresses [153], lower cold work on the surface [154] and the ability for grain
refinements [155,156]. Inherently, the LSP process introduces high strain rates up to 106 s−1 which
generate beneficial dislocations near the surface layer [157–159].

Table 5 compares the effects of shot peening and LSP on strain rate, cold work, depth of influence
and the typical roughness of various metal alloys. Generally, LSP brings about a significant lower cold
work as compared to shot peening. A lower amount of cold work was observed in Ti-6Al-4V [160] and
IN718 coupons where the cold work was between 1–6% [154]. The amount of cold work that is being
induced by LSP boils down to the material’s deformation capability. Although it is beyond the scope
of this work to discuss shot peening, it is useful to bring it up as a comparison to LSP as it is a widely
adapted technique in the industry. Shot peening involves multiple steel or ceramic shots projected at a
high velocity through a nozzle, striking the surface with force sufficient to create plastic deformation.
Due to the continuous shots, most of the energy is expended in inducing plastic deformation, resulting
in a highly cold-worked surface layer [160]. On the other hand, LSP produces remarkably low cold
work on the surface at room temperature [161], as shown in Figure 10. The cold work produced by shot
peening comes close to 0% after a depth of 10 × 10−3 inch, dropping from the initial 30%. This begs the
question of why LSP is able to drive similar or higher compressive residual stresses and yet produce a
lower amount of cold work on the surface.
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Table 5. Comparison of shot peening and laser shock peening (LSP).

Strain Rate
(s−1)

Cold Work (%) Depth (mm) Typical Roughness
Ra (µm)

Shot peen (X20 Steel) 103–104 15–50 0.2 4.52
LSP (X20 Steel) 106–107 5–7 1.2 0.98

Shot peen (Ti-6Al-4V) - 75 Surface -
LSP (Ti-6Al-4V) - 1–2 Surface -

Shot peen (IN718) - 30 Surface -
LSP (IN718) - 3–6 Surface -
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Figure 10. Taken from [160], Residual stress distribution and cold work developed by in IN718 coupons
using various surface enhancement process.

A high degree of cold work has been found to relax rapidly at high temperature [160–162] which is
detrimental for high temperature application in the nuclear and aerospace industries. LSP might be in a
more advantageous position that shot peening if it is able to withstand thermal stress relaxation in these
industries. More investigation has to be done to find out the process-structure-property-performance
relationship, utilizing advanced material characterization methods such as EBSD or transmission
electron microscopy (TEM).

There are interesting initiatives where LSP is being used as a post-processing step for AM metal
components such as aluminium [163], stainless steel [164] and titanium alloy [152]. Kalentics et al. [164,165]
have proposed using LSP to tailor the residual stresses of stainless steel samples by moving the baseplate
back and forth from a printing machine to an LSP station. He has dubbed it as 3D LSP, an ex-situ LSP and
AM process which has been shown to increase both the magnitude and depth of compressive residual
stress. The depth of compressive residual stress could reach up to 1 mm for an AM 316L stainless steel
component subjected to the 3D LSP principle, as shown in Figure 11. This research is a promising start
to combine LSP techniques into AM material, making it more useable for aerospace applications.
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6. Conclusions

The current priority of aeroengine manufacturers is to investigate the applicability of AM
components in their manufacturing process as it offers significant processing flexibility and potential
cost reduction. IN718 is one of those metal alloys that is suitable for the AM process route as it allows
manufacturers to process it in an easy and straightforward way that ensures that the material properties
are still well preserved. With layer-wise building of components, the process produces up to about 5%
waste, reducing the raw material wastage significantly as compared to manufacturing it conventionally
for aeroengine components.

Inherently, as-built AM products give a mixture of columnar and equiaxed grains which directly
impacts the mechanical properties of the material at room temperature. At high temperature usage,
its effect is not as prominent, and grain size will be the crucial factor in determining its fatigue life.
Further research should be performed to identify the effects of the various phases present in the alloy
that affect the usability of the material. It should be possible to control the growth of Υ”, δ and Laves
to maximize the properties of AM IN718 alloy as suited for its intended application.

Numerous heat-treatment procedures have been attempted by the scientific community to match
its tensile strength with the wrought alloy. Higher homogenization temperature and longer ageing
time is usually employed to reduce the presence of harmful phases such as the δ and Laves phases.
Such knowledge is important for developing beneficial microstructures and material properties for the
intended application.

Analysis obtained from the literature suggest that the mechanical properties of PBF IN718 alloy
were very similar to its wrought counterpart. However, there were insufficient experimental data to
showcase the fatigue lifespan of AM IN718 alloy due to the complexity and high cost of the experiments.

Surface enhancement techniques were explored in this study as this could assist AM IN718 alloy
to perform better in high-temperature applications. LSP has the potential to be a suitable technique as
it can induce a lower amount of cold work which is beneficial in a high-temperature environment.
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116. Chlebus, E.; Gruber, K.; Kuźnicka, B.; Kurzac, J.; Kurzynowski, T. Effect of heat treatment on the microstructure
and mechanical properties of Inconel 718 processed by selective laser melting. Mater. Sci. Eng. A 2015, 639,
647–655. [CrossRef]

117. As, S.; Skallerud, B.; Tveiten, B. Surface roughness characterization for fatigue life predictions using finite
element analysis. Int. J. Fatigue 2008, 30, 2200–2209. [CrossRef]

118. Gockel, J.; Sheridan, L.; Koerper, B.; Whip, B. The influence of additive manufacturing processing parameters
on surface roughness and fatigue life. Int. J. Fatigue 2019, 124, 380–388. [CrossRef]

119. Balachandramurthi, A.R.; 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, 463–474.
[CrossRef]

120. Yadollahi, A.; Mahtabi, M.J.; Khalili, A.; Doude, H.; Newman, J. Fatigue life prediction of additively
manufactured material: Effects of surface roughness, defect size, and shape. Fatigue Fract. Eng. Mater. Struct.
2018, 41, 1602–1614. [CrossRef]

121. Kobayashi, K.; Yamaguchi, K.; Hayakawa, M.; Kimura, M. Grain size effect on high-temperature fatigue
properties of alloy718. Mater. Lett. 2005, 59, 383–386. [CrossRef]

122. Zhang, Y.; Yang, L.; Chen, T.; Zhang, W.; Huang, X.; Dai, J. Investigation on the optimized heat treatment
procedure for laser fabricated IN718 alloy. Opt. Laser Technol. 2017, 97, 172–179. [CrossRef]

123. Anderson, M.; Thielin, A.-L.; Bridier, F.; Bocher, P.; Savoie, J. δ Phase precipitation in Inconel 718 and
associated mechanical properties. Mater. Sci. Eng. A 2017, 679, 48–55. [CrossRef]

124. Mittra, J.; Banerjee, S.; Tewari, R.; Dey, G.K. Fracture behavior of Alloy 625 with different precipitate
microstructures. Mater. Sci. Eng. A 2013, 574, 86–93. [CrossRef]

125. Shankar, V.; Rao, K.B.S.; Mannan, S. Microstructure and mechanical properties of Inconel 625 superalloy.
J. Nucl. Mater. 2001, 288, 222–232. [CrossRef]

126. Mahadevan, S.; Nalawade, S.; Singh, J.B.; Verma, A.; Paul, B.; Ramaswamy, K. Evolution of δ Phase
Microstructure in Alloy 718. In Proceedings of the Superalloy 718 and Derivatives, Pittsburg, PA, USA,
10–13 October 2012.

127. Li, J.; Zhao, Z.; Bai, P.; Qu, H.; Liu, B.; Li, L.; Wu, L.; Guan, R.; Liu, H.; Guo, Z. Microstructural evolution and
mechanical properties of IN718 alloy fabricated by selective laser melting following different heat treatments.
J. Alloy. Compd. 2019, 772, 861–870. [CrossRef]



Metals 2020, 10, 1576 21 of 22

128. Li, S.; Yang, J.; Zhuang, J.; Deng, Q.; Du, J.; Xie, X.; Li, B.; Xu, Z.; Cao, Z.; Su, Z.; et al. The Effect of Delta-Phase
on Crack Propagation under Creep and Fatigue Conditions in Alloy 718. Superalloys 2008 1994, 718, 625–706.
[CrossRef]

129. An, J.; Wang, L.; Liu, Y.; Cai, W.; Song, X. The role of δ phase for fatigue crack propagation behavior in a Ni
base superalloy at room temperature. Mater. Sci. Eng. A 2017, 684, 312–317. [CrossRef]

130. Gao, Y.; Zhang, D.; Cao, M.; Chen, R.; Feng, Z.; Poprawe, R.; Schleifenbaum, J.H.; Ziegler, S. Effect of δ
phase on high temperature mechanical performances of Inconel 718 fabricated with SLM process. Mater. Sci.
Eng. A 2019, 767, 138–327. [CrossRef]

131. Schirra, J.; Caless, R.; Hatala, R. The Effect of Laves Phase on the Mechanical Properties of Wrought and Cast
+ HIP Inconel 718. Superalloys 2008 1991, 718, 375–388. [CrossRef]

132. Chen, Y.; Guo, Y.; Xu, M.; Ma, C.; Zhang, Q.; Wang, L.; Jianhua, Y.; Li, Z. Study on the element segregation
and Laves phase formation in the laser metal deposited IN718 superalloy by flat top laser and gaussian
distribution laser. Mater. Sci. Eng. A 2019, 754, 339–347. [CrossRef]

133. Radhakrishna, C.; Rao, K.P. The formation and control of Laves phase in superalloy 718 welds. J. Mater. Sci.
1997, 32, 1977–1984. [CrossRef]

134. Li, J.; Shrestha, S.L.; Yan, L.; Li, Z.; Xintai, Z. The formation of eutectic phases and hot cracks in one Ni–Mo–Cr
superalloy. Mater. Des. 2016, 93, 324–333. [CrossRef]

135. You, X.; Tan, Y.; Shi, S.; Yang, J.-M.; Wang, Y.; Li, J.; You, Q. Effect of solution heat treatment on the precipitation
behavior and strengthening mechanisms of electron beam smelted Inconel 718 superalloy. Mater. Sci. Eng. A
2017, 689, 257–268. [CrossRef]

136. Tucho, W.M.; Cuvillier, P.; Sjolyst-Kverneland, A.; Hansen, V. Microstructure and hardness studies of Inconel
718 manufactured by selective laser melting before and after solution heat treatment. Mater. Sci. Eng. A 2017,
689, 220–232. [CrossRef]

137. Wang, X.; Chou, K. Effects of thermal cycles on the microstructure evolution of Inconel 718 during selective
laser melting process. Addit. Manuf. 2017, 18, 1–14. [CrossRef]

138. Liu, F.; Lyu, F.; Liu, F.; Lin, X.; Huang, C. Laves phase control of inconel 718 superalloy fabricated by laser
direct energy deposition via δ aging and solution treatment. J. Mater. Res. Technol. 2020, 9, 9753–9765.
[CrossRef]

139. Xie, H.; Yang, K.; Li, F.; Sun, C.; Yu, Z. Investigation on the Laves phase formation during laser cladding of
IN718 alloy by CA-FE. J. Manuf. Process. 2020, 52, 132–144. [CrossRef]

140. Huang, W.; Yang, J.; Yang, H.; Jing, G.; Wang, Z.; Zeng, X. Heat treatment of Inconel 718 produced by selective
laser melting: Microstructure and mechanical properties. Mater. Sci. Eng. A 2019, 750, 98–107. [CrossRef]

141. Gallmeyer, T.G.; Moorthy, S.; Kappes, B.B.; Mills, M.J.; Amin-Ahmadi, B.; Stebner, A.P. Knowledge of
process-structure-property relationships to engineer better heat treatments for laser powder bed fusion
additive manufactured Inconel 718. Addit. Manuf. 2020, 31, 100977. [CrossRef]

142. ASTM E8/E8M. Standard Test Methods for Tension Testing of Metallic Materials; ASTM International:
West Conshohocken, PA, USA, 2016.

143. Ahmad, B.; Van Der Veen, S.; Fitzpatrick, M.E.; Guo, H. Residual stress evaluation in selective-laser-melting
additively manufactured titanium (Ti-6Al-4V) and inconel 718 using the contour method and numerical
simulation. Addit. Manuf. 2018, 22, 571–582. [CrossRef]
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Abstract 

Laser shock peening was introduced onto additive manufactured Inconel 718 in an attempt to 
replicate current aeroengine manufacturing processes. Deep compressive stresses and no cold 
work was observed on the surface, tantilising and timely results in the push to adopt additive 
manufacturing as a step-change in production. 

 

1. Introduction 

Additive Manufacturing (AM) has received significant recent attention due to its potential benefit of 
producing complex component geometries in a shorter time and with reduced waste, compared to 
conventional machining processes [1, 2]. In particular, AM technology brings a tremendous 
advantage for superalloys such as Inconel 718 (IN718) as it removes the possibility of work 
hardening the component [5], facilitating manufacturers to fabricate components with intricate 
geometries. IN718 is the most commonly used nickel-based alloy in the aerospace industry due to 
its superior mechanical properties at elevated temperatures and has been widely used in the turbine 
section of aeroengines [3-5]. AM processes have been used for the production of commercial 
components but are susceptible to defects including micro-porosity and detrimental tensile stress 
[6-8]. These defects are particularly problematic in near-surface regions of safety critical 
components where crack initiation may occur which lead to catastrophic failure. Efforts have been 
made to limit these defects through the use of heat treatment [6, 9] and hot isostatic pressing (HIP-
ing) [10]. However, results have been mixed, and no significant progress has been made on 
improving the quality of AM IN718.  
 
Laser shock peening (LSP) is a surface treatment that employs a pulsed laser with high power 
density onto the surface of a component [11]. With a layer of black light-absorbing tape and water 
applied to the targeted surface, shock waves can be generated due to the laser-matter interaction 
produced by the treatment. These shock waves create high pressures to deform the surface layer, 
creating beneficial compressive residual stresses [12]. LSP has been shown to outperform other 
surface enhancement techniques due to producing remarkably low cold work on the surface [13]. 
LSP treated material is much more capable of withstanding plastic straining before failure due to its 
formation of dislocation entanglements and slip bands that create a barrier that hinders the 
nucleation and propagation of fatigue cracks [14]. In conventionally machined components 
subjected to LSP treatment, significant benefits have been show due to a deep protective 
compressive near-surface stress field [15]. A thorough comparison of between LSP wrought and 
LSP AM IN718 residual stress state were made elsewhere. Interested readers could refer to the 
paper written by the author [16].  



 
This paper considers the application of LSP as a process to improve the performance of AM IN718 
structures for aero-engine applications. In particular, an investigation is made as to whether the 
benefits of a near-surface compressive residual stress field can be realised in AM components. 
Depth-wise residual stress determination was performed using a state-of-the-art high intensity 
synchrotron X-radiation diffraction (SXRD) method. The authors believe the findings in this paper 
provide valuable insight for aero-engine manufacturers to consider LSP as a viable process to 
enable the use of AM IN718 in high-performance aeroengine components. 
 

2. Experimental procedures and material specifications 

2.1. Production of samples 

Table 1 Chemical composition in wt % of IN718 alloy 

Ni Cr Nb Mo Ti Al Co Cu C Si Mn Fe 

50 17 4.70 2.80 0.60 0.20 1 0.30 0.08 0.35 0.35 bal 

 
AM IN718 samples used in the present study were prepared using Powder Bed Fusion (PBF), built 
using an EOS M290 (EOS GmbH, Germany) with a 400 W fibre laser. Samples were built vertically 
along the y-axis (see Figure 1) at 67° to the XZ plane. The chemical composition of the powder 
(EOS GmbH, Germany) used for manufacture is provided in Table 1 [17]. Specimens were heat 
treated according to Aerospace Material Specifications (AMS) 5663 [17] and wire cut via electro-
discharge machining from the base plate after the heat treatment. The samples were designed to 
facilitate access to the LSP machine, tensile and fatigue testing, and high spatial resolution SXRD 
measurements. A flat dog-boned geometry was used as illustrated in Figure 1. Its size and geometry 
conformed to the prescription for test pieces with a continuous radius between gripping ends as 
specified in BS EN 3987:2009 [18]. Specimens were also prepared from a wrought IN718 alloy of 
the same chemical composition. Both AM and wrought pecimens were ground and polished to 0.2 
µm Ra as per EN 3987:2009 standard.  LSP was performed with single pulse impact and deionised 
water flowing onto the targeted area as a transparent confining media. For the selected geometry, 
applying the LSP process on the opposite sides of the section is recommended to balance the 
generated force. Two-sided peening is used to avoid harmful effects such as spalling and fracture. 
A laser power density of 7.1 GW/cm2 was deemed to be the lowest cost option following a process 
reported elsewhere [16]. 

  
Figure 1 Geometry of the flat dog-boned specimens 

2.2. Phase identification using Powder Cell 

Phases were confirmed by full-profile analysis using the PowderCell software [19] and the 
individual phases in the alloys were determined from crystallographic data in the literature [20].  
 



2.3. Residual stress measurement using synchrotron X-ray diffraction 

The present work utilised the I12 JEEP beamline at Diamond Light Source (Oxford, UK) [21] for 
strain analysis, operating with a beam energy around 123 keV, correlating to an X-ray wavelength 
of approximately 0.1 Å. The incident beam was defined using precise, calibrated slits to be 0.1 mm 
wide x 0.1 high. The specimens were mounted with the XZ plane (see Figure 1) oriented horizontally 
Thus the peened surfaces were oriented parallel to the beam direction. Figure 2a shows the 
experimental setup at the DIAMOND facility. Figure 2b shows the progression of the specimens 
through the beam to obtain depth-wise diffraction data. 
 

  
Figure 2 (a) Samples stacked together on the I12 facility with the X-ray beam direction as shown. 
(b) Samples were scanned vertically through the beam and showing translation of the specimens 
through the beam. 

The effective diffraction volume (gauge volume) was therefore defined by both the incident slits and 
the full width of the specimens (5 mm). A two-dimensional Pilatus 3 X CdTe 2M detector was 
employed to collect diffraction images as the specimen was scanned through the beam. A step-size 
of 10 µm was used for all specimens and a collection time of 10 seconds was deemed appropriate 
following initial tests.  
 
Reflections from the {311} planes are an appropriate choice to convert lattice strains to macroscopic 
stress applied in polycrystalline nickel-base superalloys [22]. Lattice strains measured can be 
converted via standard solid mechanics theory [23]; 
 

𝜎𝑥 =
𝐸

(1 − 𝜈)(1 − 2𝜈)
[(1 − 𝜈)𝜀𝑥 + 𝜈(𝜀𝑦 + 𝜀𝑧)] 

 

(1) 

where 𝜎 is the stress state for the corresponding x, y and z directions, elastic modulus 𝐸 = 170 MPa 
and was gathered from various literature sources [17, 24, 25], and Poisson’s ratio 𝜈 = 0.29 [24, 25]. 
The stress component in the through-thickness direction (y-axis) is assumed to be zero and the in-
plane stress (x and z-axis) is isotropic [26]. In this case, it is possible to calculate the (usually of 
most interest) in-plane stress from a single strain data; 
 

𝜎 = 𝐸
(𝜀 + 𝜈𝜀)

(1 − 𝜈2)
 

(2) 

 
  



 

3. Results and discussion 

3.1. Phase identification 

 
Figure 3 XRD spectra with identified phases for pristine (AM) and laser shock peened (AM_LSP) 
samples 

Figure 3 displays the indexed and fitted AM and AM_LSP diffraction patterns. Literature shows, 𝛿211 
is more prominent in the AM IN718 specimens than their wrought counterparts [27] and applying 
LSP treatment does not affect the phase distribution. This is a crucial observation as IN718 is a 
precipitation-strengthened nickel-based superalloy with 𝛾′′ as the main phase contributing to its 
excellent high-temperature strength [28]. 𝛿 precipitates derived from metastable 𝛾′′ can be 
detrimental to the overall mechanical properties of the alloy [29]. The presence of these precipitates 
can degrade the material performance as it will trigger intergranular cracking [30, 31]. On the other 
hand, the formation of intragranular 𝛿 precipitates was seen to harden the material [29], which is 
commonly observed in AM IN718. Thus, the ratio between intragranular and intergranular 𝛿 
precipitates can be a critical parameter in optimising the fatigue properties of AM IN718. Fortunately, 
the use of LSP do not alter the precipitates and advance microstructural techniques are advised to 
identify these precipitates' location and morphology in the sample. 
  



 

3.2. Stress field 

The through-thickness stress measurements of AM and AM_LSP are illustrated in Figure 4. As the 
depth increased, the stresses became less compressive and its effect reached up to 625 μm from 
the surface.  The highest compressive residual stress of AM_LSP is observed at 50 μm from the 
surface with a value of -471 MPa on one side of the specimen and 100 μm from the surface with a 
value of -452 MPa on the another side.  

 
Figure 4 Residual stress profile of pristine (AM) and laser shock peened (AM_LSP) samples 

The sum of forces must be equal to zero as no external forces are present in the samples. The 
balancing tensile stresses are found between the depth region of 625 μm to 2600 μm and goes up 
to 427 MPa, as seen in Figure 4. The maximum balancing tensile stress must not become large 
enough to create early internal failures. Wagner [32] reported that high-cycle fatigue cracks often 
nucleate in the subsurface level of where the balancing tensile stress resides. The detrimental effect 
can reduce the overall effect of the surface enhancement process, making the enhanced material 
weaker than its pristine state.  
  



 

3.3. Full width half maximum profile 

 
Figure 5  Full width half maximum of pristine (AM) and laser shock peened (AM_LSP) samples 

Full width half maximum (FWHM) value was used as a measure of the relative dislocation density 
or work hardening rate. FWHM measurement of both AM and AM_LSP has a similar profile on the 
surface and diverges along the depth, as shown in Figure 5. No cold work was found on the surface 
and it is possible that the dual side peening has encourage the dislocations to move deeper into the 
material that caused the increase in FWHM in the central region. There are other factors that needs 
to be considered and requires further investigation.  
 

4. Conclusion 

The suitability of LSP on AM IN718 was investigated in this study. Based on the initial analyses, AM 
IN718 has a higher content of 𝛿211 precipitates due to the varying heat influx caused by its layer by 
layer deposition method. Employing LSP onto AM IN718 do not alter the phase distribution of the 
specimens. The compressive region of the AM_LSP sample went as deep as 625 µm from the 
surface and up to -471 MPa. Preliminary analyse of the FWHM data indicates that LSP imparted 
no cold work onto AM IN718 surface and further benchmarking exercise is needed. 
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