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Abstract
Laser Powder Bed Fusion (L-PBF) is a metal additive manufacturing technique that

uses a laser beam as a heat source to melt metal powder selectively. Because of the

process small layer thicknesses, laser beam diameter, and powder particle size, L-

PBF allows the fabrication of novel geometries and complex internal structures with

enhanced properties. However, the main disadvantages of the L-PBF process are

high costs and a lengthy production time. As a result, shortening the manufacturing

process while maintaining comparable properties is exceptionally beneficial.

Inconel 625 (IN625) is a nickel-based superalloy becoming increasingly popular

in marine, petroleum, nuclear, and aerospace applications. However, the properties

of IN625 parts produced by casting or forging are challenging to control due to

their low thermal conductivity, high strength and work hardening rate, and high

chemical complexity. Furthermore, IN625 alloy is regarded as a difficult-to-machine

material. As a result, it is worthwhile to seek new technologies to manufacture

complex-shaped IN625 parts with high dimensional accuracy. IN625 alloy is known

for its excellent weldability and high resistance to hot cracking; thus, IN625 alloy

appears to be a promising candidate for additive manufacturing.

This thesis presents an experimentally focused study on optimizing L-PBF

processing parameters in IN625 superalloy to increase process productivity while

maintaining high material density and hardness. This study had four stages:

preliminary, exploratory, modelling, and optimization. The first stage was devoted

to conducting a literature review and determining the initial processing parameters.
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The second stage concentrated on determining the process window, for which

single tracks were printed with two high levels of laser power (300, 400 W ), five

levels of scan speed (500, 700, 900, 1100, 1300 mm/s), and five levels of powder

layer thickness (30, 60, 90, 120, 150 µm). Then, the process window was defined

after investigating the top views and cross-sections of the tracks. Stage 3 involved

printing 48 cubes (10 × 10 × 10 mm3) with a laser power of 400 W , scan speeds of

(700, 900, 1100, 1300 m/s), layer thicknesses of (60, 90, 120, 150 µm), and overlap

percentages of (10, 30, 50%). As a result, the density of cubes was measured, and

a statistical multiple regression analysis was used to predict it. Stage 4 involved

estimating four sets of ideal processing parameters (based on statistical modelling

of relative density) and printing 24 cubes (10 × 10 × 10 mm3), six samples for

each set. Finally, the relative density, hardness, and productivity of the samples

were assessed, and a trade-off was determined.

Even with the thickest powder layer of 150 µm (highest process productivity),

samples with a mean relative density greater than 99% (i.e., 99.31% by Archimedes

principle and 99.82% by image analysis) were printed. These findings are consistent

with previously published results for L-PBF IN625 samples manufactured with

smaller layer thicknesses ranging from 20 to 40 µm while maintaining comparable

material hardness. The findings of this study are noteworthy because IN625

parts can be printed with higher powder layer thicknesses (less production time)

while retaining similar material properties to those published with typical layer

thicknesses ranging from 20 to 40 µm. Reduced production time due to optimized

processing parameters can lead to significant energy and cost savings.
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Chapter 1
INTRODUCTION

1.1 Background

Nickel-based superalloys are increasingly being used in marine, petroleum, nuclear,

and aerospace applications due to their high mechanical strength at elevated

temperatures, outstanding hot corrosion and oxidation resistance, excellent

weldability, and high creep and fatigue resistance [1–5]. For example, Figure 1.1 [6]

depicts the materials employed in the main components of a modern jet engine, in

which nickel-based superalloys cover 47% of the total weight. These alloys are used

in components that operate above 550 °C, such as turbine blades, discs, vanes, and

combustion chamber.

Inconel 625 (IN625) is a nickel-based superalloy consisting of about 62 wt.% nickel

and 23 wt.% chromium, solid-solution strengthened by its contents of molybdenum

(8–10 wt.%) and niobium (3.15–4.15 wt.%) in a nickel-chromium matrix. Chromium

1
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gives the alloy its excellent corrosion resistance by forming a passive thin layer of

Cr2O3; whereas, molybdenum and niobium strengthen it [1, 4, 7] .

Figure 1.1: Materials used in the GE CF6 turbine engine of Boeing 787 aircraft [6].

However, the properties of IN625 parts produced by casting or forging are

difficult to control due to their low thermal conductivity, high strength, high work

hardening rate, and high chemical complexity. Furthermore, IN625 alloy is regarded

as a difficult-to-machine material, resulting in extensive tool wear [8–10]. Therefore,

it is worthwhile to seek out new technologies for producing complex-shaped IN625

with high dimensional accuracy. Nevertheless, it is well known that IN625 has

excellent weldability [11, 12] and high resistance to hot cracking; thus, IN625 alloy

appears to be a promising candidate for additive manufacturing [13–16].

Additive manufacturing (AM) is defined by the American Society for Testing and

Materials (ASTM) as "a process of combining materials to produce items from 3D

model data, usually layer by layer, as opposed to subtractive approaches" [17]. AM

is a cutting-edge technology that opens up new avenues for creating unique shapes

2
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and complex interior structures with enhanced properties. It differs from traditional

manufacturing methods in that material is added rather than subtracted to form

the desired solid shape. Furthermore, AM provides a variety of manufacturing

techniques that are increasingly being used across a wide range of industries,

including automotive, aerospace, and biomedical, as seen in Figure 1.2 [18].

Figure 1.2: Applications of metal AM [18].

The stepwise nature of AM reduces complex 3D geometries into more

straightforward two-dimensional manufacturing steps, enabling the fabrication of

complex hollow structures, overhangs, and lattice structures that would be

impossible to manufacture using traditional processes [19]. Because AM costs are

primarily determined by the volume to be built and are not affected by component

topology, it can help lower the prices of parts with complex geometry. As a result,

additive manufacturing is essential for producing highly complex parts made of

3
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expensive materials that require extensive machining. However, costs of traditional

manufacturing techniques are primarily determined by the part’s complexity.

One advantage of using AM is that it has a higher material conversion efficiency

(reducing material waste). The material conversion efficiency may be expressed by

the buy-to-fly ratio, which is calculated as the mass of the initially purchased stock

material divided by the mass of the final finished part. For example, AM shows a

buy-to-fly ratio of 1.5–2:1, whereas machined parts have a ratio of 15–20:1 [20–22].

In this context, ArianeGroup [23] has successfully manufactured a new injector

head of a rocket engine of a future upper stage propulsion module from the IN718

superalloy, using the EOS laser powder bed industrial 3D printing technology, as

shown in Figure 1.3 [23].

Figure 1.3: Injector head of a rocket engine printed from IN718 superalloy using
EOS laser powder bed fusion technology [23].

4
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The original injector head was created through a variety of manufacturing

processes, including casting, brazing, welding, and drilling. This time-consuming

and complex manufacturing process can result in weak points that pose risks under

extreme loads. Instead of 248 elements produced by traditional methods, the new

injector head is only one part, thus significantly reducing the production time, as

shown in Table 1.1 [23].

Table 1.1: Production time comparison of traditional and 3D printing used for
manufacturing the injector head of a rocket engine [23].

Production process Construction time for
1 injector head

Casting and machining finishing 3 months
EOS M 400 (1 laser for 1 component) 65 h
EOS M 400-4 (4 laser for 1 component) 35 h

Among the many different AM manufacturing techniques, the most popular

and mature Metal Additive Manufacturing (MAM) techniques are based on the

Powder Bed Fusion (PBF) manufacturing processes [19], which are widely available

commercially. These methods are distinguished by the use of a powder bed layer

that is repeatedly exposed to a high-density thermal flux, causing powder particles

to sinter or totally melt, and then fuse into a consolidated structure upon cooling.

Laser Powder Bed Fusion (L-PBF) is one of the most widely used PBF technologies

for selectively processing powder using a laser beam as a heat source to totally

melt it [19, 24].

Using the L-PBF process, parts are produced layer-by-layer from CAD models

according to the desired shapes. During the deposition process, each layer is created

by melting separate passes from a powder feedstock, which is rapidly heated, melted,

5
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solidified, and cooled. L-PBF allows for the fabrication of innovative geometries

and complicated internal structures with improved properties due to small layer

thicknesses, laser beam diameter, and powder particle size [19].

It is worth noting that the cost of a product is frequently determined by the

AM build accuracy and production rate, and there is always a trade-off between

the two. For example, L-PBF parts have better dimensional precision than Wire

Arc Additive Manufacturing (WAAM) parts, but the L-PBF process has a slower

production rate than WAAM [16].

L-PBF is a very complex process in which over 100 parameters can influence

part manufacturing [19]. The most critical parameters are the laser power P (W ),

scan speed v (mm/s), powder bed layer thickness t (µm), hatch distance h (µm),

laser spot size d (µm), powder characteristics, substrate preheating temperature,

and scanning strategy. These parameters are directly related to how the layers are

built up and are usually varied and optimized to produce crack-free, dense parts.

Laser power, scanning speed, hatch spacing, and layer thickness are frequently

integrated into a single parameter called volumetric energy density VED

(J/mm3) [25]. As shown in Figure 1.4 [26], an accurate value of VED may be

obtained using various combinations of P , v, h, and t, with some values of scan

speed (v) unable to create adequate melt. As a result, producing parts with

optimal properties requires a thorough understanding of the L-PBF processing

parameters and how they interact.

6
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Figure 1.4: Single tracks of 316L SS printed with L-PBF process using the same
VED value of 242 J/mm3 but with increasing both laser power and scan speed.
Laser spot size = 55 µm, and layer thickness = 75 µm [26].

1.2 Identifying Issues

With the advancement of various Metal Additive Manufacturing (MAM) techniques,

interest in the L-PBF process has grown due to the improved properties of the

parts compared to those manufactured by other methods, particularly for small

sizes. As a result, several studies have been conducted to better understand process

parameters optimization for advanced materials, which are primarily used in the

aerospace, automotive, and biomedical industries [13, 27–31].

Because of its exceptional properties, IN625 alloy is widely used in the marine,

petroleum, nuclear, and aerospace industries. A literature review on the optimal

processing parameters for manufacturing IN625 by L-PBF, shown in Table 2.1,

Chapter 2, revealed that the powder layer thickness investigated ranged from 20 µm

to 60 µm. Furthermore, no systematic study on the effects of increasing the powder

7
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layer thickness on the density and productivity of L-PBF IN625 parts at higher

laser powers of 300 and 400 W was found. The main drawbacks of the L-PBF

process, on the other hand, are high costs and a lengthy production time. As a

result, reducing the manufacturing process while maintaining similar properties is

extremely advantageous.

Changing only the powder layer thickness in the volumetric energy density

formula, Equation 2.1, Chapter 2, may not result in a dense part because the

heat input provided to the powder bed may not be sufficient to melt the powder

completely. The input energy, on the other hand, is controlled by adjusting other

process parameters such as laser power, scan speed, and hatch distance. Thus, the

optimal parameters should be developed empirically to produce crack-free, dense

parts with improved material properties.

Therefore, in this study, two high levels of laser power (300 and 400 W ); five

levels of scan speed (500, 700, 900, 1100, and 1300 mm/s); and five levels of powder

layer thickness (30, 60, 90, 120, and 150 µm) were used for printing single tracks

to define the process window. Furthermore, a laser power of 400 W ; scan speeds of

700, 900, 1100, and 1300 mm/s; powder layer thicknesses of 60, 90, 120, and 150

µm; and overlap percentages of 10, 30, and 50% were used for printing the cubes.

Relative density of the cubes was evaluated and modelled in terms of scan speed,

layer thickness, and overlapping. Based on the statistical modelling, the optimal

parameters were estimated, with which additional cubes were printed. Then,

relative density, hardness, microstructure, and productivity were evaluated and

the optimal processing parameters for increasing productivity while maintaining

comparable physical and mechanical properties were established.
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1.3 Aim and Objectives

The goal of this research was to optimize the L-PBF processing parameters in

IN625, focusing on the effects of increasing powder layer thickness on production

rate while maintaining comparable physical and mechanical properties. To achieve

the research goal, the following steps were planned:

1. Printing single tracks using the following processing parameters:

• Laser power: 300 and 400 W .

• Scan speed: 500, 700, 900, 1100, and 1300 mm/s.

• Powder layer thickness: 30, 60, 90, 120, and 150 µm.

The majority of these parameters used were not investigated; thus, this study

significantly contributes to the literature of L-PBF IN625 superalloy.

2. Evaluating the top views and cross-sections of the tracks to define the process

windows, and estimating the processing parameters for printing the samples.

3. Printing 10 × 10 × 10 mm3 cubes with:

• Laser power: 400 W .

• Scan speed: 700, 900, 1100, and 1300 mm/s.

• Powder layer thickness: 60, 90, 120, and 150 µm.

• Overlap: 10, 30, and 50%.

4. Measuring and modelling the cubes density in terms of scan speed, layer

thickness, and overlapping to define four new sets of processing parameters.

9
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5. Printing additional IN625 cubes with the new sets of processing parameters

and evaluating the relative density, hardness, microstructure, and productivity

of the printed cubes.

6. Establishing a trade-off between relative density, hardness and productivity.

1.4 Main Contribution

This study investigated the effects of a wide range of processing parameters on the

relative density, hardness, and productivity. It was shown that the samples printed

with the greatest powder layer thickness of 150 µm had comparable physical and

mechanical properties to those printed using typical powder layer thicknesses of

20–40 µm . Furthermore, because of the optimized processing parameters, the

productivity in this work is between 2.58 and 8.08 times higher than that published

in the literature.

Given the low productivity of L-PBF compared to other AM techniques, the

findings of this study are significant because IN625 parts can be printed with higher

layer thicknesses while retaining material properties comparable to those printed

with typical thin powder layer thicknesses of 20–40 µm. Reduced production time

due to optimized processing parameters can result in substantial energy and cost

savings.

10
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1.5 Thesis Structure

This thesis is divided into five chapters and includes a list of references used for

the writing of the thesis:

• Chapter 1, Introduction

The current one, it provides an overview of nickel-based superalloys, the

L-PBF technique, as well as the motivations and objectives driving this

research.

• Chapter 2, Literature Review

It explains additive manufacturing, metal additive manufacturing, laser-based

additive manufacturing, and the L-PBF process and its parameters. It also

includes a literature review on the effects of L-PBF processing parameters

such as laser power, scan speed, hatch distance, powder layer thickness,

powder characteristics, and scanning strategy on the quality of printed parts.

The L-PBF processing parameters for printing IN625 found in the literature

are summarized and presented in Table 2.1. Furthermore, the L-PBF common

defects and their mechanisms are explained. An overview of superalloys, nickel-

based superalloys including IN625, and the microstructure and hardness of

IN625 produced by L-PBF, are provided. Finally, the literature-based L-PBF

processing parameters, as well as related relative density and hardness, are

summarized and provided in Table 2.8.

• Chapter 3, Materials and Methods

It explains the powder properties and printing parameters used for single
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tracks and cubes. Furthermore, the equipment and procedures for evaluating

single tracks, cubes, density, hardness, and microstructure are described.

• Chapter 4, Results and Discussions

It presents and discusses the obtained results. It begins with a characterization

of single tracks (top view and cross-section) to define the process window

from which the estimated best processing parameters for printing the cubes

can be discovered. The effect of scan speed on melt pool width is explained

for varying powder layer thicknesses. The melt pool modes are discussed

regarding the amount of laser energy delivered to the powder. Statistical

analysis is performed to show the most significant processing parameter

influencing the melt pool width. An empirical statistical model is proposed

to describe the combined effect of scan speed and layer thickness on melt

pool width. A nonlinear regression model relating melt pool width to surface

energy density is also presented. 3D surface and contour plots are displayed to

show the effects of processing parameters such as scan speed, layer thickness,

overlap, and surface energy on the density of printed IN625 cubes. The effects

of processing parameters on the relative density, hardness, and microstructure

of printed cubes are discussed. Finally, a trade-off is established between

density, hardness, and productivity.

• Chapter 5, Conclusions and Future Work

It concludes the thesis and proposes some issues for future work in the field.
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Chapter 2
LITERATURE REVIEW

2.1 Additive Manufacturing

Additive Manufacturing (AM) is a cutting-edge, innovative technology that allows

for the creation of novel shapes and complex interior structures with improved

properties. The correct AM technology combined with the right post-processing

approach can result in significant savings by lowering overall weight, material waste,

lead-time, energy, and cost.

In this regard, Tomlin and Myer [32] from EADS Innovations works presented a

study on the benefits of AM technology for an Airbus A320 nacelle hinge bracket

component using the Arcam Electron Beam Selective Melting (EBSM) process,

incorporating the topology optimization method for design. The original nacelle

bracket is constructed of HC101 steel, which was cast in a near-net-shape and

then machined to tolerance. The steel employed has a density of 7.7 g/cm3, while

13
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the suggested new material (Ti6Al4V) has a density of 4.42 g/cm3. Therefore,

weight savings can be expected just by changing the density of the material [32].

The optimized new component weighed only 326 g, compared to 920 g for the

original one, as illustrated in Figure 2.1 (a), thus giving a 64% reduction in weight.

Furthermore, stress analysis in Figure 2.1 (b) revealed substantially more efficient

material use in the optimized part.

Figure 2.1: Airbus A320 nacelle hinge bracket component, (a) original part and
optimized Ti6Al4V design for AM manufacturing, (b) performance comparison of the
original cast and machined HC101 steel to the new designed Ti6Al4V with AM [32].

14
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Additive manufacturing is being used on a variety of materials, including

polymers, ceramics, and metals [33]. There is a growing demand in using AM

techniques to manufacture high-performance metallic materials for aerospace,

automotive, and medical applications [34–37]. That is owing to higher freedom in

complex design, higher customization, and better material utilization offered by

AM when compared to traditional manufacturing processes [19, 38].

Additive manufacturing (AM), a layer-wise manufacturing technology that uses

a CAD model and raw material as input, involves connecting a computer to AM

machine that performs a series of operations to create the desired object. AM

includes a series of steps from a virtual CAD model to a physical part. Slicing a

3D CAD model into numerous layers (STL file), generating a tool path for each

layer, transferring the data to the AM machine, and building the component up

layer by layer from the sliced model are the foundations of all AM operations. As

a result, AM technology opens up new possibilities for creating novel geometries

and complex interior structures [19, 38–40].

2.2 Metal Additive Manufacturing (MAM)

Metals have become increasingly popular in additive manufacturing. It is now

possible to create high-quality components with complex structures owing to the

rapid developments in AM machines, lasers, and powders. MAM systems are

primarily classified by the heat source used (laser or electron beam), the feedstock

used (wire or powder), the feedstock delivery method, and the dimension and

quality of the component produced [40]. Powder bed fusion (PBF) is a type

of fusion in which the heat source can be a laser (L-PBF) or an electron beam
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(PBF-EB or EBM). Directed energy deposition (DED) is another category that can

use a number of heat sources, including laser (DED-L), electron beam (DED-EB),

and plasma arc (PA-DED) [18, 40]. Different MAM systems are illustrated in

Figure 2.2 [41].

Figure 2.2: Schematic illustration of different MAM systems, adapted from [41].

2.3 Laser-Based AM Processes

A brief overview of Laser-based Additive Manufacturing (LAM) techniques is offered

due to the topic importance. Despite the fact that LAM processes have the same

material additive manufacturing (AM) concept, each LAM process has its own set

of features in terms of materials that may be used, processing procedures, and

environments in which they can be used. The ability of various LAM techniques to

produce high-performance metallic components with tunable microstructural and

mechanical properties also differs significantly.

16

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

LAM can be classified into three basic processes based on the different

mechanisms of laser-powder interaction (pre-spreading of powder in powder bed

before laser scanning vs. coaxial feeding of powder by the nozzle with synchronous

laser scanning) and the different metallurgical mechanisms (partial melting vs.

complete melting). Figure 2.3 [42] shows the three basic processes: laser sintering

(LS), laser melting (LM), and laser metal deposition (LMD).

Figure 2.3: Classification of laser AM processes based on different mechanisms of
laser-material interaction [42].

Despite the advantages of AM for producing near-net-shape components, the

inherent features of AM pose significant obstacles. In MAM parts, for example,

poor surface finish (i.e., uneven and rough surface profile) and inaccurate
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dimensional tolerances require post-processing processes for end-use components.

Hybrid additive manufacturing is based on this assumption. To attain the

appropriate surface finish, dimensional tolerances, and material properties, a metal

part is initially near-net manufactured using AM and then post-processed using

traditional manufacturing methods such as machining, grinding, and so on.

2.4 L-PBF Process Technique

The L-PBF technique is one of the most widely utilized MAM technologies in

the world. L-PBF technology has emerged as a strong alternative for producing

critical components in the aerospace, energy, chemical, and biomedical industries,

among others. Figure 2.4 shows how the L-PBF technique can be used to make a

component 2.4 [43].

Figure 2.4: Schematic presentation of L-PBF process [43].

It consists of three phases that are repeated until the solid part is complete.

These are as follows:
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1. A bed of spherical metal powder is spread on the working platform by roller

or racking mechanisms. The build platform is housed within the chamber of

AM machine. During processing, it is shielded by a continuous flow of inert

gas (argon or nitrogen) to prevent melt pool oxidation and aid in the removal

of generated metal vapour.

2. When the powder is evenly distributed, a guided laser beam completely melts

it at predefined locations to slices of a corresponding three-dimensional (3D)

computer-aided design (CAD) model and fuses it to the layer below.

3. Finally, after the laser beam has scanned all of the locations, the build

platform descends one layer thickness, and the process is repeated to finish

printing the part.

2.5 L-PBF Processing Parameters

There are about 100 variables that might affect the L-PBF process [28]. These

are laser, scan, powder, and temperature related, as shown in Figure 2.5 [19]. The

most critical parameters are: laser power P (W ), scan speed v (mm/s), powder

bed layer thickness t (µm), hatch distance h (µm), laser spot size d (µm), powder

characteristics, substrate preheating temperature, and scanning strategy. Laser

power, scan speed, hatch distance, and powder bed layer thickness are frequently

combined and reported as a single parameter called volumetric energy density VED,

as shown in Equation 2.1 [25]. These processing parameters mostly govern the

amount of heat applied to the powder bed.
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V ED = P

v × h × t
(2.1)

processes. Various methods have been developed to provide and level the powder in
each layer before laser scanning.

Sufficient powder for building each layer can be supplied by dropping a controlled
volume through a recoater or a hopper, or by lifting the feed cartridge to a controlled
height. The powder is then spread uniformly over the build platform by a counter-
rotating roller, wiper or doctor blade. A powder delivery system should maximize
the ability of the powder to flow, minimize the formation of a particle cloud and mini-
mize the shear forces over the previous layer of the build.

2.2 Processing parameters

The processing parameters in the powder bed fusion processes include layer thickness
(t), laser power (P), laser scanning speed (v) and scanning path strategy, hatching space
(h) and laser spot size (d), particle size and distribution, platform pre-heating temper-
ature and laser beam scanning strategy (see Fig. 2.2).

Wave length

Spot size

Pulse duration

Pulse frequency

Scanning speed

Scanning spacing

Scanning pattern

Particle size and 
distribution

Particle shape

Powder bed density

Layer thickness

Material properties

Powder bed 
temperature

Powder feeder 
temperature

Temperature 
uniformity

Laser-related 

Scan-related 

Powder-related 

Temperature-related 

Process parameters

Laser power

Figure 2.2 The principal processing parameters involved in the selective laser melting process [3].

56 Laser Additive Manufacturing

Figure 2.5: Principal L-PBF processing parameters [19].

Energy density can only be used as a rough guideline to calculate the energy

transferred to the powder bed. It is frequently used to compare parts produced by

different deposition parameters. However, it does not reveal the complex physics

of the melt pool or identify the optimum energy that leads to fully dense parts [26].
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For example, the same value of VED can be determined by varying P , v, h, and t,

where some v values can not produce appropriate melt, as seen in Figure 1.4 [26],

Chapter 1. Therefore, producing parts with optimal properties requires a thorough

understanding of L-PBF process parameters and their interactions.

In addition to volumetric energy density, linear energy density EL and surface

energy density ES can be calculated as follows [19]:

EL = P

v
(2.2)

ES = P

v × t
(2.3)

or

ES = P

v × h
(2.4)

2.5.1 Laser Power

The main parameter is laser power, which is primarily determined by the

processed materials. For example, the laser power required to process polymer is

approximately 5 W , whereas ceramic requires 500 W . Lowering the laser beam

spot size at a given laser power results in a higher energy input for the powder bed.

Other processing parameters can be adjusted using laser power and beam

characteristics. Scan speed, for example, is limited by the amount of laser power

available; increasing laser power can improve scan speed. Hatch distance is limited

by the laser beam spot size [19, 24, 44]. Layer thickness is limited by the ability of

laser beam to penetrate the powder bed [19, 24, 44].
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When the hatch distance and powder layer thickness remain constant, increasing

the laser power and decreasing the scan speed can result in a high VED. A laser

beam wit high VED can generate a melt pool with a high surface temperature,

which improves wettability by lowering viscosity and surface tension [45]. Increasing

the laser power to a certain level tends to increase the relative density of L-PBF

parts and improve their mechanical properties. However, exceeding that level of

laser power would degrade the properties of the parts [6].

Li et al. [46] used L-PBF with gas atomized 316L stainless steel powder to print

single tracks at a constant scan speed of 200 mm/s and varied laser power values.

The track breaks apart into smaller melt droplets, referred to as balling, at a laser

power of 70 W , as seen in Figure 2.6. The track becomes discontinuous and balling

begins to disappear when the laser power is increased to 110 W . With a laser power

of 150 W , the track looks to be almost continuous. The track becomes consistent

and completely continuous as the laser power is increased to 190 W . Continuous

tracks appear to emerge when the laser power is increased. Only continuous tracks

are desirable for printing L-PBF parts since they result in fully dense parts. The

high laser power can provide enough input energy to promote wettability and

further spread the molten pool. As a result, it shows that balling can be prevented

by slowing down the scan speed or raising the laser power to provide enough energy

to completely melt the powder [26, 46, 47].

2.5.2 Scan Speed

The scan speed at which the laser beam passes across the powder bed is another

critical processing parameter. It displays the length of time the laser beam is in
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Figure 2.6: Single tracks of 316L SS printed with L-PBF process using the same
scan speed of 200 mm/s and varying values of laser power from 70 to 190 W [46].

contact with the powder bed. Several research have been conducted to investigate

the effect of scan speed on track quality and to establish the ideal conditions for

effective fabrication [26, 46, 47]. Slow scan speeds give the laser more time to

interact with the powder. Due to the laser concentration in a fixed location for an

extended period of time if the speed is too slow, significant heating may emerge.

Evaporation and material loss will occur as a result. However, if the scan speed is

too fast, there will be minimal interaction between the laser beam and the powder

bed, resulting in insufficient melting.

Bertoli et al. [26] investigated the effect of scan speed on the shape of L-PBF

316L stainless steel tracks. As shown in Figure 2.7, they printed the tracks at a

constant laser power of 100 W and a layer thickness of 75 µm while varying the

scan speed from 100 to 500 mm/s. Figure 2.7 (a) depicts a smooth, continuous
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track at a suitable high VED level (low scan speed). At lower VED (high scan

speed), the track is uneven, non-homogeneous, and has an irregular shape, as shown

in Figure 2.7 (b). Finally, when the VED is too low (excessively high scan speed),

the track breaks apart into smaller melt droplets, known as balling, as shown in

Figure 2.7 (c).

Figure 2.7: Single tracks of 316L SS printed with L-PBF process using the same
laser power of 100 W and scan speeds from 100 to 500 mm/s, laser spot size of 55
µm and layer thickness of 75 µm [26].

2.5.3 Hatch Distance

Hatch distance (h) is the distance between the centres of two adjacent laser tracks,

as shown in Figure 2.8 [48]. It determines the rate at which laser tracks overlap.

The smaller the h, the more consecutive tracks overlap, signifying complete powder

melting and homogeneous heat distribution. Overheating and evaporation of the

molten material can occur if h is too small. A large h, on the other hand, causes

significant offsetting between melt tracks, resulting in insufficient powder melting

(lack-of-fusion). As shown in Figure 2.9 [49], hatch distance can affect the relative

density of the parts.
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Figure 2.8: Terminology of L-PBF processing parameters [48].

Insufficient melt pool overlap is expected as a result of the increased hatch

distance from 100 µm to 140 µm, resulting in poor bonding between adjacent

scan tracks and hence lowering the relative density of printed parts (Figure 2.9).

Furthermore, a hatch spacing of 130 µm may produce a relative density of roughly

99.5% for the lowest laser power and scan speed combination of 200 W and 500

mm/s. The VED of this combination is 61.5 J/mm3, whereas the other two are

55 and 51 J/mm3, respectively. The 500 mm/s speed allows the laser to scan

the powder layer in sufficient time, resulting in improved melting and bonding.

However, if a higher production rate is needed, the third combination of 300 W

and 900 mm/s with a hatch distance of 120 µm is recommended. The suggested

case results in a 66% improvement in production rate when compared to the first

combination with a hatch distance of 130 µm.

25

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

Figure 2.9: Effect of hatch distance on the relative density of L-PBF 316L stainless
steel for various power-speed combinations [49].

According to Zhou et al. [50], a small hatch distance of 80 µm could result in

a high volume energy density, causing vaporization and bubbles formation. Once

the bubbles are confined within the molten pools, pores can form. A small hatch

distance also leads to a large overlapping area, resulting in a rough surface. This

makes powder spreading and subsequent printing difficult. As a result, additional

pores may be formed. Massive irregular pores can be seen when a large hatch

distance of 200 µm is used. Because of the lack of fusion, the pores may form in

the gaps between adjacent melt tracks. Due to the high viscosity of the molten

pool as a result of the low volumetric energy density (VED), filling these gaps is

challenging. These pores, in turn, deteriorate the relative density of the printed

parts.
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2.5.4 Powder Layer Thickness

The layer thickness of a printed part is the height of successive layers, as seen

in Figure 2.8. It is usually determined by the powder particle size distribution

and other process parameters like laser power. A thin layer may not be able

to accommodate powder particles of various sizes, resulting in uneven powder

distribution. A thick layer of powder, on the other hand, may result in bigger voids

within the particles or lack-of-fusion porosity. Processing thick layers necessitates

a large amount of heat input, whereas processing thin layers necessitates a little

amount. A thin layer forms with small powder particle sizes. Thin layers are also

required for dense parts with superior surface quality. Using thin layers, on the

other hand, increases the production time.

Kempen et al. [51] evaluated the effect of increasing layer thickness on relative

density and hardness of 18Ni-300 maraging steel parts manufactured by L-PBF. As

the layer thickness grows from 30 µm to 60 µm, both relative density and hardness

are claimed to decrease, as seen in Figure 2.10 [51]. At a high scan speed of 600

mm/s, however, a significant change in relative density and hardness was noted.

This is owing to a lack of heat input to completely melt the powder, which results

in greater lack-of-fusion porosity, thus lowering the relative density and hardness.

Sun et al. [52] used a multiple linear regression analysis to determine the

best processing parameters for optimizing relative density in Ti6Al4V samples

manufactured via L-PBF. The relative density was the output parameter, whereas

linear energy density, hatch distance, powder layer thickness, and scanning strategy

were the input parameters. The powder layer thickness was shown to be the most

significant processing parameter on relative density.
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Figure 2.10: Effect of powder layer thickness and scan speed on (a) relative density
and (b) macro-hardness of 18Ni-300 maraging steel built by L-PBF process [51].

Sufiiarov et al. [53], on the other hand, looked into the effect of the powder

layer on the mechanical properties of IN718 samples produced with L-PBF. When

the powder layer thickness was increased from 30 µm to 50 µm, both yield and

ultimate tensile strength decreased. They linked their findings to increased porosity

as a result of increasing layer thickness.
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2.5.5 Powder Properties

The density, surface finish, dimensional accuracy, production rate, and mechanical

properties of a part built by L-PBF are used to assess its quality. The L-PBF

machine parameters chosen and the powder used affect the quality of AM parts [54].

Powder properties have a considerable influence on the quality of printed products

as found in various investigations [55–59, 61].

A list of powder characteristics that influence the L-PBF process was identified

by Dawes et al. [55]. The list covers the following items, in addition to the cost of

powder, which is crucial for the L-PBF process:

• Particle morphology

• Particle size distribution

• Powder packing density

• Flowability

• Cohesiveness

• Particle porosity

• Optical properties

• Chemical composition

Powder production processes determine the shape of powder particles. Gas and

plasma atomization are the most prevalent processes for producing metal powder.

These technologies create more spherical powder particles than other methods, such

as water atomization, which is cheaper and faster than the others [55]. Spherical

particles flow better and faster than irregular or angular particle because of less

particle interlocking. Coarse spherical particles also flow better than the fines,
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which are less spherical. The percentage of fine particles within the powder directly

affects powder flowability and packing density [24, 55, 56].

A certain proportion of fine particles among coarse particles is quite desirable.

Fine particles accumulate in the gaps between coarse particles, increasing the

powder bed packing density, resulting in decreased porosity and greater surface

quality of printed parts [60]. However, because fine particles act as satellites for

coarse particles, an excess of fine particles can increase adhesive and cohesive forces,

substantially limiting powder flowability [60, 61]. As a result, there is a maximum

allowable proportion of fine particles above which part properties may deteriorate.

Dobson et al. [56] found that 17–4 PH stainless steel powder with a particle

diameter of less than 15 µm and roughly 30% of powder volume is helpful for

powder flowability and powder packing density. However, a considerable percentage

of about 55% drastically degrades the quality of printed objects. Furthermore, the

inclusion of small particles with a wide range of particle sizes improves powder

laser absorptivity, as demonstrated by King et al. [62]. When a laser beam comes

into contact with a big particle, it is mostly reflected, resulting in little absorption

and heat transfer. When the laser beam encounters a region of small particles,

however, the laser absorptivity increases.

Powder flowability and packing density are influenced by particle size distribution

(PSD). A narrow PSD enhances powder flowability while lowering packing density.

A wide PSD, on the other hand, causes poor flowability while increasing layer

packing density and consequently part density. L-PBF, in general, employs a finer

PSD of 15–45 µm [55]. Powder with a larger PSD is also more likely to form
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agglomerates and clusters, resulting in voids in the powder bed. Karapatis et

al. [63] and Spierings et al. [64] proposed various relationships between fine and

coarse particle sizes as well as layer thickness. They claimed that the relationships

may assure good flowability and packing density, which would lead to improved

part density and surface quality. The PSD may be monomodal, bimodal, or even

multimodal. A monomodal distribution has just one peak, whereas a bimodal or

multimodal distribution has two or more.

For the monomodal PSD, the relations are as follows [63, 64]:

t > D90 typically
t

D90
≈ 1.5 (2.5)

D10 ∈ [1.4, 2.5] with D10 ≥ 5 µm (2.6)

D90

D10
∈ [2, 5] typically

D90

D10
≈ 5 (2.7)

For the bimodal PSD, the relations are as follows [63, 64]:

t > D90,coarse typically
t

D90,coarse

≈ 1.5 (2.8)

D50,coarse

D50,fine

≥ 10 with D10, fine ≥ 5 µm (2.9)

mcoarse

mfine

≈ 7
3 (2.10)

The thickness of the powder layer is indicated by the letter t. Percentile values are

represented by D10, D50, and D90. These statistical parameters can be determined

using the cumulative particle size distribution. They show the cumulative particle

size distribution for particles that account for less than 10%, 50%, and 90% of all

particles, respectively. The powder mass is represented by the character m.
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2.5.6 Scanning Strategy

The quality of printed parts is mainly influenced by processing parameters such

as laser power, scan speed, hatch distance, powder layer thickness, and scanning

strategy [19, 54]. Optimizing these processing parameters is an efficient way to

achieve the required densification, microstructure, and mechanical properties for

the printed parts. The scanning strategy, which is the geometrical pattern followed

by the laser beam, has a significant impact on the temperature gradient and, in

turn, the quality of the parts. Its adjusting can reduce cracks, balling, and residual

stresses generated during processing [65].

Jhabvala el al. [66] proposed four scanning strategies and tested them

experimentally by varying only laser power and scan speed. They used powders

from high and low conductive materials. The four scanning strategies are as

follows: parallel, spiral, paintbrush, and chessboard, as shown in Figure 2.11.

Figure 2.11 (a) shows the parallel scanning method, which is the easiest to apply

from a CAD file. However, low scan speed causes high-temperature gradients to

merge across the square surface, which is bad situation. One option to reduce the

temperature gradients is to increase the scan speed. As a result, the laser power

should be increased to avoid providing less heat energy to the powder. Nevertheless,

the ability of the laser to boost its power is limited. Furthermore, it has been

found that a combination of greater scan speed and laser power causes balling and

cracking [66].
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Figure 2.11: The four scanning strategies proposed by Jhabvala el al. [66].

For processing high-conductive powder at a greater scan speed, the spiral

scanning strategy, depicted in Figure 2.11 (b), is often superior than the parallel

method, resulting in strong bonds between the layers deposited. However, higher

temperatures in the part centre produce overheating, resulting in a rough, porous

surface. Furthermore, when processing low-conductive powder, the spiral scanning

method causes balling and cracking [66].
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Figure 2.11 (c) shows paintbrush scanning, which appears to be identical to

parallel scanning but has a much smaller scan width (wp), which reduces

temperature gradients when processing both low and high conductive particles.

However, the bonding between the layers is insufficient, resulting in delamination.

Finally, in Figure 2.11 (d), the chessboard is a scaled-down version of the

parallel scanning strategy. High-temperature gradients are considerably reduced

when scaling down, resulting in high-quality printed parts. The scanning region

in this case is divided into smaller cells. After that, parallel scanning in opposite

directions is performed for each cell [66].

The effect of scanning strategy on relative density, surface roughness, residual

stresses, microstructure, and mechanical properties of printed components has been

investigated in several studies [65, 67–71]. Guo et al. [67] investigated the effects

of parallel scanning (Figure 2.11 (a) [66]) and chessboard scanning (Figure 2.11

(d) [66]) on the relative density, microstructure, and mechanical properties of

L-PBF AlSi10Mg samples. The density and mechanical properties of the samples

printed using chessboard scanning were found to be superior to those of parallel

scanning. Chessboard scanning, as opposed to parallel scanning, allows for faster

heat dissipation and reduced temperature gradients.

Thijs et al. [68] examined the effect of scanning strategy on the microstructure

and texture of L-PBF AlSi10Mg parts. They found that the scanning strategy, as

shown in Figure 2.12 has no influence on the texture created during processing. The

surface roughness of L-PBF Hastelloy X was improved using a contour scanning

approach, according to Tian et al. [70]. When a contour scan was employed,
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Figure 2.12 (c), the irregularities at the sample margins were found to be reduced.

In this case, the contour scan works as a re-melting process, resulting in improved

surface roughness.

Figure 2.12: Schematic illustration of some scanning strategy. (a) Uni-directional,
(b) bi-directional or zigzag scan, and (c) contour scan.

AlMangour et al. [72] studied the effects of four scanning strategies, shown in

Figure 2.13, on the texture, grain size, and relative density of L-PBF TiC/316L

nanocomposites samples. Rotating the scanning direction by 90° leads in robust

layer bonding and improved relative density of the samples. On the other hand,

double laser scanning, as shown in Figure 2.13 (b), produces more uniform and

smoother layers, boosting relative density by eliminating pores between

neighbouring layers.
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Figure 2.13: Schematic illustration of the four scanning strategies used by
AlMangour et al. [72]. (a) Bi-directional, single pass of laser beam, 90° rotation of
scan vector between layers; (b) bi-directional, double pass of laser beam, 90° rotation
of scan vector between layers; (c) bi-directional, double pass of laser beam; and (d)
cross scan.

2.5.7 Review of L-PBF IN625 Processing Parameters

As indicated in Table 2.1, a review of the literature on the optimal L-PBF processing

parameters for manufacturing IN625 found that the powder layer thickness employed

ranged from 20 to 60 µm. Throughout the literature review, the layer thickness

was kept constant. There was also no systematic study on the effects of increasing

the powder bed layer thickness on the density and hardness of L-PBF IN625

components.
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Table 2.1: L-PBF processing parameters for printing IN625 reported in the literature

Laser Scan Hatch Thickness VED Ref.
Power (W ) Speed (mm/s) Distance (mm) (mm) (J/mm3)
160 500 0.06 0.02 267 [73]

169 725 0.09 0.02 95–140 [74, 75]
182 800 0.10
195 875 0.11

300 1000 0.10 0.04 75 [76]

140 750 0.09 0.02 90–110 [77]
150 850
175 950

175 600 0.14 0.03 69 [14]

140 500 0.08 0.04 42–169 [13]
170 550 0.10
220 600 0.12
270 650

700

195 800 0.10 0.02 122 [78]

195 1200 0.09 0.02 90 [27, 79–81]

150 600 0.14 0.06 30–60 [29]
200
250
300

200 600 0.14 0.06 40 [82]

200 500 0.08 0.03 76–167 [83]
800
1100

285 960 0.11 0.04 34–68 [30]
1440
1680
1920

253 500 0.10 0.06 84 [84]

180 1000 0.10 0.04 45 [16]
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2.6 Porosity in L-PBF Parts

The porosity of parts made using the L-PBF process restricts the applications that

can benefit from this technology. Porosity is a common defect that should be avoided

or minimized since it may affect the mechanical properties of the parts [15, 29, 30].

Process-induced porosity occurs when the thermal energy provided to the powder

bed is insufficient to completely melt the powder or when spatter ejection occurs

due to too much heat delivered to the powder. These pores are often non-spherical

and come in a wide range of shapes and sizes (sub-micron to macroscopic).

To avoid the mechanisms that generate the pores, processing parameters should

be carefully adjusted. A bad combination of L-PBF parameters can result in a

variety of defects, including lack of fusion, keyhole, and balling. Figure 2.14 depicts

the combined effect of laser power and scan speed on the process output.

Figure 2.14: Schematic diagram of defect formation in relation to L-PBF processing
parameters of laser power against scan speed. The diagram depicts the regions of
keyhole, lack of fusion, balling, and operating window.
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Physical and metallurgical phenomena including melting and remelting, wetting,

metal evaporation and recoil pressure build-up, Marangoni convection as a result

of surface tension gradient, solidification and re-solidification, and solid-state phase

transformations occur during such a rapid laser-powder interaction and subsequent

cooling [54, 85–89].

When a laser beam hits powder, photons are absorbed, converted to heat, and

then dispersed through conduction. The energy delivered to the powder must be

more than the energy dissipated for melting to occur. When the powder reaches

its melting temperature, droplet coalescence causes a melt pool to form, which

moves as the laser scan passes over it. The process condition is connected to the

melt pool geometry (width and depth) and hydrodynamics. Based on laser melting

mechanisms and melt pool stability, which are dependent on laser power and scan

speed combinations, four zones can be identified, as illustrated in Figure ??.

According to King et al. [90], there are two melting modes: conduction and

keyhole mode. In conduction mode (Region I, Operating Window, Figure ??),

efficient laser-powder interaction occurs owing to appropriate thermal energy given

to the powder. As a result, the powder layer is totally melted with little remelting

of the underlying layer. Conduction mode, on the other hand, is characterized

by the formation of a small depression (cavity) to establish a stable melt pool.

Almost fully dense parts can be produced in this region. Figure 2.15 (a) provides

a schematic representation of effective L-PBF processing with a stable melt pool

demonstrating the conduction mode, while Figure 2.15 (b) depicts the cross section

of a single track printed with a laser power of 150 W , scan speed of 188 mm/s and

powder layer thickness of 50 µm [90].
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Figure 2.15: Efficient processing with a stable melt pool in L-PBF processing. (a)
Schematic illustration showing the conduction mode melting [91]. (b) Cross-section
single track printed using 316L SS powder with laser power of 150 W , scan speed of
188 mm/s and powder layer thickness of 50 µm [90].
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The melt pool shifts from conduction to keyhole (Region II, Figure ??) when the

thermal energy given to the powder climbs above a threshold, which depends on the

process parameters, material thermal properties, and powder characteristics. In this

situation, a significant amount of material is evaporated, resulting in gas bubbles.

When the recoil pressure exceeds the surface tension, the melt pool penetrates

deeply into the underlying material, generating a narrow and deep cavity, as shown

in Figure 2.16 (a). As the cavity cools, the Marangoni effect and surface tension

accelerate its collapse, trapping gas bubbles and leaving a trail of approximately

spherical pores beneath the melt pool surface, as illustrated in Figure 2.16 (b) [90].

However, lowering laser power or increasing scan speed is a common method

for avoiding keyhole porosity. Melt pool dynamics regulate keyhole porosity

exclusively, therefore changes in layer thickness and hatch distance have little

influence. According to King et al. [90], laser power has a greater effect on keyhole

porosity than scan speed. Due to extreme spatter activity as laser power increases,

eliminating keyhole porosity becomes more challenging [92].

A lack of fusion (Region III, Figure ??) is another type of process-induced

porosity. Because it lowers the mechanical properties of the final parts, a lack

of fusion porosity should be prevented or minimized. A combination of low laser

power and high scan speed results in insufficient thermal energy to be delivered to

the powder bed, leading to a lack of fusion due to inadequate melt pool penetration

and incomplete melting.
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Figure 2.16: Keyhole mode with an unstable melt pool in L-PBF processing. (a)
Schematic diagram of keyhole mode melting [91]. (b) Cross-section of a single track
showing pores due to keyhole effect [90].

As a result, as shown in Figure 2.17 (a), small and shallow melt pool forms

with significantly less metal evaporation and spatter. A lack of fusion porosity can

also be indicated by the presence of unmelted powder particles in or around the

pores. Lack-of-fusion has irregular geometries, unlike gas and keyhole porosity, and

it is commonly observed between layers or along the scanned track. Furthermore,

the incomplete melting yields a considerable level of porosity, partially sintered

particles, and extremely rough surface, as seen in Figure 2.17 (b) [93].
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Figure 2.17: Lack of fusion defect in L-PBF processing. (a) Schematic illustration
showing insufficient melt pool penetration [91]. (b) Top surface of a part fabricated
by L-PBF using Ti6Al4V powder with laser power of 80 W , scan speed of 1080 mm/s
showing the presence of lack of fusion porosity and partially sintered particles [93].

Balling (Region IV, Figure ??) develops when a laser beam moves faster than

a certain speed. As a result, the melt pool becomes unstable and divides into

isolated, smaller droplets (Figure 2.18), which solidify into discontinuous metal

beads [26, 46, 54].
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Figure 2.18: Balling in L-PBF processing. (a) Schematic illustration showing
balling [91]. (b) Single tracks printed by L-PBF process under various scan speeds
showing how scan speed induces balling [46].

Balling can be reduced by increasing the laser power at a constant scan speed

to improve wetting and spreading of the melt pool. Balling, on the other hand,

increases surface roughness and porosity, resulting in poor mechanical properties

and, in the worst-case scenario, an incomplete process. Balling can be mitigated

by lowering oxygen levels in the surrounding environment, improving linear energy

density with high laser power and low scan speed, and remelting the surface for

enhanced wettability [46].
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Han et al. [94] investigated the effect of volumetric energy density on the relative

density of L-PBF Ti6Al4V samples, as shown in Figure 2.19. As the laser energy

density increased, so did the relative density, reaching a peak at around 150 J/mm3

and then rapidly decreasing. The authors divided the relative density curve into

three zones:

• Zone I had weak metallurgical bonding between adjacent laser melted tracks
or layers due to very low thermal energy supplied to the powder bed.

• Zone II had maximum relative density.

• Zone III had low relative density due to excessively high energy provided to
the powder bed.
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additive manufacturing processes: continuous-wave (CW)

and pulse-width-modulation (PWM). While CW lasers

maintain a constant power value, PWM lasers emit at a

certain energy for a specified duration with a duty cycle.

Thus, when the average power is fixed, PWM lasers can

deliver high peak power. Recently, the need for PWM

lasers has increased in the additive manufacturing industry

as the demand for microstructure printing capability has

increased, although the majority being possessed by CW

lasers [19]. However, compared to the numbers of studies

on SLM process parameters, not many publications specify

the difference between the SLM laser types.

Understanding the differences between the two laser

types is important for industrial SLM systems to become

commercially available. Since the running mechanisms of

CW and PWM are different, as mentioned above, the two

laser types have different thermal history during the

manufacture, including temperature variation and cooling

rate that are crucial to the material and mechanical

characteristics [17,20]. Differences in the thermal history

between the two laser types inevitably lead to changes in

the melt pool dimensions, directly translated into the part

accuracy. Moreover, different laser mechanisms result in

additional process parameters for PWM. For this reason,

this study focuses on reviewing how the process

parameters of the two laser types affect the melt pool

dimensions. 

II. Selective laser melting parameters

As mentioned before, understanding the relationships

between the SLM parameters is crucial to optimize the

SLM process as the resulting data of SLM can be varied

depending on the SLM parameters used. Because SLM is

a complicated process with irregular phenomena, it is hard

to collect all the data in a simple manner [21]. Although

PWM shares the basic process parameters with CW, such

as laser power and scan speed, it presents unique process

parameters due to its different laser pulse mechanism. For

this reason, the process parameters are reviewed separately

for both laser types.

1. Continuous wave parameters

According to Aboulkhair et al., the SLM process

parameters can be arranged in four categories as illustrated

in Fig. 1: laser-related, scan-related, powder-related, and

temperature-related [21]. Each parameter has a significant

impact on the melt pool dimension. Yet the most studied

and used process parameters are the scanning speed, hatch

spacing, laser power, and layer thickness [21-23]. Using all

the major process parameters, a concept known as

volumetric energy density (VED) is employed to examine

the physical quantities, such as the melt pool dimensions

and microstructures [17,24].

The VED is the amount of energy stored in a unit

volume. The VED is expressed in Eq. (1):

                    (1)

where P is the laser power, υ is the scanning speed, σ is the

hatch spacing, and t is the layer thickness. Sometimes, σ

also refers to the spot size of the laser rather than the hatch

spacing, especially in the case of a single-line printing

VED
P

υσt
---------

J

mm
3

-----------=

Figure 1. Selective laser melting process parameter classified
by Aboulkhair et al. (Reproduced under a creative commons
license from ref. 21, Copyright © 2014 The Authors. Published
by Elsevier B.V.)

Figure 2. (a) Relative densities of SLM samples measured at
various laser energy density, (b), (c), and (d) are taken with
optical images at the energy densities indicated in (a).
(Reprinted with permission from ref. 26, copyright © Emerald
Publishing Limited 2017).

Figure 2.19: L-PBF Ti6Al4V, (a) relative density as a function of volumetric
energy density, and (b, c, d) optical images showing some defects captured [94].
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2.7 Superalloys

Superalloys are high-temperature materials that retain their properties at elevated

operating temperatures above about 0.6 Tm, where Tm is the melting point.

Furthermore, they are resistant to oxidation, creep, and fatigue and exhibit

outstanding resistance in corrosive and harsh environments [95]. As a result, they

are used in various industries, including aerospace, marine, nuclear, and chemical.

Superalloys are classified based on the major alloying elements into three types:

iron-nickel-based, cobalt-based, and nickel-based superalloys. They are among the

most complicated metallic alloys ever made by mankind, with over ten alloying

elements influencing their properties directly [1, 95, 96]. Significant levels of Cr,

Mo, Nb, Fe, Co, Al, and Ti are present in the majority of superalloys. Small

quantities of B, Zr, and C are usually added as well. Depending on the alloying

elements, superalloys can be strengthened by at least one of the following

hardening mechanisms: solid solution hardening, precipitation hardening, and

carbides precipitates [1, 95, 96].

Iron-nickel-based superalloys are developed from stainless steel and used for

applications at moderate temperatures (up to about 700 °C), especially in gas

turbine engines due to their low thermal expansion. These alloys are less expensive

than cobalt or nickel based alloys owing to the addition of a significant amount

of iron as a main element. Table 2.2 depicts the chemical composition of several

iron–nickel alloys used in jet engines, the majority containing 15–60% iron and

25–45% nickel. The iron-nickel superalloys are strengthened by solid solution and

precipitation hardening [1].
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Table 2.2: Chemical composition of iron–nickel-based superalloys [1].
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of a protective surface oxide film composed of Cr2O3 or NiCr2O4. Nickel 
alloys rapidly degrade by oxidation without this surface film, which must 
be stable at the high operating temperatures of gas turbine engines.

12.4	 Iron–nickel superalloys

Iron–nickel superalloys are used in gas turbine engines for their structural 
properties and low thermal expansion at high temperature. Iron–nickel alloys 
expand less than nickel or cobalt superalloys at high temperature, which 
is an important material property for engine components requiring closely 
controlled clearances between rotating parts. Iron–nickel alloys are generally 
less expensive than nickel- and cobalt-based superalloys, which is another 
advantage. The main uses for iron–nickel alloys in jet engines are blades, 
discs and casings.
	 The composition of several iron–nickel alloys used in jet engines is given 
in Table 12.3, and most contain 15–60% iron and 25–45% nickel. Iron–nickel 
superalloys are hardened by solid solution strengthening and precipitation 
strengthening. Aluminium, niobium and carbon are used as alloying elements 
to promote the formation of hard intermetallic precipitates or carbides that 
are stable at high temperature. The precipitates are similar to those present 
in nickel-based superalloys, and include g ¢ Ni3(Al,Ti), g≤ (Ni3Nb) and 
various types of carbides. The precipitates provide iron–nickel alloys with 
good resistance against creep and stress rupture at elevated temperature. 
Chromium is used to form an oxide surface layer to protect the metal from 
hot corrosive gases and oxidation.

12.5	 Cobalt superalloys

Cobalt superalloys possess several properties which make them useful 
materials for gas turbine engines, although they are more expensive than 
nickel superalloys. Cobalt alloys generally have better hot-corrosion resistance 
than nickel-based and iron–nickel alloys in hot atmospheres containing lead 

Table 12.3 Composition of iron–nickel superalloys

	 Composition (%)

Alloy	 Fe	N i	 Cr	 Mo	 W	 Co	N b	A l	 C	 Other

Solid solution-hardened alloys
Haynes 556	 29.0	 21.0	 22.0	 3.0	 2.5	 20.0	 0.1	 0.3	 0.1	 0.5 Ta
Incoloy	 44.8	 32.5	 21.0	 –	 –	 –	 –	 0.6	 0.36	

Precipitation-hardened alloys
A-286	 55.2	 26.0	 15.0	 1.25	 –	 –	 –	 0.2	 0.04	 0.3 V
Incoloy 903	 41.0	 38.0	 <0.1	 0.1	 –	 15.0	 3.0	 0.7	 0.04	

Cobalt-based superalloys are commonly used in components working under low

stresses and require excellent hot-corrosion resistance; they are important alloys for

gas turbine engines [1]. They outperform iron-nickel and nickel-based superalloys

in terms of hot corrosion resistance. Table 2.3 shows the chemical composition of

some cobalt-based alloys used in jet engine components. Cobalt-based superalloys

contain about 30–60% Co, 10–35% Ni, 20–30% Cr, 5–10% W, and less than 1% C.

The main functions of the alloying elements are to strengthen the cobalt by solid

solution or precipitation hardening [1].

Table 2.3: Chemical composition of cobalt-based superalloys [1].
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oxides, sulfur and other compounds produced from the combustion of jet 
fuel. Cobalt alloys have good resistance against attack from hot corrosive 
gases, which increases the operating life and reduces the maintenance of 
engine parts. However, comparison between nickel and cobalt alloys must be 
treated with some caution because there are wide differences in hot corrosion 
resistance within each group of superalloys. That is, certain nickel superalloys 
also have excellent resistance against hot corrosion. Cobalt alloys also have 
good stress rupture properties, although not as good as precipitation-hardened 
nickel-based alloys (Fig. 12.6).
	 Cobalt superalloys contain about 30–60% cobalt, 10–35% nickel, 20–30% 
chromium, 5–10% tungsten, and less than 1% carbon. The composition of 
some cobalt alloys used in jet engine components is given in Table 12.4. 
The main functions of the alloying elements are to harden the cobalt by solid 
solution or precipitation strengthening. The precipitates that form in cobalt 
alloys do not provide the same large improvement in high-temperature strength 
as nickel alloys and, for this reason, the resistance of cobalt alloys against 
creep and stress rupture is inferior to precipitation-hardened nickel-based 
and iron-nickel alloys. Cobalt alloys are generally used in components that 
operate under low stresses and need excellent hot-corrosion resistance.

12.6	 Thermal barrier coatings for jet engine alloys

Turbine blades contain rows of hollow aerofoils for cooling to increase the 
engine operating temperature. Cool air flows through the holes, which are 
located just below the surface, to remove heat from the superalloy. The 
aerofoils are remarkably effective at cooling, which allows increased operating 
temperature and associated improvements in engine efficiency. To increase 
the operating temperature even further, the hottest engine parts are coated 
with a thin ceramic film to reduce heat flow into the superalloy. The film is 
called a thermal barrier coating, which has higher thermal stability and lower 
thermal conductivity (1 W m–1K–1) than nickel superalloy (50 W m–1K–1). 
The use of the coating allows higher operating temperatures (typically at 
least 170 °C) in the turbine section. The coating provides heat insulation and 
this lowers the temperature of the superalloy engine component. Thermal 
barrier coatings can survive temperatures well in excess of the melting 

Table 12.4 Composition of cobalt-based superalloys

	 Composition (%)

Alloy	 Co	 Fe	N i	 Cr	 Mo	 W	N b	A l	 C	 Other

Haynes 25	 50.0	 3.0	 10.0	 20.0	 –	 15.0	 –	 –	 0.1	 1.5 Mn
Haynes 188	 37.0	 <3.0	 22.0	 22.0	 –	 14.5	 –	 –	 0.1	 0.9 La
MP35-N	 35.0	 –	 35.0	 20.0	 10.0	 –	 –	 –	 –	

Nickel-based superalloys are commonly used in high-temperature applications

exceeding 700 °C. They can operate at temperatures ranging from 800 to 1000

°C for an extended time. Therefore, they have found applications in the hottest

components of gas turbine engines [1, 95, 96].
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2.7.1 Nickel-Based Superalloys

At high temperatures above 800 °C, nickel-based superalloys are the most commonly

used metallic materials in aircraft turbine engines because they exhibit high strength,

excellent resistance to fatigue, creep, and stress rupture, and outstanding oxidation

and corrosion resistance [1, 95, 96]. When compared to other metallic materials

used in aircraft structures, nickel-based alloys provide excellent stress rupture

resistance, as shown in Figure 2.20.
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material of choice for the hottest engine components that are required to 
operate above 800 °C. Without doubt, one of the most remarkable properties 
of nickel superalloys that is utilised in jet engines is their outstanding 
resistance against creep and stress rupture at high temperature. (The creep 
and stress rupture properties of materials are explained in chapter 22). Creep 
is an important material property in order to avoid seizure and failure of 
engine parts. Creep involves the plastic yielding and permanent distortion 
of materials when subjected to elastic loads. Most materials experience 
rapid creep at temperatures of 30–40% of their melting temperature. For 
example, aluminium and titanium alloys, which are used in the cooler regions 
of jet engines, creep rapidly above 150 and 350 °C, respectively. Nickel 
superalloys resist creep so well they can be used at 850 °C, which is over 
70% of their melting temperature (Tm = 1280 °C). Very few other metallic 
materials possess excellent creep resistance at such high temperatures. The 
exceptional creep and stress rupture resistance of nickel superalloys means 
that engines can operate at higher temperatures to produce greater thrust. The 
outstanding creep and stress rupture resistance of nickel-based superalloys is 
shown in Fig. 12.5. Compared with the materials used in aircraft structures, 
aluminium, titanium and magnesium alloys, the stress rupture strength of 
nickel-based alloys is outstanding.

12.3.2	 Composition of nickel superalloys

Nickel superalloys contain at least 50% by weight of nickel. Many of the 
superalloys contain more than ten types of alloying elements, including 
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12.5 Stress rupture curves for aerospace materials.Figure 2.20: Stress rupture strength of aerospace materials as a function of
temperature [1].

Nickel-based superalloys have a minimum Ni content of 50%. The majority of

these alloys contain more than ten alloying elements, including 10–20% Cr, 5–15%

Co, and up to 8% Al+Ti, as well as minor amounts of Mo, W, and C. The average

chemical composition of Ni-based superalloys used in jet engine components is

shown in Table 2.4. Ni-based alloys are strengthened by solid solution hardening

48

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

or a combination of solid solution and precipitation hardening, depending on the

alloying elements added. Table 2.5 depicts the main functions of the alloying

elements in Ni-based alloys [1, 95, 96].

Table 2.4: average chemical composition (wt.%) of nickel-based superalloys [1].
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high amounts of chromium (10–20%), aluminium and titanium (up to 8% 
combined), and cobalt (5–15%) together with small amounts of molybdenum, 
tungsten and carbon. Table 12.1 gives the composition of several nickel-
based superalloys used in jet engines.
	 The functions of the alloying elements are summarised in Table 12.2. 
The elements serve several important functions, which are to:

∑	 strengthen the nickel by solid solution hardening with the addition of 
elements such as molybdenum, chromium, cobalt and tungsten;

∑	 strengthen the nickel by hard intermetallic precipitates and carbides with 
the addition of aluminium, titanium, carbon; and 

∑	 create a surface film of chromium oxide (Cr2O3) to protect the nickel 
from oxidation and hot corrosion.

Superalloys are not named or numbered according to any system; they are 
usually given their name by the company that developed or commercialised 
the alloy. Of the many alloys, the most important for aerospace is Inconel 

Table 12.1 Average composition of nickel superalloys

		

         

        
        
         
         
         
         
         
        
         
         
        
        
         
       

Table 12.2 Functions of alloying elements in nickel superalloys

Alloying element	 Function

Chromium	 Solid solution strengthening; corrosion resistance
Molybdenum	 Solid solution strengthening; creep resistance
Tungsten	 Solid solution strengthening; creep resistance
Cobalt	 Solid solution strengthening
Niobium	 Precipitation hardening; creep resistance
Aluminium	 Precipitation hardening; creep resistance
Carbon	 Carbide hardening; creep resistance

Table 2.5: Main functions of alloying elements in nickel-based superalloys [1].
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high amounts of chromium (10–20%), aluminium and titanium (up to 8% 
combined), and cobalt (5–15%) together with small amounts of molybdenum, 
tungsten and carbon. Table 12.1 gives the composition of several nickel-
based superalloys used in jet engines.
	 The functions of the alloying elements are summarised in Table 12.2. 
The elements serve several important functions, which are to:

∑	 strengthen the nickel by solid solution hardening with the addition of 
elements such as molybdenum, chromium, cobalt and tungsten;

∑	 strengthen the nickel by hard intermetallic precipitates and carbides with 
the addition of aluminium, titanium, carbon; and 

∑	 create a surface film of chromium oxide (Cr2O3) to protect the nickel 
from oxidation and hot corrosion.

Superalloys are not named or numbered according to any system; they are 
usually given their name by the company that developed or commercialised 
the alloy. Of the many alloys, the most important for aerospace is Inconel 

Table 12.1 Average composition of nickel superalloys

	 Composition

Alloy	N i	 Fe	 Cr	 Mo	 W	 Co	N b	A l	 C	 Other

Astroloy	 55.0	 –	 15.0	 5.3		  17.0	 –	 4.0	 0.06	
Hastelloy X	 49.0	 18.5	 22.0	 9.0	 0.6	 1.5	 3.6	 2.0	 0.1	
Inconel 625	 61.0	 2.5	 21.5	 9.0	 –	 –	 –	 0.2	 0.15	 <0.25 Cu
Nimonic 75	 75.0	 2.5	 19.5	 –	 –	 –	 –	 0.15	 <0.08	 1 V
Inconel 100	 60.0	 <0.6	 10.0	 3.0	 –	 15.0	 –	 5.5	 <0.08	 2.9 (Nb+Ta)
Inconel 706	 41.5	 37.5	 16.0	 –	 –	 –	 5.1	 0.2	 0.12	 <0.15 Cu
Inconel 716	 52.5	 18.5	 19.0	 3.0	 –	 –	 5.2	 0.5	 0.05	 0.1 Zr
Inconel 792	 61.0	 3.5	 12.4	 1.9	 3.8	 9.0	 –	 3.5	 0.04	
Inconel 901	 42.7	 34	 13.5	 6.2	 –	 –	 –	 0.2	 0.16	 0.3 V
Discaloy	 26.0	 55	 13.5	 2.9	 –	 –	 3.5	 0.2	 0.15	 0.5 Zr
Rene 95	 61.0	 <0.3	 14.0	 3.5	 3.5	 8.0	 –	 3.5	 0.14	
Rene 104	 52.0	 –	 13.1	 3.8	 1.9	 182	 1.4	 3.5	 0.03	 2.7 Ta
SX PWA1480	 64.0	 –	 10.0	 –	 4.0	 5.0	 –	 5.0		  2 Hf
DS PWA1422	 60.0	 –	 10.0	 –	 12.5	 10.0		  5.0		

Table 12.2 Functions of alloying elements in nickel superalloys

Alloying element	 Function

Chromium	 Solid solution strengthening; corrosion resistance
Molybdenum	 Solid solution strengthening; creep resistance
Tungsten	 Solid solution strengthening; creep resistance
Cobalt	 Solid solution strengthening
Niobium	 Precipitation hardening; creep resistance
Aluminium	 Precipitation hardening; creep resistance
Carbon	 Carbide hardening; creep resistance
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2.7.2 Inconel 625 Superalloy

IN625 superalloy is widely used in the aerospace, chemical, petrochemical, nuclear,

and marine industries. This is due to its great high-temperature strength,

outstanding resistance to stress rupture, creep, and fatigue, and high oxidation

and corrosion resistance [1, 4, 7]. IN625 is a nickel-based superalloy with about 62

wt.% nickel and 20–23 wt.% chromium, solid-solution strengthened by

molybdenum (8–10 wt.%) and niobium (3.15–4.15 wt.%) in a nickel-chromium

matrix. Chromium provides high corrosion resistance to the alloy by forming a

passive thin layer of Cr2O3, while molybdenum and niobium strengthen the

matrix [1, 4, 7].

The typical physical and mechanical properties of a conventional IN625 alloy

are listed in Table 2.6 and Table 2.7 [98].

Table 2.6: Physical properties of conventional IN625 alloy.

Property Value
Melting Point 1350 °C
Coefficient of Expansion 12.8 µm/m.°C (20–100 °C)
Density 8.44 g/ cm3

Modulus of Elasticity 205.8 GPa
Modulus of Rigidity 79 GPa

Table 2.7: Mechanical properties of conventional IN625 alloy (rolled) [98].

Property Value
Tensile Strength (MPa) 827–1103
Yield Strength (MPa) 414–758
Elongation (%) 30–60
Reduction of Area (%) 40–60
Hardness (Brinell) 175–240
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2.7.2.1 Microstructure

L-BPF IN 625 alloy has a microstructure that is notably different from normally

produced alloys. Due to very high cooling rates of about 106 K/s [97], the as-built

IN625 alloy shows a non-equilibrium microstructure with very fine dendritic-cellular

features generally less than 1 µm. Diffusion to create precipitates is hampered

by the fast cooling rate, leaving the Ni matrix with the majority of strengthening

elements such as Mo and Nb [73].

The as-built IN625 microstructure exhibits pronounced grain elongation along

the build direction, with non-uniform crystallographic orientations within the

grains [99], in contrast to the equiaxed grain structure of a conventionally fabricated

IN625 alloy, as shown in Figure 2.21 [98]. The grains grow epitaxially from the

substrate along the build direction (Z-axis), intersecting multiple melt pools, as

shown in Figure 2.22 [79].

tion level of Inconel 718 is comparatively lower than that of
Inconel 625. Inconel 718 microstructure contains a face centred
cubic matrix of c with a relatively high amount of strengthening
carbides, along with intermetallic phases, namely face centred
cubic c0 Ni3(Al,Ti,Nb), ordered tetragonal c00 Ni3Nb, and face cen-
tred cubic MX (Nb,Ti)(C,N). The microstructure may also include
undesired topologically close-packed (TPC) phases, such as hexag-
onal laves (Ni,Fe,Cr)2(Nb,Mo,Ti), orthorhombic d Ni3(Nb,Ti), and
tetragonal r CrFe phases. The major strengthening parameter for
Inconel 718 is the presence of metastable phases, c0 and c00 which
are coherent with the c face centred cubic matrix. Specific heat
treatment techniques are generally employed so as to maximise
the precipitation of phases, c0 and c00 in nanoscale up to levels of
4% and 16%, respectively [19].

Inconel 718 has higher strength at increased temperatures and
displays good resistance to frictional wear, hot corrosion, fatigue
and has favourable weldability. Therefore, the Inconel alloy finds

use in various applications in environments at extreme elevated
temperatures like gas turbines, aircraft, nuclear reactors, tur-
bocharger rotors, liquid fuelled engines, and other structural and
corrosive applications in form of wrought, cast and powder metal-
lurgy products. Similar to Inconel 625, AM processes like SLS, SLM
and DED have begun to be utilised for the mass production of aero-
space and other critical components that are used in chemical,
automotive and energy sector.

2. Direct energy deposition

DED processes use an energy form that is focused into a narrow
beam, which is utilized to melt a material that is deposited onto
the substrate. DED processes do not melt a material that is pre-
laid in the powder bed but melts the materials as and when they
are dispersed from the deposition nozzle. DED processes use a

Fig. 3. Inconel 625 Microstructure (a) conventional manufacturing process; (b) DED process [1,2].

Table 3
Chemical Composition of Inconel 718 [11].

Element Ni Cr Nb Mo Ti Co Al Fe

% 50–55 17–21 4.8–5.5 2.8–3 0.65–1.15 1 0.2–0.8 Balance

Table 4
Properties of conventionally manufactured Inconel 718 [11].

Properties Tensile strength
(MPa)

Yield strength
(MPa)

Elongation
(%)

Reduction of area
(%)

Hardness
Brinell

Density (g/
cm3)

Modulus of elasticity
(GPa)

Inconel 625
(Rolled)

1407 1172 6–12 8–15 331 8.19 199.9

Fig. 4. Inconel 718 Microstructure (a) conventional manufacturing process; (b) DED process [3].

S. Pratheesh Kumar, S. Elangovan, R. Mohanraj et al. Materials Today: Proceedings 46 (2021) 7892–7906

7895

Figure 2.21: Optical micrograph of conventionally manufactured IN625 [98].
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samples a remarkable increase in both YS and UTS (722 ± 7 and
1116 ± 6MPa, respectively) was recorded, correlated to a ductility
reduction (35 ± 5%) with respect to solutioned condition.

The tensile properties and hardness values of as-built and heat-
treated IN625 samples will be discussed by means of microstructural
and fractures surfaces observation.

3.3. Microstructural evolution

3.3.1. As-built condition
The microstructure of as-built samples consisted of columnar grains

growing epitaxially thus intersecting multiple melt pools along the
building direction, as can be seen in Fig. 8a. These columnar grains had
a large size distribution, with the maximum around 350–400 µm and
the minimum around 5–10 µm. At higher magnification by means of
FESEM analysis, the very fine structures of as-built samples could be
observed (Fig. 8b, c and d).

The cellular structures were characterised by size up to around
1 µm, also revealing areas with very fine dimension of 300 nm. The
columnar dendrites typically exhibited primary dendritic arm spacing
(PDAS) up to 1 µm, while only partially formed secondary dendritic
arms were found in some areas (Fig. 8c).

The dendritic structures are commonly reported for LPBF Ni-based
superalloys, and they derive from the extremely high cooling rates of
the LPBF process around 106 °C/s [17,19,22,34]. In particular, the
cellular structures are believed to be altered primary dendritic struc-
tures caused by the extremely high cooling rates [35]. However, this
fine dendritic structures exhibited interdendritic nanometric Nb-rich
MC carbides while interdendritic regions were found to be enriched in
Nb and Mo, as indicated respectively by arrows 1 and 2 in Fig. 8c and d.

Analysis of the as-built sample microstructure by TEM (Fig. 8e)
revealed that the very fine dendritic microstructure is characterised by
a high density of tangled dislocations in the interdendritic regions re-
sulting from the very high temperature gradient and rapid solidification

Fig. 7. Tensile stress–strain curves for the as-built (AB), direct aged at 700 °C
for 24 h (DA), solutioned at 1150 °C for 2 h (S) and solutioned+ aged 1150 °C
for 2 h and 700 °C 24 h (SA) samples.

Fig. 8. a) optical micrograph showing co-
lumnar grains (CG) and melt pools for as-built
sample; b) FESEM image exhibiting columnar
and cellular primary dendrites for as-built
samples; c-d) FESEM images: showing co-
lumnar and cellular dendritic structures with
arrows 1 and 2 that indicate Nb-rich MC car-
bides and Nb, Mo-rich areas in interdendritic
regions, respectively; e-f) TEM bright field
images: e) showing columnar dendrites with
high density of dislocation mainly located in
the interdendritic areas, with an inset of not
completely formed Nb-rich MC carbides; f) Nb-
rich MC carbides in the dendrite core; with
inset showing the carbide coherency with the
matrix.

G. Marchese et al. Materials Science & Engineering A 729 (2018) 64–75

69

Figure 2.22: Cross-section optical micrograph of L-PBF IN625 superalloy along
the build direction (Z-axis). The yellow arrow shows the columnar grain (CG) [79].

Moreover, the structure of the previous layer determines the columnar dendritic

growth in the top layer. Partially melted grains from the preceding layer serve as

pre-nuclei for dendritic epitaxial development in the newly melted layer. The change

in heat flux direction near the top layer causes a change in dendrite orientation

from vertical to horizontal [16, 99, 100].

2.7.2.2 Hardness

Hardness of a material is a measure of its resistance to localized plastic deformation.

It is determined by pressing a small indenter into the surface of the material

being tested under controlled load and time conditions. The depth or size of

the indentation that results is measured and linked to a hardness number [101].

Hardness testing is one of the most often used mechanical property characterization
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tests to provide an indicator of a material condition because it is cheap, non-

destructive, and simple to execute. Moreover, other mechanical properties, such as

tensile strength, can be easily estimated using hardness data [101].

The hardness of as-built materials is influenced by L-PBF processing parameters

and powder properties [77]. Because of the very short solidification time, which

is a characteristic of the L-PBF process, the hardness of as-bulit IN625 alloy is

superior to that of conventional alloy. The extremely rapid solidification prevents

the grains from growing (i.e. diffusion does not have enough time to work.) and

results in a very fine microstructure [102].

According to the well-known Hall-Petch formula [102], a finer microstructure

has a higher hardness than a coarser microstructure for a given material. This is

due to the presence of additional grain boundaries in a smaller grained

microstructure, which act as barriers to dislocation migration, enhancing

hardnesss [102]. Furthermore, residual stresses are abnormally large due to

considerable temperature gradients induced during processing. As a result of their

fine microstructure and residual stresses, AM samples have a higher hardness than

conventional samples.

Pleass and Jothi [77] found that, as shown in Figure 2.23, the plane XZ parallel

to the build direction (Z-axis) is harder than the plane XY perpendicular to it.

Dislocations must form and move beneath the surface when a hardness indentation

is done. The dislocations developed in plane XZ interact with all of the grain

boundaries visible in the plane XY, causing the dislocations to cease and the

material hardness to rise. The dislocations in plane XY, on the other hand,
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encounter larger grains and fewer obstacles as they go deeper into the plane XZ. As

a result, the plane XY is expected to have a lower hardness than the plane XZ [77].

Figure 2.23: Vickers hardness made in the XZ and XY planes of three coupons of
IN625 produced by L-PBF using two types of powder [77].

Ghodsi et al. [103] changed the laser power, scan speed, and hatch distance

while keeping the layer thickness of 25 µm constant when printing IN625 samples

using the L-PBF technique. They investigated the correlation between hardness
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and volumetric energy density and detected a hardness peak followed by a sharp

reduction in hardness, as shown in Figure 2.24.

Figure 2.24: Hardness of L-PBF as-built IN625 as a function of volumetric energy
density, adapted from [103].

A summary of mean hardness data obtained in plane XZ (along the build

direction) of as-built IN625 alloy produced by L-PBF is provided in Table 2.8.
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Table 2.8: Summary of average hardness data obtained in plane XZ of as-built
IN625 alloy manufactured by L-PBF.

Laser Scan Hatch Layer Mean Ref.
Power Speed Distance Thickness Hardness
(W) (mm/s) (mm) (mm) (HV)
160 500 0.06 0.02 343 HV 0.5 [73]

120 100 0.10 0.05 298 ± 7.0 HV 0.3 [104]
120 200 0.10 0.05 334 ± 9.0 HV 0.3
80 100 0.10 0.05 334 ± 12 HV 0.3
80 200 0.10 0.05 350 ± 9.0 HV 0.3

80 1500 0.10 0.05 348 ± 24 HV 0.2 [105]

140 850 0.09 0.02 290 ± 11 HV 30 [77]
150 750 0.09 0.02 277 ± 4.0 HV 30
175 950 0.09 0.02 281 ± 5.0 HV 30

200 1000 0.09 0.03 262 HV 0.5 [106]

170 600 0.10 0.04 331 ± 10 HV 0.1 [13]
170 600 0.12 0.04 329 ± 12 HV 0.1
170 700 0.10 0.04 330 ± 11 HV 0.1
170 700 0.12 0.04 324 ± 14 HV 0.1
270 600 0.10 0.04 319 ± 8.0 HV 0.1
270 600 0.12 0.04 313 ± 11 HV 0.1
270 700 0.10 0.04 334 ± 9.0 HV 0.1
270 700 0.12 0.04 327 ± 10 HV 0.1

247 1000 0.08 0.02 313 ± 9.0 HV 0.5 [107]

180 1000 0.10 0.04 304 ± 8.0 HV 0.3 [16]

280 950 0.11 0.03 322 ± 6.0 HV 0.2 [108]

50 1040 0.04 0.025 245 HV 1 [103]
50 520 0.06 0.025 255 HV 1
75 1040 0.04 0.025 263 HV 1
120 590 0.09 0.025 265 HV 1
100 222 0.125 0.025 246 HV 1
140 345 0.06 0.025 222 HV 1
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Chapter 3
MATERIALS AND METHODS

3.1 Introduction

The strategy for optimizing density, hardness, and productivity by modifying the

processing parameters of IN625 fabricated using the L-PBF technique was divided

into four stages: preliminary, exploratory, modelling, and optimization. It begins

with a literature review, which provides important information about L-PBF IN625

superalloy.

As a preliminary test, IN625 parts were printed with a typical layer thickness

of 30 µm using higher laser powers of 300 and 400 W . However, because cracked

parts were printed, as illustrated in Figure 3.1, this layer thickness was excluded

from the testing program.
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Figure 3.1: Cracks in L-PBF IN625 printed with t = 30 µm. (a) P = 300 W and
(b) P= 400 W .
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The exploratory step that follows focuses on printing single tracks to locate

the process window. Nine single tracks were printed for each set of processing

parameters. The top views and cross-sections of the tracks were characterized

using light microscopy. As a result, common L-PBF process defects, such as lack

of fusion, keyhole, and balling, were discovered. In addition, an empirical model

was proposed to relate track width with surface energy density.

The third stage begins with the printing of 10 × 10 × 10 mm3 cubes at various

laser powers, scan speeds, overlaps, and powder layer thicknesses. A total of 48

cubes were printed. The relative density of printed cubes was determined using

Archimedes principle. An empirical model was also developed to describe the

relative density in terms of surface energy density. The most significant parameter

influencing the relative density was identified. Moreover, multiple regression

analysis, contour mapping, and 3D plotting were done to define the best processing

parameters for maximum density. As a result, four sets processing parameters were

estimated and with which 24 new cubes were printed, where six replicas for each

set. Finally, the sets of processing parameters were validated by evaluating the

density using both Archimedes and image analysis methods, productivity, hardness,

and microstructure. Figure 3.2 depicts the work steps taken to achieve the study

objective.
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Figure 3.2: Flowchart depicts the work steps taken to achieve the study objective.
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3.2 Printing of Single Tracks

Nine single tracks were printed for each set of processing parameters, as seen in

Figure 3.3. Each track is 10 mm long, and the distance between adjacent tracks is

1.05 mm. Gas-atomized IN625 powder with particle sizes ranging from 20 to 53

µm was used as a feedstock.

Figure 3.3: Single tracks of IN625 printed by L-PBF.

The apparent density and the flow rate of the powder are 4.47 g/cm3 and

14.6 sec/50 g, respectively. The chemical composition, morphology, particle size

distribution (PSD), and statistical analysis of the powder are shown in Table 3.1,

Figure 3.4, Figure 3.5, and Table 3.2, respectively.

Table 3.1: Chemical composition (wt.%) of IN625 powder

Ni Cr Mo Nb Fe Mn Si C O
ASTM Bal. 20–23 8–10 3.15–4.15 1.5 max 0.2–0.5 0.3–0.5 0.03 0.07

Powder Bal. 21.3 8.9 3.54 0.65 0.39 0.42 0.01 0.07
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Figure 3.4: SEM micrograph showing the morphology of IN625 powder.

Figure 3.5: Particle size distribution (PSD) of IN625 powder.
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Table 3.2: Statistical analysis of the IN625 powder, size in µm.

Count 9615 Number Percentiles Area Percentiles Volume Percentiles
Minimum 3.0 10% 28.1 10% 31.4 10% 32.7
Maximum 105 25% 32.4 25% 35.5 25% 37.0
Mean 37.6 50% 37.4 50% 40.5 50% 42.0
Std. dev. 8.3 75% 42.6 75% 46.0 75% 47.6
Mode 37.3 90% 47.7 90% 51.3 90% 53.2

The tracks were built into the machine chamber in an argon atmosphere with

less than 0.1 percent oxygen to reduce oxidation during the processing.

Table 3.3: L-BPF processing parameters for printing single tracks.

Process Parameter Value
Laser Power, P 300, 400 W
Scan Speed, v 500, 700, 900, 1100, 1300 mm/s
Layer Thickness, t 60, 90, 120, 150 µm

3.2.1 Characterization of Tracks Top Views

The top views of the tracks were analyzed using a stereoscope ZEISS SteREO

Discovery.V8 (Figure 3.6) at 10x magnification, followed by qualitative assessment

and rating. This analysis aids in a rapid visualization of infeasible sets of parameters

with obvious defects.

3.2.2 Characterization of Tracks Cross-sections

Using an electronic discharge machine (EDM), the single tracks were sectioned

in the middle along the build direction. Then, using standard metallographic

techniques, the sectioned samples were mounted, ground using SiC abrasive papers
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Figure 3.6: Stereoscope ZEISS SteREO Discovery.V8 used for analysis the top
views of the tracks.

with meshes of 320, 600, 800, 1200, and 2400, polished with diamond suspensions

of 6, 3, and 1 µm, respectively. Finally, the samples were chemically etched with

Kalling’s No.2 reagent (hydrochloric acid + cupric chloride + 95% ethyl alcohol +

distilled water) to make the geometrical and dimensional features microscopically

visible. The cross-sections of the tracks were examined using an optical microscope

Zeiss Axio Imager M2m (Figure 3.7) provided with a software Zeiss AxioVision

SE64. As a result, the melt pool geometry and visible defects were revealed, and

the material response to a specific set of parameters was inferred.

In addition, the melt pool width was measured to calculate the hatch distance,

as shown in Equation 3.1.

x = (1 − h

w
) =⇒ h = w × (1 − x) (3.1)

Where: x represents the overlap, w melt pool width, and h the hatch distance.
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Figure 3.7: Optical microscope Zeiss Axio Imager M2m.

3.3 Printing of Cubes

Based on the results of single tracks (top views and cross-sections), the process

windows were estimated. Accordingly, cubes with dimensions of 10 × 10 × 10 mm3

were printed. The processing parameters and scanning strategy (chessboard) used

are displaced in Table 3.4 and Figure 3.8, respectively.

Table 3.4: L-BPF processing parameters for printing the cubes.

Process Parameter Value
Laser Power, P 400 W
Scan Speed, v 700, 900, 1100, 1300 mm/s
Layer Thickness, t 60, 90, 120, 150 µm
Overlap 10, 20, 30%
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Figure 3.8: Chessboard scanning strategy used for printing IN625 cubes by L-PBF.

3.4 Density Measurements

The density of the cubes was measured using two different methods: Archimedes

and image analysis. Applying the Archimedes principle, the mass of each cube

was measured in air (ma) and then in fluid (mf ) using an electrical balance with a

resolution of ± 0.1 mg, as shown in Figure 3.9.

At room temperature, ethanol has a lower surface tension (22.10 mN/m) than

deionized water, which has a high surface tension (72.75 mN/m). As a result, it

is preferable to use ethanol as fluid rather than water because it forms fewer air

bubbles when it penetrates the pores of the cube [109]. When using water, large

amounts of unwanted air bubbles can significantly affect density measurement,

resulting in lower density values. At least three measurements for each cube were

carried out.
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Figure 3.9: Digital electronic balance used for measuring the density.

The density of printed part (ρp) can be calculated using the following

equation [109]:

ρp = (ρf − ρa) ma

ma − mf

+ ρa (3.2)

Where ρf is the fluid density, which varies with temperature. Therefore, a

thermometer is placed into the fluid loaded in a becker inside the balance to

measure the temperature. The fluid is ethanol as mentioned above; its density

used for calculation is 0.79 g/cm3. ρa is the air density which equals to 0.00119

g/cm3, ma is mass of the part in air, mf mass of the part in the fluid, ρb is the

bulk density of IN625, ρb = 8.44 g/cm3.
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The relative density (RD) of the printed part can be calculated as:

RD = ρp

ρb

(3.3)

The density of the samples was also measured using an image analysis method.

Using standard metallographic techniques, the samples were cross-sectioned along

the build direction, ground, and polished. The porosity was measured using an

optical microscope (Zeiss Axio Imager M2m) and image software (Axio Vision

SE64 V4.9), which counts the number of black dots (pores) as a function of the

base image colour (white, for example). At least 25 different images from each

sample were analyzed at 100x magnification. Three samples from each set were

considered (at least 75 images), and the density of these samples was averaged.

3.5 Metallographic Preparation

The printed samples were cut along the build direction via wire-cut EDM. The

samples were then prepared using standard metallographic techniques. They were

ground using SiC abrasive papers with meshes of 320, 600, 800, 1200, and 2400, then

polished with diamond suspensions of 6, 3, and 1 µm, respectively. Furthermore,

the samples were chemically etched with Kalling’s No.2 reagent (hydrochloric

acid + cupric chloride + 95% ethyl alcohol + distilled water) for microstructural

characterization . An optical microscope (Zeiss Axio Imager M2m), a field emission

scanning electron microscope (JEOL™ JSM-6701F) were used for investigation.
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3.6 Hardness Measurements

The hardness of a material is a measure of its resistance to localized plastic

deformation. It is determined by pressing a small indenter into the surface of the

material being tested under controlled load and time conditions. The depth or size

of the resulting indentation is measured and linked to a hardness number [101].

Vickers hardness testing was carried out conforming to ASTM E384 standard [110]

on the prepared cross-section of each cube under a load of 0.5 kgf for a dwell

time of 15 sec, using a hardness tester (402MVD Knoop/Vickers Tester), Wilson

Instruments. Ten hardness indentations were made and the average of which was

used.
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Chapter 4
RESULTS AND DISCUSSION

This chapter discusses the results of IN625 manufactured by L-PBF process, which

are divided into three phases:

• Phase 1: characterizes the single tracks to define the process window.

• Phase 2: deals with the relative density and its modelling to estimate the

best processing parameters for optimizing relative density and productivity.

• Phase 3: validates the estimated parameters from Phase 2 by printing

additional 24 cubes and evaluating relative density, productivity, hardness,

and microstructure of the new cubes.
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4.1 Single Tracks Characterization

Single track refers to laser scanning a single line in the powder bed. Single tracks

are created by melting metal powder with a defined thickness spread on a substrate,

creating a uniform melt pool, and solidifying together. The thickness of the powder

layer appears hard to be uniform on the substrate. It may vary slightly depending

on the substrate surface roughness and the powder packing density. The nature

and geometry of the melt pool are determined by the processing parameters used,

such as laser power, scan speed, and layer thickness. As a result, the single track

characterization (top view and cross-section) provides a quick and easy way to

define the process window in which the melt pool is stable.

4.1.1 Top Views of Single Tracks

Single track scan can be classified from the top view as follows [43]:

1. Stable:

• Continuous and uniform along its length.

2. Transitional:

• Continuous but exhibits some irregularities or necking.

• Continuous but shows narrowing and expanding spots.

3. Unstable:

• Track with a chain of beads (balling).

• Track with cracks.

For a scan track to be stable, the following requirements should be met:
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I. The track must be uniform and continuous along its length to prevent the

possibility of any pores in the printed part.

II. The track must penetrate the previous layer slightly to bond well between

the subsequent layers.

III. The track should display enough height to support the manufacturing of 3D

parts, as illustrated in Figure 4.1.

IV. The connection angle between the scan track and the previous layer should

be around 90° to ensure good dimensional accuracy and high density, as

shown in Figure 4.1. However, larger angles demand a large overlap between

adjacent tracks.

Figure 4.1: Track cross-section of IN625 processed with P = 300 W , v = 500
mm/s, and t = 120 µm showing the melt pool geometry.
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The top views of IN625 tracks printed with layer thicknesses of 60, 90, 120,

and 150 µm and scan speeds of 500, 700, 900, 1100 and 1300 mm/s are shown in

Figures 4.2, 4.4, 4.6, and 4.8 for P = 300 W , and in Figures 4.3, 4.5, 4.7, and 4.9

for P = 400 W .

The tracks formed with a powder layer thickness of 60 µm and laser powers of

300 and 400 W are shown in Figures 4.2 and 4.3. The tracks are continuous at scan

speeds of 500 and 700 mm/s, but their shape shifts to a transition mode at scan

speeds between 900 and 1300 mm/s. In this mode, the tracks become irregular

with some narrowing and expanding spots. This can be attributed to the lower

input energy when compared to that supplied with a scan speed of 500 mm/s.

At a constant laser power of 400 W , for example, the estimated input surface

energy is about 5 J/mm2 at 1300 mm/s, while it is 13 J/mm2 at 500 mm/s, a

factor of 2.6 higher. As a result of the higher input energy at 500 mm/s, it is

expected that the melt pool will penetrate sufficiently into the substrate, which

will have an additional positive impact on the formation of continuous tracks.

Heat conduction causes the melt pool to penetrate the substrate when the

laser energy density is sufficient to melt the powder particles. The track is stable,

continuous, and uniform in this mode. According to Yadroitsev et al. [43], the

stable melt pool has a semi-spherical shape with a depth-to-width aspect ratio of

no more than 1:2.

However, for greater layer thicknesses and faster scan speeds (for example, P =

300 W , t = 150 µm, v = 900, 1100, 1300 mm/s), Figure 4.8 (c-e), the laser energy

absorbed by the powder is very low and there is less time for heating, resulting
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in only a small amount of powder being melted. Because of the low melt pool

temperature, flowability and wettability are poor, and a non-continuous melt track

is expected.

Furthermore, thicker layers may cause a large melt pool to settle far from the

substrate, resulting in a relatively small contact area between the melt pool and

the substrate. As a result, the small wetting area cannot support a large melt

pool, and the melt pool becomes unstable and splits into isolated, smaller droplets

before solidifying into discontinuous metal beads. [26, 43, 46, 54, 111]. In this case,

the track mode shifts from transition to balling, as shown in Figure 4.4 (e) or in

Figure 4.8 (c-e).

The processing maps based on the observation of tracks top views are presented

in Figure 4.10 (a) for a laser power of 300 W and in Figure 4.10 (b) for a laser

power of 400 W . The red area denotes the stable region where the processing

parameters for printing the cubes can be estimated. Because of the narrower red

area (process window) at 300 W laser power, this power was not used in printing

the cubes.
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Figure 4.2: L-PBF IN625, top views of single tracks printed with: P = 300 W ,
t = 60 µm, and v = 500, 700, 900, 1100, 1300 mm/s.

Figure 4.3: L-PBF IN625, top views of single tracks printed with: P = 400 W ,
t = 60 µm, and v = 500, 700, 900, 1100, 1300 mm/s.

75

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

Figure 4.4: L-PBF IN625, top views of single tracks printed with: P = 300 W ,
t = 90 µm, and v = 500, 700, 900, 1100, 1300 mm/s.

Figure 4.5: L-PBF IN625, top views of single tracks printed with: P = 400 W ,
t = 90 µm, and v = 500, 700, 900, 1100, 1300 mm/s.

76

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

Figure 4.6: L-PBF IN625, top views of single tracks printed with: P = 300 W ,
t = 120 µm and v = 500, 700, 900, 1100, 1300 mm/s.

Figure 4.7: L-PBF IN625, top views of single tracks printed with: P = 400 W ,
t = 120 µm, and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.8: L-PBF IN625, top views of single tracks printed with: P = 300 W ,
t = 150 µm, and v = 500, 700, 900, 1100, 1300 mm/s.

Figure 4.9: L-PBF IN625, top views of single tracks printed with: P = 400 W ,
t = 150 µm, and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.10: L-PBF IN625 processing map based on observation of tracks top
views to estimate the printing parameters for cubes, (a) P = 300 W and (b) P =
400 W .
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4.1.2 Cross-Sections of Single Tracks

The cross-sections of IN625 tracks printed with layer thicknesses of 60, 90, 120,

and 150 µm, and laser scan speeds of 500, 700, 900, 1100 and 1300 mm/s are

presented in Figures 4.11, 4.13, 4.15, and 4.17 for a laser power of 300 W , and in

Figures 4.12, 4.14, 4.16, and 4.18 for a laser power of 400 W .

It can be demonstrated that increasing the scan speed from 500 to 1300 mm/s

for a constant laser power of 300 W or 400 W tends to reduce the melt pool width

and depth. The powder layer thickness influences the melt pool dimensions; the

largest dimensions were measured with a layer thickness of 60 µm, and the smallest

with 150 µm. In some scenarios, no tracks were generated due to insufficient input

energy delivered to the powder, as observed in Figure 4.13 (e) and Figure 4.17 (e).

On the other hand, reducing the scan speed increases the laser energy density

and interaction time. As a result, the melt pool sinks into the substrate, and the

transition mode is attained. Then, as the energy density increases significantly due

to a combination of lower scan speed and higher laser power, more heat is expected

to be transferred to the powder bed, resulting in greater melt pool penetration into

the substrate. In this case, the track scan mode shifts from transition to keyhole

mode, as shown in Figure 4.18 (a). The higher temperature causes substantial

vaporization of alloying elements. This vaporization results in a recoil pressure

acting on the melt pool that pushes the melt to the sides and allows the laser to

penetrate deeply into the underlying material [90, 93, 116]. Because keyhole mode

causes extensive porosity, it is unsuitable for manufacturing 3D parts [90, 93, 113].
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Furthermore, the processing maps based on the observation of track cross-sections

are presented in Figure 4.19 (a) for a laser power of 300 W and in Figure 4.19

(b) for a laser power of 400 W . The red area denotes the stable region where the

processing parameters for printing the cubes can be estimated. Due to the narrower

red area (process window) at the laser power of 300 W , this power was not used

for printing the cubes.

Figure 4.11: L-PBF IN625, cross-sections of single tracks printed with t = 60 µm,
P = 300 W , and v = 500, 900, 1100, 1300 mm/s.

81

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

Figure 4.12: L-PBF IN625, cross-sections of single tracks printed with t = 60 µm,
P = 400 W , and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.13: L-PBF IN625, cross-sections of single tracks printed with t = 90 µm,
P = 300 W , and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.14: L-PBF IN625, cross-sections of single tracks printed with t = 90 µm,
P = 400 W , and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.15: L-PBF IN625, cross-sections of single tracks printed with t = 120 µm,
P = 300 W , and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.16: L-PBF IN625, cross-sections of single tracks printed with t = 120 µm,
P = 400 W , and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.17: L-PBF IN625, cross-sections of single tracks printed with t = 150 µm,
P = 300 W , and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.18: L-PBF IN625, cross-sections of single tracks printed with t = 150 µm,
P = 400 W , and v = 500, 700, 900, 1100, 1300 mm/s.
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Figure 4.19: L-PBF IN625 processing map based on observation of tracks
cross-sections to estimate the printing parameters for cubes, (a) P = 300 W and
(b) P = 400 W .
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4.1.2.1 Effect of Scan Speed on Melt Pool Width

Figure 4.20 depicts the effect of laser scan speed on melt pool width. When the

scan speed is increased, the melt pool width decreases for all layer thicknesses

tested. These results are expected because the laser energy density decreases with

increasing scan speed. Table 4.1 shows the raw data of melt pool width for different

layer thicknesses and scan speeds.
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Figure 4.20: L-PBF IN625, effect of laser scan speed on the melt pool width for
varying powder layer thicknesses at constant laser power of 400 W .

The melt pool width in the figure above is affected by two independent parameters

(scan speed and powder layer thickness). Multiple linear regression statistical

analysis was used to determine which of these two parameters is the most significant

and has the greatest impact on the melt pool width.
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Table 4.1: L-PBF IN625; raw data of melt pool width, w in µm; layer thickness, t
in µm; scan speed, v in mm/s; and laser power, P = 400 W .

t v w1 w2 w3 w4 w5 w6 w7 w8 w9 Mean SD

60 700 179.05 210.11 173.87 179.56 180.92 196.48 163.43 186.66 186.18 184.03 13.36
60 900 147.27 153.72 160.87 156.95 151.81 155.66 173.77 178.29 169.90 160.92 10.68
60 1100 130.02 129.83 150.50 131.82 132.42 158.92 154.38 137.59 135.09 140.06 11.36
60 1300 124.66 111.76 126.60 106.58 116.91 117.55 123.37 121.44 134.35 120.36 8.27

90 700 159.54 165.38 156.32 162.13 154.37 176.98 156.96 167.30 166.00 162.78 7.04
90 900 123.37 138.24 127.24 128.54 122.12 133.78 111.77 133.70 142.12 128.99 9.23
90 1100 119.50 113.03 122.08 119.55 142.78 125.95 129.83 122.72 124.02 124.38 8.33
90 1300 104.00 96.60 109.82 106.60 78.81 104.00 91.73 103.36 58.79 94.86 16.48

120 700 170.52 167.93 169.24 173.75 156.31 163.44 153.72 175.76 164.12 166.09 7.46
120 900 162.13 156.39 150.54 180.87 166.77 162.12 161.51 160.23 165.36 162.89 8.29
120 1100 139.52 156.33 121.44 116.99 114.34 124.02 107.87 115.62 120.80 124.11 14.90
120 1300 93.66 102.70 113.78 106.62 98.82 122.72 93.07 93.02 85.91 101.15 11.63

150 700 136.28 155.66 155.67 160.18 165.39 155.67 160.19 148.57 154.7 154.70 8.32
150 500 186.67 174.4 173.11 187.31 175.05 170.56 172.47 195.10 149.86 176.06 12.96
150 900 126.60 117.56 147.27 155.67 127.89 124.02 111.12 128.53 137.58 130.69 14.03
150 1300 104.64 88.49 81.48 74.95 94.36 93.03 81.41 87.26 107.22 90.32 10.73

Equation 4.1 depicts the best model for describing the melt pool width.

w = 262.96 − 0.103 v − 0.237 t (4.1)

Where w represents the melt pool width in µm, v the scan speed in mm/s, and t

represents the powder layer thickness in µm.

Table 4.2 displays the statistical analysis of the estimated model parameters.

The table shows that the estimated model parameters (v and t) using ordinary least

squares (OLS) are statistically significant at the 0.05 level of significance because

the p-values are less than the level of significance.

Table 4.2: Statistical analysis of the estimated model parameters.

Parameter Estimate Standard Error t-value p-value
Intercept 262.9593 14.8306 17.73085 <0.001
v −0.10284 0.01144 −8.99267 <0.001
t −0.23751 0.08127 −2.92263 0.01188
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The most significant parameter is the powder layer thickness (t), which has a

larger factor (−0.23751) than the scan speed (v). The negative sign indicates that

increasing layer thickness while maintaining constant scan speed reduces melt pool

width. Sun et al. [52] reported similar results for Ti6Al4V samples and Souza et

al. [112] for maraging steel 300 built by L-PBF. The model is validated by plotting

the predicted and measured melt pool width values, as illustrated in Figure 4.21.

The high coefficient of correlation (R2) indicates that the model proposed is reliable.
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Figure 4.21: L-PBF IN625, predicted melt pool width versus measured melt pool
width at constant laser power of 400 W .

4.1.2.2 Effect of Energy Density on Melt Pool Width

Figure 4.22 depicts the relationship between melt pool width and surface energy

density. Equation 2.3, Section 2.5, Chapter 2, may be used to compute the surface
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energy density, which normalizes the effects of laser power, scan speed, and layer

thickness. The graph shows that increasing the surface energy density leads to a

nonlinear increase in melt pool width. The results are expected because increasing

surface energy density reflects in more heat transferred by the laser beam to the

powder bed to melt more particles resulting in a larger melt pool.
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Figure 4.22: L-PBF IN625, effect of surface energy density on the melt pool width.

For example, a surface energy density of about 4.9 J/mm2 (P = 400 W , v =

900 mm/s, and t = 90 µm) results in a melt pool width of 129 ± 9.2 µm, as shown

in Figure 4.14 (c). By reducing the powder layer thickness from 90 to 60 µm while

keeping both laser power and scan speed unchanged, the estimated surface energy

density of about 7.4 J/mm2 yields a melt pool width of 161 ± 10.7 µm (about

25% increase in track width), as shown in Figure 4.12 (c).
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In addition, a nonlinear regression model, using Levenberg Marquardt iteration

algorithm [114, 115], is adapted to define the relationship between melt pool width

and surface energy density. The model used to fit the data is shown in Equation 4.2.

w = a (1 − E−b
S ) (4.2)

where a and b are model parameters. The nonlinear regression analysis depicts

that the best-fit model to the data is displayed in Equation 4.3.

w = 187.68 (1 − E−0.98
S ) (4.3)

where w represents the melt pool width in µm and ES represents the surface energy

density in J/mm2.

Table 4.3 lists the statistical analysis of the estimated model parameters. The

table shows that the model parameters (a and b), using ordinary least squares

(OLS), are statistically significant at the 0.05 level of significance because the

p-values are less than the level of significance.

Table 4.3: Statistical analysis of the estimated model parameters.

Parameter Estimate Standard Error t-value p-value
a 187.6788 30.0559 6.24433 <0.001
b 0.97662 0.35155 2.77801 0.0148
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4.2 Relative Density

The process window for printing cubes to evaluate the relative density was identified

based on the results of single track characterization. Accordingly, 48 cubes were

printed using the process parameters listed in Table 4.4 and Figure 4.23 shows

the printed cubes. Consequently, the effects of layer thickness, scan speed, surface

energy density, and overlap on the relative density of the cubes were discussed in

the following sections.

Figure 4.23: 48 IN625 cubes (10 × 10 × 10 mm3) printed with P = 400 W ,
v = 700, 900, 1100, 1300 mm/s, t = 60, 90, 120, 150 µm, and overlap = 10, 30, 50%.
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Table 4.4: L-PBF Process parameters for printing 48 cubes.

Sample Laser Power Scan Speed Thickness Overlap
No. P (W ) v (mm/s) t (µm) (%)
1 400 700 60 10
2 400 700 60 30
3 400 700 60 50
4 400 900 60 30
5 400 900 60 10
6 400 900 60 50
7 400 1100 60 10
8 400 1100 60 30
9 400 1100 60 50
10 400 1300 60 50
11 400 1300 60 30
12 400 1300 60 10
13 400 700 90 10
14 400 700 90 30
15 400 700 90 50
16 400 900 90 50
17 400 900 90 10
18 400 900 90 30
19 400 1100 90 30
20 400 1100 90 10
21 400 1100 90 50
22 400 1300 90 50
23 400 1300 90 30
24 400 1300 90 10
25 400 700 120 10
26 400 700 120 30
27 400 700 120 50
28 400 900 120 50
29 400 900 120 30
30 400 900 120 10
31 400 1100 120 50
32 400 1100 120 30
33 400 1100 120 10
34 400 1300 120 10
35 400 1300 120 30
36 400 1300 120 50
37 400 700 150 50
38 400 700 150 30
39 400 700 150 10
40 400 900 150 10
41 400 900 150 30
42 400 900 150 50
43 400 1100 150 50
44 400 1100 150 30
45 400 1100 150 10
46 400 1300 150 10
47 400 1300 150 30
48 400 1300 150 50
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4.2.1 Effect of Layer Thickness

Figures 4.24 and 4.25 display in 2D and 3D, respectively, the relationship between

relative density and layer thickness for 10% overlap and varying laser scan speeds.

To improve visualization of the relative density data, the scaling was not the same

for the overlaps used. The relative density scale ranges from 92, 96.8, and 98.8%

to 100% for overlaps of 10, 30, and 50%, respectively. For all of the scan speeds

and overlaps tested, the average relative density decreases as the layer thickness

increases. The spread in relative density caused by the scan speeds decreases as

the overlap increases. For 10% overlap, the relative density ranged from 99.58 to

99.16% at t = 60 µm and from 97.84 to 93.80% at 150 µm when the scan speed

increased from 700 to 1300 mm/s, as shown in Figure 4.24.
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Figure 4.24: Relative density of L-PBF IN625 as a function of layer thickness for
v = 700, 900, 1100, and 1300 mm/s, P = 400 W , and 10% overlap.
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Laser Power = 400 W, 10% Overlap
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 < 95.5
 < 93.5
 < 91.5

Figure 4.25: 3D surface plot of relative density of L-PBF IN625 against scan speed
and layer thickness, P = 400 W , 10% overlap.

Furthermore, the values of estimated surface energy density at t = 60 µm are

9.5 and 5.13 J/mm2 for v = 700 and 1300 mm/s, respectively, whereas those at t

= 150 µm are 3.8 and 2.1 J/mm2. As a result, it can be expected that the heat

delivered to the powder at 150 µm is not sufficient to melt the powder completely

leaving voids and pores in the printed samples and resulting in a lower density

compared to that at 60 µm. The processing parameters set of P = 400 W , v =

700 mm/s, and t = 60 µm results in the greatest relative density (99.57%) for 10%
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overlap, as shown in Figure 4.24. Kempen et al. [51] found similar results as they

studied the effect of increasing layer thickness from 30 to 60 µm on the relative

density of maraging steel built by L-PBF.

Similar trends can be seen in Figures 4.26 and 4.27 for 30% overlap and in

Figures 4.28 and 4.29 for 50% overlap. However, all the relative density values

obtained for overlaps of 30 and 50% are much better than those for 10% overlap

(Figure 4.24). In addition, the spreads in relative density caused by the effect of

increasing scan speed are smaller for all layer thicknesses tested; the smallest spread

was found with overlap of 50%.
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Figure 4.26: Relative density of L-PBF IN625 as a function of layer thickness for
v = 700, 900, 1100, and 1300 mm/s, P = 400 W , and 30% overlap.
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 Laser Power = 400, 30% Overlap
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Figure 4.27: 3D surface plot of relative density of L-PBF IN625 against scan speed
and layer thickness, P = 400 W , 30% overlap.

The processing parameters set: P = 400 W , v = 900 mm/s, and t = 90 µm

results in the best relative density (99.55%) for 30% overlap (Figure 4.26), whereas

the set of P = 400 W , v = 700 mm/s, and t = 60 µm gives the best relative density

(99.57%) for 50% overlap (Figure 4.28).

This behaviour clearly demonstrates the significance of selecting the proper

overlap when printing the parts. As the overlap is reduced from 50% to 10%,

the hatch distance increases (i.e. increasing the distance between the centres of
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adjacent scan tracks). The large hatch distance leads to a lack of fusion because

of poor bonding between the scan tracks, lowering the relative density of printed

parts. Similar outcomes can be found in [49].
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Figure 4.28: Relative density of L-PBF IN625 as a function of layer thickness for
v = 700, 900, 1100, and 1300 mm/s, P = 400 W and, 50% overlap.

The relative density in Figures 4.24, 4.26, and 4.28 is influenced by two

independent parameters (v and t) for a constant overlap. Therefore, multiple

linear regression analysis was conducted on the relative density data to identify

which of these two parameters has the greatest impact on it.
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Laser Power = 400 W, 50% Overlap

 > 99.6
 < 99.6
 < 99.4
 < 99.2
 < 99
 < 98.8
 < 98.6
 < 98.4
 < 98.2

Figure 4.29: 3D surface plot of relative density of L-PBF IN625 against scan speed
and layer thickness, P = 400 W , 30% overlap.

The statistical analysis results in the following three formulas for overlaps of 10,

30, and 50%, respectively:

RD = 108.06 − 0.0033 v − 0.2375 t for 10% overlap (4.4)

RD = 101.26 − 0.00064 v − 0.0149 t for 30% overlap (4.5)

RD = 99.87 − 0.000089 v − 0.00527 t for 50% overlap (4.6)

102

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

Where RD represents the relative density (%), v the scan speed in mm/s, and t

the powder layer thickness in µm.

Table 4.5, for example, displays the estimated parameters (v and t) of the model

linking relative density with scan speed and layer thickness for 10% overlap. The

table shows that the layer thickness (t) has the greatest effect on the relative density

because its factor (−0.2375) is much bigger than that of scan speed (−0.00333).

The minus sign indicates that increasing v or t causes a decrease in relative density,

but that caused by a layer thickness is much greater.

Table 4.5: Estimated parameters of the model that relates relative density with
scan speed and layer thickness, 10% overlap.

Parameter Estimate Standard Error t-value p-value
Intercept 108.0643 1.54179 70.09014 <0.001
v −0.00333 0.0016 −2.08152 0.05771
t −0.23751 0.08127 −2.92263 0.01188

For overlaps of 30% and 50%, Equations 4.5 and 4.6 also show that the layer

thickness has a greater influence on the relative density than the scan speed.

4.2.2 Effect of Surface Energy

The influence of surface energy density on the relative density of L-PBF IN625

samples is seen in Figures 4.30, 4.31, and 4.32 for overlaps of 10%, 30%, and 50%,

respectively. The relative density increases rapidly with increasing the energy

density for all overlaps tested until a certain limit of surface energy density, after

which it remains nearly unchanged. For overlaps of 10, 30, and 50%, these limits
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are 5, 4.2, and 3.6 J/mm2, respectively. Narvan et al. [34] discovered similar results

when they investigated the effect of energy density on the relative density of H13

tool steel manufactured by L-PBF.

1 2 3 4 5 6 7 8 9 10 11
92

93

94

95

96

97

98

99

100

R
el

at
iv

e 
D

en
si

ty
 (%

)

Surface Energy Density (J/mm2)

L-PBF IN625

Data, Overlap = 10% 
    Best-fit: RD = 99.5 (1 - E-3.4

S ) 

Figure 4.30: Relative density of L-PBF IN625 as a function of surface energy
density. P = 400 W and overlap = 10%.

This behaviour can be attributed to the hatch distance which is the greatest at

10% overlap compared to that for 30% overlap or 50%. When all other processing

parameters remain constant, the greatest hatch distance results in the least amount

of energy. As a result, this energy should be increased to the point where the

relative density approaches its steady state. The same discussion holds true when

comparing 30% overlap to 50%.
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Figure 4.31: Relative density of L-PBF IN625 as a function of surface energy
density. P = 400 W and overlap = 30%.

Furthermore, a nonlinear regression modelling using the Levenberg Marquardt

iteration algorithm [114, 115] was performed to define the behaviour of relative

density in terms of surface energy density. The proposed model to fit the data is

shown in Equation 4.7, which was chosen from among several models tested.

RD = a (1 − E−b
S ) (4.7)

where RD is the relative density (%), a and b are model parameters.
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Figure 4.32: Relative density of L-PBF IN625 as a function of surface energy
density. P = 400 W and overlap = 50%.

The nonlinear regression analysis suggests the following best-fit models displayed

in Equations 4.8, 4.9, and 4.10 for 10%, 30%, and 50% overlap, respectively.

RD = 99.5 (1 − E−3.4
S ) for 10% overlap (4.8)

RD = 99.4 (1 − E−5.4
S ) for 30% overlap (4.9)

RD = 99.3 (1 − E−6.4
S ) for 50% overlap (4.10)

where RD represents the relative density (%) and ES the surface energy in J/mm2.
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Table 4.6, for example, lists the estimated model parameters of relative density for

30% overlap. The table shows that the model parameters (a and b), using ordinary

least squares (OLS), are statistically significant at the 0.05 level of significance

because the p-values are less than the level of significance.

Table 4.6: Estimated model parameters of relative density for 30% overlap.

Parameter Estimate Standard Error t-value p-value
a 99.43403 0.08869 1121.18384 <0.0001
b 5.41992 0.16057 33.75394 <0.0001

4.2.2.1 Effect of Overlap and Surface Energy Density

A 3D surface plot shown in Figure 4.33 exhibits the effects of surface energy density

and overlap on relative density. The plot clearly indicates that the relative density

increases as the overlap or surface energy density increases.

The high overlap results in better bonding with adjacent tracks or previous

layer due to the remelting process during the new track or layer scan, enhancing

wettability, minimizing voids and pores, and therefore increasing the relative density.

In addition, as the surface energy is raised by lowering scan speed, layer thickness,

or both, the heat input delivered to the powder increases. As a result, the powder

will melt more efficiently, thus reducing voids and accordingly increasing the relative

density of the printed parts.
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Figure 4.33: 3D surface plot of relative density of L-PBF IN625 against surface
energy density and overlap percent, P = 400 W .

4.2.3 Statistical Modelling

The aim of statistical modelling is to establish a set of processing parameters for

optimizing relative density and productivity of L-PBF IN625. Therefore, multiple

regression analysis was carried out on the relative density data considering the

effects of scan speed, layer thickness, and overlapping.
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The model examined is shown in Equation 4.11.

RD = a0 + a1 v + a2 t + a3 x (4.11)

Where RD represents the relative density (%), v the scan speed in mm/s, t the

powder layer thickness in µm, and x is the overlap (%).

Table 4.7 displays the model parameters estimated using ordinary least squares

(OLS). Since p-values are less than 0.05, the parameters are statistically significant

at the 0.05 significance level. The statistical analysis reveals at a constant laser

power of 400 W that the overlap (%) compared with scan speed and layer thickness

has the greatest effect on relative density because of its biggest factor (0.04568). The

positive sign of overlap indicates that the relative density increases with increasing

overlap.

Table 4.7: Estimated parameters of relative density model in terms of scan speed,
layer thickness, and overlap (%).

Parameter Estimate Standard Error t-value p-value
Intercept 101.23479 0.91932 110.11876 <0.00001
v −0.00155 7.03281E-4 −2.20114 0.03302
t −0.02354 0.00469 −5.02117 <0.00001
x 0.04568 0.00963 4.74325 <0.00001

Furthermore, layer thickness is the second most crucial parameter influencing

relative density, while scan speed has the least impact. The best fit model is shown

in Equation 4.12.

RD = 101.235 − 0.0015 v − 0.0235 t + 0.0457 x (4.12)
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In addition to the multiple regression analysis, 3D surface and contour plotting

analysis was performed on all data of relative density for 10, 30, and 50% overlaps

to define new sets of processing parameters for maximizing density and productivity.

Figures 4.34 and 4.35 illustrate the effects of scan speed and layer thickness on

relative density.Clic
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Figure 4.34: 3D surface plot showing relative density of L-PBF IN625 as a function
of scan speed and layer thickness, P = 400 W .
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Figure 4.35: 3D contour plot showing relative density of L-PBF IN625 against
scan speed and layer thickness, P = 400 W .

4.3 Trade-off between Density and Productivity

Based on the multiple regression analysis and 3D surface and contour plotting

analysis, four new sets of processing parameters were chosen to print 24 cubes, six

replicas for each set. The four sets are shown in Table 4.8, and the manufactured

cubes are displayed in Figure 4.36.
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Table 4.8: Processing parameters sets for printing additional 24 cubes.

Set P v t x h VED
No. (W ) (mm/s) (µm) (%) (µm) (J/mm3)
1 400 1300 60 30 84 61.05
2 400 1200 90 50 56 65.55
3 400 700 120 50 83 57.37
4 400 700 150 50 77 49.15

Figure 4.36: 24 IN625 cubes printed with P = 400 W . (i) Cubes 1–6 printed with
v = 1300 mm/s, t = 60 µm, 30% overlap, and h = 84 µm. (ii) Cubes 7–12 printed
with v = 1200 mm/s, t = 90 µm, 50% overlap, and h = 56 µm. (iii) Cubes 13–18
printed with v = 700 mm/s, t = 120 µm, 50% overlap, and h = 83 µm. (iv) Cubes
19–24 printed with v = 700 mm/s, t = 150 µm, 50% overlap, and h = 77 µm.

112

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/mech


MASc– Manar Krmasha; McMaster University– Mechanical Engineering

4.3.1 Relative Density

Archimedes and image analysis methods were used to determine the density of the

cubes. For the Archimedes principle, the density of each cube was measured at

least three times, a total of 18 measurements for each processing parameters set,

as shown in Table 4.9.

Table 4.9: Density measurements of new samples, Archimedes method.

Set Sample Run 1 Run 2 Run 3 Mean SD Set Set
No. No. (%) (%) Mean (%) SD (%)

1 99.9644 99.8341 99.7749 99.8578 0.0970
2 99.7156 99.5853 99.4550 99.5853 0.1303

Set 1 3 99.6445 99.4076 99.0521 99.3681 0.2982 99.5162 0.2536
4 99.5024 99.3720 99.1114 99.3286 0.1991
5 99.2772 99.4668 99.7867 99.5103 0.2575
6 99.3483 99.2891 99.7038 99.4471 0.2243

7 99.4076 99.4550 99.7393 99.5340 0.1794
8 99.9763 99.5024 99.3009 99.5932 0.3467

Set 2 9 99.3957 99.4431 99.5261 99.4550 0.0660 99.4043 0.2405
10 99.3483 99.3602 99.0166 99.2417 0.1950
11 99.1825 99.3246 98.8863 99.1311 0.2237
12 99.5498 99.4668 99.3957 99.4708 0.0771

13 99.6564 99.1943 98.9455 99.2654 0.3607
14 99.2299 99.2536 99.6564 99.3799 0.2397

Set 3 15 99.2417 99.1114 99.1232 99.1588 0.0721 99.2582 0.1901
16 99.1469 99.1114 99.4194 99.2259 0.1685
17 99.2654 99.1469 99.1706 99.1943 0.0627
18 99.52607 99.2062 99.2417 99.3246 0.1753

19 99.45498 99.2773 99.3720 99.3681 0.0889
20 99.44313 99.2180 99.0995 99.2536 0.1745

Set 4 21 99.6564 99.0877 99.0166 99.2536 0.3507 99.3102 0.1831
22 99.36019 99.4905 99.2417 99.3641 0.1245
23 99.12322 99.1114 99.3483 99.1943 0.1335
24 99.49052 99.2299 99.5616 99.4273 0.1747
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In addition, Figure 4.37 depicts a box plot showing the variation in relative

density for each set. Set 1 had the highest density, which gradually decreased until

set 3 and then increased with set 4. The difference in means between sets 1 and 4

was calculated to be 0.21%.
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Figure 4.37: Box plot showing the variation in relative density (Archimedes method)
of new sets of L-PBF IN625, P = 400 W .

Another method that has been adapted to measure the density of printed cubes

is image analysis. After being cross-sectioned along the build direction, the samples

were ground and polished. Porosity was measured using an optical microscope

(Zeiss Axio Imager M2m) and image software (Axio Vision SE64 V4.9), which

counts the number of black dots (pores) as a function of the base image colour
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(white, for example). For each sample, at least 25 different images were examined

at 100x magnification. Three samples from each set were analyzed (i.e., at least 75

images from each set were taken.), and the density of these samples was averaged.

The mean values of relative density of the samples for each set are listed in

Table 4.10 and presented as mean ± standard deviation in Figure 4.38. The

samples printed under set 2 processing parameters had the highest relative density

(99.94%), while the samples printed under set 4 processing parameters had the

lowest (99.82%). The difference in relative density mean between sets 2 and 4 was

calculated to be 0.12%, which is extremely small. This difference may be justified

by inspecting the cross-sections of the samples to evaluate the porosity, as shown

in Figure 4.39.

Table 4.10: Relative density (%) of the new samples measured by image analysis
method.

Set Sample Object Porosity Density Set Set
No. No. Count (%) Mean (%) Mean (%) SD (%)

1 2239 0.05 99.95
Set 1 3 3843 0.06 99.94 99.92 0.03786

5 8611 0.12 99.88

7 2090 0.06 99.94
Set 2 9 1337 0.06 99.94 99.94 0.00577

11 4643 0.07 99.93

13 1454 0.17 99.83
Set 3 15 1945 0.18 99.82 99.84 0.02646

17 2187 0.13 99.87

19 5238 0.16 99.84
Set 4 21 2234 0.25 99.75 99.82 0.05859

23 2040 0.14 99.86
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Figure 4.38: Relative density interval plot of L-PBF IN625 new sets measured by
image analysis method, P = 400 W .

Figure 4.40 depicts the relative density of L-PBF IN625 determined by

Archimedes and image analysis methods as a function of volumetric energy density.

There are differences in relative density values obtained by these techniques, in

which the values calculated by Archimedes principle are inferior to those by the

image analysis method. One Way Analysis of Variance (One Way ANOVA)

statistical method was performed on the relative density data collected by both

methods. It shows that the differences in mean values among the treatment sets

are statistically significant at the 0.05 level of significance.
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Figure 4.39: Optical images of cross-sections along build direction (Z-direction)
showing the porosity developed in L-PBF IN625 for (a & b) set 2 processing
parameters and (c & d) set 4 processing parameters.

Nonetheless, it can be agreed that the relative density calculated by the

Archimedes principle is more reliable since the entire volume of the sample is

considered in density measurement. Whereas, the image analysis method deals

with a cross-section, which may not reflect the total porosity of the sample.

Figure 4.40 also shows that the energy density values of 61 J/mm3 (set 1) and

65.5 J/mm3 (set 2) result in the best density of 99.52 and 99.40%, respectively,

obtained by Archimedes principle. On the other hand, the laser energy values
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above are linked with relative density of 99.92 and 99.94% determined by the image

analysis method.

When these density measurement techniques are compared, it can be concluded

that the Archimedes method is more reliable, repeatable, non-destructive, fast, and

cheap method. On the other hand, the image analysis technique aids in gaining

insight into the shape of pores and their distribution within the cross section of

the part.
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Figure 4.40: Relative density of L-PBF IN625 as a function of volumetric energy
density, P = 400 W .
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4.3.2 Hardness

Hardness measurements were carried out on the cross-section along the build

direction. Before measuring, the cross-sections of the cubes were prepared according

to the standard metallographic techniques described in Section 3.5, Chapter 3.

Hardness testing was conducted under a load of 0.5 kgf for a dwell time of 15 sec.

Figure 4.41 depicts the variation in hardness of the printed IN625 according to the

processing parameter sets listed in Table 4.8, Section 4.3.Clic
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Figure 4.41: Hardness (HV 0.5) of L-PBF IN625 new sets, P = 400 W .

To identify possible outliers in hardness data for each set, Grubbs statistical test

was performed on the data [117]. As a result, no significant outlier was identified

at the 0.05 level. Table 4.11 depicts the hardness descriptive statistics of each set.
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Table 4.11: L-PBF IN625, hardness descriptive statistics, P = 400 W .

Set No. N total Mean SD Minimum Maximum
Set 1 30 327.48 14.674 304 356
Set 2 10 308.20 10.778 291 326
Set 3 10 303.90 13.042 279 326
Set 4 30 322.89 19.216 283 362

As shown in the table, the samples from set 1 had the highest hardness values,

followed by those from set 4. When a One Way ANOVA statistical analysis is

performed on the hardness data of set 1 (t = 60 µm) and set 4 (t = 150 µm),

the population means of both sets are not significantly different at the 0.05 level.

These findings are essential because IN625 parts can be printed with a high layer

thickness, resulting in higher productivity (fewer slices to print) while maintaining

similar mechanical properties.

Balbaa et al. [13] tested the microhardness (HV 0.1) of IN625 printed with P

= 270 W , v = 600 mm/s, h = 0.1 mm, and t = 0.04 mm, with a load of 100 g.

A mean hardness of about 320 HV 0.1 was measured. The outcome of hardness

testing is well known to be highly dependent on the applied load: the lower the

load, the higher the hardness value. If hardness testing was carried out with a load

of 500 g, as was done in this study, the hardness results in [13] may be slightly

lower than those obtained with a load of 100 g. Although the load used in this

study was higher than that used by Balbaa et al., the average hardness of set 4

(323 HV 0.5) samples is consistent with that found in [13].

Nguejio et al. [107] printed IN625 samples with the optimal L-PBF processing

parameters: P = 247 W , v = 1000 mm/s, h = 0.08 mm, and t = 0.02 mm. The

mean hardness obtained in the plane XZ parallel to the build direction was 313 HV
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0.5. Yan et al. [108] measured a hardness of 322 HV 0.2 with optimal processing

parameters of P = 280 W , v = 950 mm/s, h = 0.11 mm, and t = 0.03 mm.

In summary, the hardness results found by Balbaa et al. [13], Nguejio et al. [107],

and Yan et al. [108] are consistent with those found in this study for set 4 samples.

However, the productivity of this work (v × t × h) is significantly higher.

4.3.3 Microstructure

The microstructure of a sample printed with set 4 processing parameters of thickest

powder layer is presented in Figure 4.42. The microstructure of L-BPF IN 625 alloy

differs significantly from that of conventionally processed alloy. Due to extremely

high cooling rates of about 106 K/s [97], the as-built L-BPF IN625 alloy shows

a non-equilibrium microstructure with very fine cellular and columnar dendritic

features compared to conventionally manufactured alloy [7, 98]. Diffusion process

to generate precipitates is hampered by the rapid cooling, leaving the Ni matrix

with the bulk of strengthening elements such as Mo and Nb [73].

Melt pools generated during the laser beam scanning are visible, with depths

nearly greater than two layers (> 300 µm), as shown in Figure 4.42. The melt pools

have similar V-like shapes due to the Gaussian distribution of the laser energy,

with the greatest value focused on the centre of laser beam [79]. It can also be

seen grains elongation along the build direction (Z-direction), with non-uniform

crystallographic orientations. Owing to the direction of heat flux during the melt

pool solidification, the grains grow epitaxially along the build direction (nearly

perpendicular to the substrate), intersecting multiple melt pools. Furthermore, the
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structure of the previous layer influences the columnar dendritic growth in the new

layer. Similar features were reported in [73, 79, 105, 118].

Figure 4.42: Optical micrograph showing the microstructure of L-PBF IN625
printed with set 4 processing parameters.

Although the grain growth mechanism is complicated and controlled by several

factors, the direction of local heat conduction, influenced by scan speed and

scanning strategy, is found to be critical in determining grain orientation and hence

microstructural texture [83, 105, 118]. During subsequent laser scanning, large

sections of laser tracks remelt due to overlap applied. In addition, coarse cellular

structures developed in the inter-melt-pool regions are expected because these

regions are less overlapping and less heat affected [83]. Due to gas entrapment,

some round pores are visible.
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4.3.4 Productivity

Productivity for printing parts by L-PBF process can be calculated using the

following equation:

P̊ = v × t × h (4.13)

where P̊ is the productivity in mm3/s, v scan speed in mm/s, t layer thickness in

mm, and h is the hatch distance in mm. The productivity can also be given in

mm3/min, as shown in Table 4.12. The highest productivity of 485.10 mm3/min

is calculated with set 4.

Table 4.12: Processing parameters sets and productivity of IN625 printed by
L-PBF.

Set P v t x h P̊
No. (W ) (mm/s) (µm) (%) (µm) (mm3/min)
1 400 1300 60 30 84 393.12
2 400 1200 90 50 56 362.88
3 400 700 120 50 83 418.32
4 400 700 150 50 77 485.10

Productivity can be increased by increasing one or more of the following

parameters: scan speed, layer thickness, and hatch distance. However, increasing

one of these parameters while holding the others constant reduces the energy

density or heat supplied to the powder, resulting in a decrease in the density and

mechanical properties of the printed part. As a result, any changes to these

parameters to enhance productivity should be made with caution, while keeping

the part properties almost unchanged.
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Balbaa et al. [13] measured the relative density and hardness of IN625 printed

at P = 270 W , v = 600 mm/s, h = 0.1, and t = 0.04 mm. Under these processing

parameters, the relative density, hardness, and productivity were reported as 99.3%,

319 HV 0.1, and 144 mm3/min, respectively. The relative density, hardness, and

productivity of the samples printed under set 4 (t = 150 µm) processing parameters

are 99.310 ± 0.183% (Archimedes principle), 99.82 ± 0.058% (image analysis),

(322.89 ± 19.216) HV 0.5, and 485.10 mm3/min. When the results are compared,

they agree with those reported in [13]. However, the productivity of this study is

more than three times (factor of 3.369) greater than that of [13] while maintaining

comparable physical and mechanical properties.

Table 4.13 depicts a comparison of the layer thickness, relative density,

hardness, and productivity of this study (TS) with those published in the

literature. Furthermore, Figure 4.43 depicts the normalized data obtained by

dividing the literature data by the present data.

Table 4.13: Comparison of the presented L-PBF IN625 results with those published
in the literature.

P v h t P̊ RD Mean Ref.
(W ) (mm/s) (µm) (µm) (mm3/min) (%) Hardness, HV
270 600 100 40 144 99.3 319 HV 0.1 [13]
270 700 120 40 201.6 98.5 327 HV 0.1
180 1000 100 40 240 NA 304 HV 0.3 [16]
160 500 60 20 36 NA 343 HV 0.5 [73]
120 590 90 25 79.65 99.36 265 HV 1 [103]
120 100 100 50 30 98.3 298 HV 0.3 [104]
120 200 100 50 60 92.5 334 HV 0.3
247 1000 80 20 96 NA 313 HV 0.5 [107]
280 950 110 30 188.1 NA 322 HV 0.2 [108]
400 700 77 150 485.1 99.31 323 HV 0.5 [TS]
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Figure 4.43: Comparison of L-PBF IN625 results of this study with those published
in the literature using normalization.

Finally, it can be concluded from Table 4.13 and Figure 4.43 that the findings

of this study are significant because IN625 parts can be printed with higher layer

thicknesses while retaining material properties comparable to those printed with

typical layer thicknesses of 20–50 µm. Reduced production time due to optimized

processing parameters can result in substantial energy and cost savings.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

Laser Powder Bed Fusion (L-PBF) is a metal additive manufacturing process that

allows for the creation of new geometries and complex internal structures with

improved properties. However, the main drawbacks of the L-PBF process are its high

costs and lengthy production time. As a result, reducing the manufacturing process

while maintaining comparable properties is extremely advantageous. Inconel 625

(IN625) alloy is used in a variety of industries, including aerospace. The properties

of IN625 components produced by casting or forging, on the other hand, are hard

to control. Furthermore, the IN625 alloy is difficult to machine. Because of its

excellent weldability, IN625 alloy appears to be a promising candidate for additive

manufacturing.
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This thesis presents an experimentally focused investigation on optimizing L-

PBF processing parameters in IN625 superalloy to significantly boost process

productivity while retaining material density and hardness comparable to those

produced with typical powder layer thicknesses of 20 to 40 µm. Increasing powder

layer thickness while optimizing the input energy by changing laser power, scan

speed, and hatch distance to guarantee sufficient heat is provided to the powder

bed for creating stable melt pools is one approach for increasing production rate.

Powder layer thicknesses used with L-PBF IN625 alloy ranged from 20 to 60

µm, according to a literature review. Furthermore, no systematic studies on the

effects of increasing layer thickness on the quality and productivity of printed parts

have been identified. The majority of the research focused on producing parts with

thinner powder layers and evaluating their qualities, rather than on the production

rate. As a result, the objective of this research was to increase productivity by

greatly thickening the powder bed while optimizing laser power, scan speed, and

hatch distance to obtain high material density and hardness.

To achieve this goal, powder layer thicknesses of 30, 60, 90, 120, and 150 µm,

higher laser powers of 300 and 400 W , five levels of scan speed ranging from 500 to

1300 mm/s, and three levels of overlapping of 10, 30, and 50% were investigated. A

layer thickness of 30 µm was used as a baseline for comparison. Single tracks and

cubes were printed and characterized. Multiple linear regression analysis, non-linear

modelling, as well as 3D surface and contour plots were performed. Relative density,

hardness, microstructure, and productivity were all evaluated.
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The following are the main findings of this study:

1. The optimized processing parameters obtained by statistical analysis methods

that resulted in the highest production rate of 485.1 mm3/min were as

follows:

layer thickness = 150 µm, laser power = 400 W , scan speed = 700 mm/s,

and hatch distance = 77 µm.

The volumetric energy density was calculated to be 49.15 J/mm3.

2. The average relative density of the samples printed with the optimized

parameters listed in the first conclusion was 99.31% ± 0.1831% obtained by

Archimedes approach and 99.82 % ± 0.05859% obtained by image analysis

technique. Although the production rate in this study is substantially higher

than those published by Balbaa et al. [13], Zhang et al. [104], Nguejio

et al. [107], and Yan et al. [108] by factors of 3.37, 8.08, 5.05, and 2.58,

respectively, the obtained relative density is consistent with their published

relative density values.

3. Despite having a significantly higher productivity, the average hardness of

the samples printed using the optimized parameters described in the first

conclusion was comparable to or better than those found in the literature [13,

16, 103, 104, 107, 108].

4. The as-built IN625 alloy had a non-equilibrium microstructure with very fine

cellular and columnar dendritic characteristics due to the extraordinarily

high solidification rate. Furthermore, coarse cellular structures are seen

in the inter-melt-pool zones, which have less overlapping and are less heat
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influenced. Elongation of grains along the build direction (Z-direction) can

be noticed. The grains develop epitaxially along the build direction (nearly

perpendicular to the substrate) due to the direction of heat flow during melt

pool solidification.

5. To show the effects of layer thickness, scan speed, and overlap on the relative

density of the samples, a multiple linear regression model was suggested. In

comparison to scan speed and layer thickness, the model revealed that the

overlap percent had the biggest impact on relative density. With greater

overlapping, the relative density increased considerably.

6. A nonlinear regression model, RD = a (1 − E−b
S ), was presented to correlate

the relative density (RD) to surface energy density (ES), where a, and b are

model parameters. For all overlaps examined with this model, the relative

density grew rapidly as the surface energy density increased until a certain

point, after which it remained almost unchanged. These limits are 5, 4.2, and

3.6 J/mm2 for overlaps of 10, 30, and 50%, respectively.

7. The findings of this research are significant because IN625 parts can be

manufactured with higher powder layer thicknesses (increased productivity)

while retaining material properties similar to those printed with usual thin

powder layers of 20–40 µm. Reduced production time due to optimized

processing parameters can result in substantial energy and cost savings.
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5.2 Future Work

This study looked at how to improve the productivity of L-PBF IN625 by

increasing the powder layer thickness and optimizing other processing parameters

to produce dense, crack-free parts. The relative density, hardness, microstructure,

and productivity of the samples printed under optimized conditions were evaluated.

However, the following are some interesting topics to consider for future work:

1. Investigating and comparing the tensile mechanical properties of samples

produced with the thickest powder layer of 150 µm to those obtained with a

standard powder layer of 30 µm.

2. Investigating high-cycle fatigue and fatigue crack propagation in samples

made with the thickest powder layer of 150 µm and comparing them to those

made with a standard powder layer of 30 µm.

3. Analyzing the behaviour of IN625 samples printed with powder layers thicker

than 150 µm.

4. Evaluating the effects of increasing powder layer thickness and laser beam

diameter on density, hardness, microstructure, and productivity.

5. Studying the impact of using multiple laser sources on the quality and

productivity of L-PBF IN625 parts.

6. Evaluating the quality and productivity of L-PBF printed samples using

thicker powder layers, bigger laser beam diameters, and multiple laser sources.
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