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Abstract

Additive manufacturing (AM) opens up new worlds of design freedom, enabling the rapid and mould-
free production of complex parts for various industries, including the aerospace industry. Laser powder
bed fusion (L-PBF) is an AM process capable of manufacturing complex-shaped parts by melting metal-
lic powder using a laser, in a layer by layer fashion, directly from a Computer-aided design (CAD)
model. In recent years the field of AM employing L-PBF has advanced rapidly. The quality of the pro-
duced parts is approaching the level required by the aerospace industry, mainly through advances in
process control and process monitoring. Hence, the emphasis on the development of the L-PBF process
may change from process control to microstructure control in order to prevent inconsistencies in the
mechanical properties of complex-shaped aerospace parts.

This research project explores the relations between the process conditions, the development mi-
crostructure and the (mechanical) properties of a complex-shaped aerospace part employing Inconel 718,
which is a well-known creep resistant, weldable and corrosion-resistant nickel-based superalloy. The
influence of different geometrical features (i.e. overhangs, thin or thick sections and complex shapes),
located within the complex aerospace part, on the microstructure and (mechanical) properties was stud-
ied. Also, the influence of a post-manufacturing heat treatment on the resulting microstructure and
(mechanical) properties was included.

The examined aerospace part showed gas-induced porosity, lack of fusion and micro-scaled cracks
close to the surface. Gas-induced porosity type was predominant, but the local density of the aerospace
part was according to the requirement of 8.1 g/cm3. Large variations in surface roughness between dif-
ferent surfaces appeared. These were larger than the requirement of 3.175 µm, except for the horizontal
surface. Down-skin surface showed the highest average surface roughness of 21.3 µm, compared to
the lowest on the horizontal surface of 2.5 µm. The as-built parts showed an inhomogeneous dendritic
microstructure comprising in general columnar grains, oriented mostly parallel to the build direction.
The grains extend through multiple as-deposited layers, due to epitaxial growth. The differences in
local process conditions led to variations in the mechanical properties of the different geometrical fea-
tures as observed through hardness measurements. After the post-manufacturing heat treatment, the
samples showed a considerable increase in the hardness, with an average increase of 33 %. Moreover,
the variations in hardness of the different geometrical features were also removed, yielding a part with
almost uniform mechanical properties. Apparently, the post-manufacturing heat treatment is not only
a powerful treatment to enhance the mechanical properties, but it also removes inhomogeneities in the
mechanical properties, which are almost inevitable during manufacturing of products with complex
features.

iii



Thesis Committee

Prof. dr. ir. R. Akkerman
Professor
Chairman
Department of Mechanics of Solids, Surfaces & Systems (MS3)
University of Twente

Dr. ir. T.C. Bor
Associate Professor
Supervisor
Department of Mechanics of Solids, Surfaces & Systems (MS3)
University of Twente

Dr. L. Cordova Gonzalez
Assistant Professor
Supervisor
Department of Mechanics of Solids, Surfaces & Systems (MS3)
Fraunhofer Project Center & University of Twente

Ir. M. van Ramshorst
Mentor from company
Material and Process Engineer
Aeronamic B.V. (Almelo)

Dr. ir. T.H.J. Vaneker
Associate Professor
External member
Department of Design, Production and Management (DPM)
University of Twente

iv



Acknowledgments

I am majoring in Mechanical Engineering, and I am a second-year master student at the University of
Twente in Enschede. Before the Master, I completed HBO Mechanical Engineering and after that the
Pre-master Mechanical Engineering track to be able to join the Master study. I have a comprehensive
background in Design Engineering. My emphases are designing machines and constructions in 3D CAD
software using AutoCAD, Inventor, Solid Edge and Solid Works.

This thesis report is about the project titled ”Additive Manufacturing of Inconel 718 for Aerospace Appli-
cations towards Process-Microstructure-Properties Relationships”. The research is performed on behalf
of Aeronamic and cooperation with Fraunhofer Project Center and the University of Twente. The full-
time graduation thesis duration was 9 months and my main goal was to extend my materials science
knowledge, which includes experimental work, structure and properties of materials, crystallography
and mechanical properties.

I would like to thank sincerely all the people who assisted me during my graduation project. My uni-
versity supervisor Laura Cordova Gonzalez for the weekly meetings, her professional knowledge and
support throughout this gradation project. My supervisor Ton Bor from the University of Twente for
the very critical questions and his great knowledge of materials science. I would also like to thank Nick
Helthuis for assisting me in the production lab during the experimental work.

I would like to thank Aeronamic, and especially I want to thank Maarten van Ramshorst for making it
able to do this graduation project and provide me with the experimental materials and knowledge. I
would also like to thank his colleague Peter Oomen who was always there to help me when Maarten
was not available. Peter also gave a helping hand to bring samples to me, which saved me a lot of time.

Enschede, February 2021

Arjen Hooghiemster

v



Contents

Abstract iii

Acknowledgements v

List of Figures 3

List of Tables 7

List of Abbreviations 8

1 Introduction 9
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.1.1 Laser powder bed fusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.1.2 Inconel 718 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2 The part . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.4 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2 Literature review 14
2.1 Alloy Inconel 718 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.1 Microstructural phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.2 Formation of phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 Microstructure of additive manufactured parts . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.1 Melt pool characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.2 Grain morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.2.3 Grain texture and structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.4 Phases and precipitates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 Process conditions during additive manufacturing . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.1 Process parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.2 Support structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.3 Build orientation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.4 Build height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.4 Porosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.5 Surface conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3 Experimental procedures 28
3.1 Additive manufacturing machine and process parameters . . . . . . . . . . . . . . . . . . 28
3.2 Powder characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.3 In-process monitoring systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.1 Optical Tomography system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3.2 PowderBed system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4 Cutting plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.4.1 Labelling system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.5 Heat treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.6 Density measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1



3.7 Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.8 Microhardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Results 37
4.1 Powder characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Process monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 Porosity determination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4 Surface topography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.5 Microstructure observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.5.1 Microstructure analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.5.2 Other observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.5.3 Melt pool characteristics analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.5.4 Phases and precipitates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.5.5 Grain morphology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.6 Microhardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 Discussion 56
5.1 Process monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.1.1 Heat conduction during additive manufacturing . . . . . . . . . . . . . . . . . . . . 56
5.1.2 The outer ring section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.1.3 The upper ring section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.1.4 The vanes section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.2 Microstructure development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.2.1 The dendritic as-built microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.2.2 Grain structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Effect of the heat treatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6 Conclusions 67
6.1 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

References 69

A Detailed images of the part 74

B Optical tomography images of the outer ring 75

C Optical tomography images of the upper ring 76

D Optical tomography images of the vanes 77

E Powder bed images of the vanes 78

F Micrographs showing porosity 79

G Microstructure of the vanes 80

H The cause of the contamination 81

I Derivation of the thermal model 83

2



List of Figures

1 Schematic overview of L-PBF process (for further understanding see text) [1]. . . . . . . . 10
2 Most commonly considered process parameters in the L-PBF process [2]. . . . . . . . . . . 10
3 (a and b) The inlet housing part manufactured using L-PBF with the support structures

still attached. The circular red arrow indicates the rotational direction of the part (b). . . . 12
4 Crystal structure of (a) the gamma, (b) the gamma prime and (c) the gamma double prime

[3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5 Crystal structure of the delta phase [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
6 IN718 time temperature transformation diagram for welds [5]. . . . . . . . . . . . . . . . . 16
7 A representation of a melt pool. The cross-sectional area is indicated by the area enclosed

by the dotted line [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
8 Effect of laser power and scanning speed on melt pool (a) width and (b) depth [6]. . . . . 18
9 Tensile load (a) parallel to the columnar grains and (b) perpendicular to the columnar

grains [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
10 IN718 solidification map for grain structures [2]. . . . . . . . . . . . . . . . . . . . . . . . . 18
11 Schematic overview of solidification modes with respect to the thermal gradients and

undercooling [8, 9]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
12 Schematic representation of the manufactured samples with different inclination angles

between the specimens and the build direction [10]. . . . . . . . . . . . . . . . . . . . . . . 21
13 Scanning electron microscope images showing the Laves phase obtained at different in-

clination angle [10]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
14 (a) The used laser scanning strategy and build direction of the samples. (b) The tensile

samples. (c) The tensile sample after machining [7]. . . . . . . . . . . . . . . . . . . . . . . 23
15 Hardness variations along the build height in the as-EBM-built and heat-treated state for

longitudinal samples [11]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
16 The influences of the laser power and scanning speed on the porosity [2]. . . . . . . . . . 24
17 Mo

d is the minimum layer thickness required to obtain full fusion and Md is the depth of
the melt pool. Mo

d is dependent on the coupled parameters hatch distance (w) and layer
thickness (h) given a constant melt pool size [2]. . . . . . . . . . . . . . . . . . . . . . . . . 25

18 Layer approximation of the CAD geometry which results in the staircase error [12]. . . . . 25
19 Ra values for different build angles a) 0◦ build orientation (flat) with support structures

under side 4, b) 60◦ build orientation, and c) 90◦ build orientation (vertical). . . . . . . . . 26
20 Powder size distribution graph of approximately 10 times reused IN718 powder particles. 29
21 EOS M290 L-PBF machine setup showing the laser heating the powder, the sCMOS cam-

era capturing the OT images during manufacturing process and the EOSTATE PowderBed
camera capturing images before and after a recoater cycle [13]. . . . . . . . . . . . . . . . . 30

22 Emitted radiation during the L-PBF process [13]. . . . . . . . . . . . . . . . . . . . . . . . . 31
23 Top view of the inlet housing part showing the first three cutting lines. . . . . . . . . . . . 32
24 Overview of cutting lines to obtain a series of samples for further analysis. The top side

numbers correspond to the same cross-section of the number of the bottom side due to
the direction reversal of the y-coordinate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

25 Sample labelling system used in this research. . . . . . . . . . . . . . . . . . . . . . . . . . 33
26 Graph showing the time-temperature curve of the solution and precipitation heat treat-

ment applied on the IN718 samples [14]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3



27 The green arrows indicate surfaces that generally will be post-processed and the red ar-
rows indicate the surfaces that were measured. . . . . . . . . . . . . . . . . . . . . . . . . . 35

28 Features examined for microstructure analyses. . . . . . . . . . . . . . . . . . . . . . . . . . 36
29 The microstructure of IN718 powder particles. (a) Optical micrograph of the cross-section

of multiple powder particles; (b) SEM micrographs of a powder particle using back-
scattered electrons; (c) Two locations used for EDS elemental mapping of the IN718 pow-
der particle; (d) Chemical composition of the two locations. . . . . . . . . . . . . . . . . . . 37

30 (a) EBSD analysis shows the grains of the IN718 powder particles and (b) shows the dif-
ferent phases present in IN718 powder particles. . . . . . . . . . . . . . . . . . . . . . . . . 38

31 Raw data of the sCMOS camera monitoring the powder bed during manufacturing the
inlet housing part. The brown graph represents the mean grey value from all pixels of a
part for each layer. The purple graph, indicated with 1, represents the mean grey value
of the support structure of the vanes. The indication list marks layers red that observed
locally higher thermal radiation than a set threshold value of 4.5 · 104, see colourbar. . . . 39

32 The mean hardness with plus-minus two times the standard deviation on the region with
higher thermal radiation as compared to the other regions showing mean thermal radia-
tion on the OT images. The locations of the measurements are also shown. . . . . . . . . . 40

33 3D model of the OT images created by the software ImageJ. The colourbar in Figure 31
gives the relation between the colour and the thermal radiation. . . . . . . . . . . . . . . . 40

34 The grain size distribution of the bulk bottom and bulk top in the as-built state. . . . . . . 41
35 Schematic drawing of the build process of the vane. . . . . . . . . . . . . . . . . . . . . . . 42
36 The surface topography maps of (a) the vane showing high thermal radiation and (b) the

vane showing mean thermal radiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
37 Graph showing the mean density of the as-built (blue dots) and the heat-treated (red

dots) samples with plus-minus two times the standard deviation (solid black lines) of
each sample. The location of each sample within the part is also indicated. . . . . . . . . . 43

38 Optical micrographs of the as-built vane (AS-1) showing gas-induced porosity, process-
induced porosity and micro-cracks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

39 Graph showing the average surface roughness (blue) and the plus-minus one times stan-
dard deviation (black). The red line indicates the surface roughness requirement given by
Aeronamic. The locations of the measurements are shown in Figure 27. . . . . . . . . . . . 45

40 The surface topography maps of (a) the horizontal surface (AS-3) and (b) the 45-degree
up-skin (AS-5) with recognizable scanning lines (red arrows) and unmelted powder par-
ticles stuck to the surface (black arrows). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

41 The etched microstructure of the bulk bottom sample in (a) as-built (AS-1) and (b) heat-
treated state (HT-1). The build direction (BD) is orientated upward. . . . . . . . . . . . . . 46

42 The etched microstructure of the 45-degree overhang in (a) as-built (AS-7) and (b) heat-
treated state (HT-7). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

43 The etched microstructure of the vane in as-built state (AS-1). . . . . . . . . . . . . . . . . 47
44 (a) Optical micrograph showing contamination after etching a sample with a solution

and precipitation heat treatment (HT-1 bulk bottom) and a pore indicate the cause of
the contamination and (b) showing SEM image with the contamination of the vane after
etching with only precipitation heat treatment (HT-1). . . . . . . . . . . . . . . . . . . . . . 48

45 The melt pools of the bottom bulk (AS-1) manufactured with the part infill process pa-
rameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4



46 Optical micrographs of the melt pools (AS-1) showing porosity at the melt pool bound-
aries. It was manufactured with the part infill process parameters. . . . . . . . . . . . . . . 49

47 Schematic of the laser absorption mechanism during L-PBF process taken from [15]. . . . 50
48 BSE micrographs of the bulk bottom in as-built state (AS-1) showing (a) columnar den-

dritic structures, grains boundaries, (b) change of dendritic arm spacing crossing a melt
pool boundaries and columnar dendrites crossing melt pool boundaries. . . . . . . . . . . 51

49 BSE micrograph of the bulk bottom (AS-1) showing the dendrites with hexagonal pattern,
columnar dendrites and carbides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

50 BSE micrographs showing the heat-treated micrograph of (a) and (b) the bulk top (HT-4),
(c) bulk bottom (AS-1) (D) needle-like precipitate located in the bulk bottom (AS-1). The
(b) and (c) micrographs showing disk-shaped precipitates distributed in the gamma matrix. 52

51 EBSD analyses showing the grains and the zig-zag pattern of the grains in the bulk bottom
in the (a) as-built (AS-1) and (b) heat-treated state (HT-1). . . . . . . . . . . . . . . . . . . . 53

52 Grains size distribution of the bulk bottom, the 45-degree and the vane in (a) the as-built
and (b) heat-treated state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

53 (a) showing micro-hardness of as-built and heat-treated samples with the mean and plus-
minus two time standard deviation at 4 different features and (b) showing the hardness
indents of the as-built bulk bottom (AS-1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

54 Geometry used for the calculations of the heat build-up and solidification cooling rate. . . 57
55 (a) Graph showing the effect of the support height on the heat build-up for different val-

ues of volume fraction. The red vertical line indicates the height of the support structure
used to manufacture the inlet housing part. (b) The cooling curve by manufacturing on
solid material with no heat build-up and the cooling curve with heat build-up, manufac-
turing on support structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

56 (a) Powder bed image showing no powder distributed at certain regions of the vanes
after a recoating cycle, located on the top side of the part, indicated with the red arrows.
(b) showing the high thermal radiation from the vanes at the location with no powder
distributed, as seen in (a). The orientation of the vanes relative to the recoater direction
(α) is also indicated. Note that the OT-image was taken from another inlet housing part,
but the process parameters and shape of the vanes were similar. . . . . . . . . . . . . . . . 60

57 Schematic overview of an overhang’s orientation relative to the recoater direction, ex-
pressed in α, and increasing by turning the overhang in a clockwise direction. . . . . . . . 61

58 (a) showing the warping principle, (b) the warping interaction with the recoater direction
of the vanes located on the bottom half of Figure 56 (α = 0◦) and (c) warping accumulation
with the vanes located on the upper half (α = 180◦) [16, 17]. . . . . . . . . . . . . . . . . . 61

59 Specimens with the same inclination angle of 25◦ but created at different angles of α [17].
The warpage level ∆h deviates by different values of α and increases by larger angels of α. 62

60 Schematic overview of the direction of the dendrites and the columnar grains with dif-
ferent crystalline orientations. The dendrites in the middle change their direction at melt
pool boundaries, rotated 90◦ and pointed to the direction of the thermal gradient, creating
a zigzag pattern [18]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

61 (a-f) Schematic diagram with the morphology of the γ′′ and γ′ above a given size L of
y′ particles. For further understanding, see text. TEM micrographs obtained (g) after
homogenisation for 48 h at 1200◦C and ageing heat treatment of IN718 for 700◦C for 524
hours and (H) for 770◦C for 19 hours [19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5



62 SEM micrograph showing γ′′ precipitates and possible γ′ precipitates. This micrograph
shows the heat-treated bulk bottom (HT-1), taken from Figure 50c with higher magnifica-
tion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

63 Detailed images of the inlet housing part, where (a) shows the front view and (b) depicts
the bottom view. The transition from the support structure to the solid material exhibits
warping up to 2 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

64 OT-images of the transition of support structure to the first few layers of the inlet housing
part (1-2019-063). The support structure ends at layer 434 and the first layer of the inlet
housing part is 435. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

65 OT-images of the inlet housing part (1-2019-063) showing the high thermal radiation in
the bulk material on the top. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

66 OT-images of the vane depicted overheating on the down-skin of the vane. . . . . . . . . 77
67 Powder bed images of the vanes on layer 320 to 324 indicating areas of the vanes without

powder distribution after a recoater cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
68 Non etched optical images showing the porosity. . . . . . . . . . . . . . . . . . . . . . . . . 79
69 (a) The etched microstructure of the vane in heat-treated state and (b) EBSD analysis

showing an overview of the grains in the as-build state (AS-1). . . . . . . . . . . . . . . . . 80
70 Steps taken to find the root cause of the contamination and the contamination on the

optical micrographs are shown at each step. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6



List of Tables

1 IN718 material properties of wrought, cast and L-PBF production process at room tem-
perature [20–22]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Composition of IN718 according to AMS standard [22]. . . . . . . . . . . . . . . . . . . . . 14
3 Microstructure of IN718 obtained after AS: as-built, ST: solution treatment and DA: dou-

ble ageing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4 Mechanical properties at room temperature of L-PBF IN718 specimens with solution and

precipitation heat treatment [23]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5 Process parameters used to manufacture the inlet housing part with the EOS M290 L-PBF

machine using IN718 powder particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
6 Composition of fresh IN718 powder, utilised for manufacturing the inlet housing part,

obtained from the supplier PraxAir. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
7 Density and surface roughness measurements on the vanes which showed mean and high

thermal radiation. The location of the peaks are shown in Figure 33. . . . . . . . . . . . . . 42
8 The melt pool characteristics of four features manufactured with part infill process pa-

rameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
9 Process parameters used to manufacture the inlet housing part and IN718 material prop-

erties used for the thermal calculations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
10 Table showing the results of the heat build-up, solidification rate and cooling time for

manufacturing the part with and without support structure. . . . . . . . . . . . . . . . . . 58

7



List of Abbreviations

AM additive manufacturing.
BCT body centered-tetragonal.
BD build direction.
BSE backscattered electrons.
CAD computer-aided design.
CT computed Tomography.
EBM electron beam melting.
EBSD Electron BackScatter Diffraction.
EDS Energy Dispersive X-ray Spectrometer.
FCC face-centred cubic.
GA gas atomisation.
HCP hexagonal close-packed.
IN718 Inconel 718.
LED linear energy density.
L-PBF laser powder bed fusion.
MC metal carbides.
MGV mean grey value.
OM optical microscope.
OP-S oxide polishing suspension.
OT optical tomography.
sCMOS scientific Complementary Metal–Oxide–Semiconductor.
TEM transmission electron microscopy.
TTT time-temperature transformation.
UTS ultimate tensile strength.
VED volumetric energy density.
YS yield strength.

8



1 Introduction

Aeronamic B.V. (Almelo) is a company that produces complex aerospace parts for the aerospace indus-
try of commercial and military aircraft. Up to now, these parts were made by casting and afterwards
machined to obtain the final geometry. Besides casting, Aeronamic wants to produce these complex
parts by additive manufacturing (AM) using laser powder bed fusion (L-PBF) because the AM produc-
tion process has a number of benefits Aeronamic is interested in, for example, design freedom. AM is
a manufacturing process of 3D parts, made layer by layer, as opposed to conventional techniques that
have a subtractive nature. There are more reasons why Aeronamic is investing money to replace the
casting process. Firstly, the order process time of one year is too long. Secondly, since there is only one
certified company that is able to cast the complex aerospace parts, the costs of those parts are relatively
high. Finally, Aeronamic wants to become a leading and certified company for L-PBF-based aerospace
parts to gain an advantage over their competition.

The complex parts that Aeronamic typically have to manufacture, contain different features such as
overhangs, variable thickness, complex shapes, that make it challenging to obtain a manufactured prod-
uct with a uniform microstructure and uniform mechanical properties. The material’s microstructure is
strongly linked to the process settings and the local heating/cooling conditions that provide the ther-
mal history. Even with constant process settings, the thermal history of the complex part will vary from
place to place, possibly leading to unwanted variations in microstructure and mechanical properties.
So, Aeronamic wants to have insight into how the different features within the complex aerospace parts
influence the manufacturing process parameters. Knowing this, Aeronamic can modify the manufac-
turing process parameters on the local area to control microstructure within the build.

To become an L-PBF certified supplier of high-quality aerospace parts, Aeronamic started coopera-
tion with the Fraunhofer Project Center at the University of Twente with the aim to manufacture cer-
tified L-PBF aerospace parts, which can be used in the aerospace industry. This graduation project
included collaboration with the Fraunhofer Project Center. This research was focused on studying
process-microstructure-property relationships. So, the process conditions used to manufacture a com-
plex aerospace part were related to the developed microstructure and the (mechanical) properties.

In this graduation thesis, the L-PBF process, the examined part’s material Inconel 718 (IN718) and
the main- and sub-research questions to obtain the process-microstructure-property relationships, are
described in this Chapter 1. Chapter 2 represents the literature review to gain an understanding of the
current state of AM IN718 by L-PBF. The process conditions, microstructure and properties of L-PBF
manufactured parts obtained by previous researchers are discussed. Chapters 3, 4 and 5 describes the
experimental procedure, the results obtained in this graduation thesis and the discussion of the results,
respectively. Finally, the process-microstructure-property relationships obtained form the results and
discussion are listed in the conclusions, see Chapter 6. In the end, the recommendations and future
work are provided.

1.1 Background

This section describes the background information of the L-PBF process and an introduction to the
material IN718. A more detailed description of the alloy IN718 is provided in the Literature review.

1.1.1 Laser powder bed fusion

Additive manufacturing (or also referred to as 3D printing or rapid prototyping) is a production process
which converts digital 3D Computer-aided design (CAD) models into physical 3D parts from powder,
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sheets or wires by building it in a layerwise fashion. L-PBF is one of the AM processes where thermal
energy from a laser source is used to fuse or weld powder together in order to make 3D parts. According
to I. Baturynska et al. this type of AM process is widely used to manufacture parts and therefore,
more research activities are focused on the improvements of the product properties (physical, material
and mechanical properties) [24]. The L-PBF process is schematically shown in Figure 1. A spreading
mechanism (recoater) is used to homogeneously deposited powder particles from the powder reservoir
over the build plate (substrate). Once a layer is deposited, a laser selectivity melts powder particles
together under the inert gas or vacuum atmosphere to prevent oxidation of the melt pool [2]. After
each layer, a new layer of powder is deposited by the recoater (indicated in Figure 1 as roller) and the
process repeats itself. Once the manufacturing process is finished, the part can be removed from the
build plate and the remaining powder surrounding the part can be partially reused. The powder is
usually reused to increase cost-efficiency and sustainability of the production process. However, reuse
of powder particles is challenging due to various reason including material degradation [25]. Support
structures are usually used to maintain structural integrity of the part by mechanically supporting it and
providing a way to dissipate the heat of the production process. Supports are not always needed because
the powder surrounding the product being manufactured can be used as support material, leading to
less wasted material. However, the support structures are much more efficient in dissipating the heat,
as the powder particles act more like an insulator due to the air gap between the particles.

Figure 1: Schematic overview of L-PBF process (for
further understanding see text) [1]. Figure 2: Most commonly considered pro-

cess parameters in the L-PBF process [2].

L-PBF machine manufacturers have developed a set of optimum processing conditions (machines
settings and process parameters) for different materials because of the complexity of the L-PBF process.
The most commonly researched process parameters are shown in Figure 2 [2]. Important process pa-
rameters discussed in this report are the linear energy density (LED), see Equation 1, and the volumetric
energy density (VED), see Equation 2. They are characterised by laser power (P), laser speed (v), hatch
distance (w) and powder layer thickness (h). Laser power controls the amount of energy input into the
powder bed. The laser speed (or scan velocity) is the speed of the laser scanning the powder particles.
Lower scanning speed increases the dwelling time (interaction time between the laser and the powder
particles) [26]. The hatch distance corresponds to the distance from the centre of two consecutive laser
scans. The thickness of the powder layer is the height of the powder bed (the build plate) going down,
which therefore equals the height of the powder particles spread by the recoater Figure 2 also shows the
laser scan pattern, which is the scan pattern followed sequentially by the laser tracks.
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Elin =
P
v

[J/mm]. (1)

Evol =
P

v ∗ w ∗ h
[J/mm3]. (2)

1.1.2 Inconel 718

IN718 is a nickel-based superalloy that is characterized by high strength at room and elevated tem-
peratures, excellent weld-ability, corrosion resistance in both aqueous and high temperature and other
physical properties [9]. However, these properties lead to poor machinability [27]. IN718 is mostly used
in high-temperature applications, like aerospace, nuclear industry, turbines etc. which are regularly
subjected to high mechanical loads. The excellent mechanical properties of IN718 are attributed to the
presence of some key chemical elements in the composition like Ni, Nb, Cr, Fe and Ti. A more detailed
description of the alloy IN718 is mentioned in the literature review, see Section 2.1.

Table 1 shows the mechanical properties of IN718 wrought, cast and L-PBF production methods.
From Table 1, it can be concluded that the forged IN718 has higher mechanical properties as compared
to cast production method. U. Glatzel et al. compared the mechanical properties of L-PBF material to
forged and cast IN718. They concluded that the mechanical properties of the L-PBF manufactured parts
are better than forged and cast products at room temperature, see Table 1, and display equal properties
of forged at elevated temperatures [28]. However, inconsistency in (mechanical) properties of complex-
shaped parts, produced by L-PBF, constrain the use in the aerospace industry [29]. The tensile specimens
produced by L-PBF used for measuring the mechanical properties, given in Table 1, are machined and
heat-treated after manufactured.

Table 1: IN718 material properties of wrought, cast and L-PBF production process at room temperature
[20–22].

Properties Forged IN718
AMS5662

Cast IN718
AMS5562

L-PBF (homogeniza-
tion + ageing)

Melting range [◦C] 1260 - 1336

0.2 % Yield strength [MPa] 1034 758 1174

Ultimate tensile strength [MPa] 1276 862 1451

Elongation [%] 12 5 13.5

Microhardness [HRC] 40 (max) 30 (min) 45

1.2 The part

The aerospace part manufactured by Aeronamic and examined in this research is depicted in Figure 3.
The working principle is as follows: The inlet housing part is clamped between two flanges, the upper
and lower one (behind the support structure) and fixed with the mounting holes. Air goes from the top
through part and the shape of the vanes inside the part creating a (clockwise) rotational thrust when air
is going through the part, as seen in Figure 3b. The approximate dimensions of the inlet housing part are
170 mm in diameter and 50 mm in height. The inlet housing part must have the following requirements:

• The minimum local density of the part must be 8.1 g/cm3 (which is ≈ 99 % dense);

• No cracks are allowed;

• Porosity derived from lack of fusion is not allowed;
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• The hardness requirement is 320 HV (≈ 35 HRC);

• Surface roughness (Ra) has to be smaller than 3.175µm. Some surfaces of the part need lower
surface roughness and this will be obtained by post-processing.

Figure 3: (a and b) The inlet housing part manufactured using L-PBF with the support structures still
attached. The circular red arrow indicates the rotational direction of the part (b).

1.3 Research objectives

This research aimed to find the relation between the process conditions with the microstructure and
(mechanical) properties of the complex-shaped aerospace part, depicted in Figure 3. The process con-
ditions and the subsequent cooling rates determine the microstructure of the as-built conditions. The
main focus of the process conditions is on the different geometrical features located within the part.
Different geometrical features lead to differences in cooling rates and thus variations in microstructure
and mechanical properties. The reason why and to what extent the microstructure and the mechani-
cal properties vary in the as-built state are important. Often, additional heat treatments are given to
the manufactured part to improve the mechanical properties. It is important to know the exact role of
the heat treatment on the microstructure and mechanical properties. Do the process parameters have
to be optimized in each feature in order to obtain similar cooling rates and thus homogeneous mi-
crostructure throughout the part or does the heat treatment erase the thermal history of the part. If the
heat treatment erases the thermal history and the microstructure fulfils costumers needs, the process
parameters can be optimized to manufacturing speed, prevention of porosity, optimisation of surface
roughness etc. The following main-research question is formulated to find the relations between the
process-microstructure-property.
Main research question:

• Why and to what extent do the microstructure and (mechanical) properties vary within the com-
plex L-PBF manufactured aerospace part in as-built and heat-treated states by using IN718 as
material?

The main research question is divided into multiple sub-research questions:
Sub-research questions:

• Which type of porosities are present and does the local density of the complex manufactured
aerospace part meet the requirements of 8.1 g/cm3?
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• Which phenomenon is predominant in determining the surface roughness and is the surface rough-
ness of the complex manufactured aerospace part within the requirements of 3.175µm?

• What are the differences between the microstructure of the different geometrical features within
the L-PBF manufactured aerospace part and why are these differences present?

• Why and to what extend do the solution and precipitation heat treatment, according to AMS2774
standard, influence the microstructure?

• Are there relations between the microstructure and the (mechanical) property after manufacturing
and after heat treatment?

• How and to what extent can the Optical Tomography images be linked to microstructure, hard-
ness, porosity and surface roughness variations?

1.4 Method

To obtain the goal of this research, the project consists of three main subjects: The Optical Tomography
(OT) in-process monitoring system, microstructure and (mechanical) properties of different geometrical
features, and post-manufacturing heat treatment. The OT images were captured during the manufac-
turing process of the inlet housing part. The OT images were used to discover if defects (i.e. porosity)
or differences in microstructure and (mechanical) properties can be identified. OT images show the
thermal radiation of each layer during the manufacturing process of the part. The aerospace part is cut
into smaller samples to analyse the microstructure and (mechanical properties on specific features. The
literature review aimed to see which features located in the inlet housing part are interested to examine
on density, surface roughness, microstructure and microhardness. Not all the features of the part mat-
ter cause certain regions will be machined afterwards. Finally, the influence of the post-manufactured
heat treatment on the microstructure and (mechanical) are analysed. The approach of the research is
described step by step in the Experimental chapter.
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2 Literature review

The literature review was focused on finding the relations between the process condition, the microstructure and
(mechanical) properties of different geometrical features within complex parts in the as-built and heat-treated state.

2.1 Alloy Inconel 718

IN718 is a nickel (Ni) based superalloy with high weld stability, corrosion resistance and microstruc-
ture stability at high temperature (650◦C), which gives it incredible resistance to creep deformation [3].
Table 2 shows the chemical composition specification of the IN718 superalloy. The primary matrix is
an austenitic gamma (γ) phase, based on Ni as primary element and strengthened by solid solution
(alloying elements). The solid solution strengthening is achieved by adding alloying elements (Co, Cr,
Fe, Mo, W and Ta) to the main crystalline lattice (γ) which have differences in atomic radii, leading to
non-uniformity in the atomic lattice and inhibits dislocation movement [9]. The uniformity makes plas-
tic deformation more difficult by suppressing dislocation movement, thus increasing the strength of the
material.

IN718 is also strengthened by the precipitations of secondary phases (gamma prime and gamma
double prime) in the primary γ-matrix. Precipitates or solid impurities are fine particles which hinder
the movement of dislocations or defects in the crystal lattice and thus harden the material [30]. The
formation of these precipitates is dependent on the solubility of solids at high temperature. Niobium
(Nb) is an important element, since it forms the γ′′ strengthening precipitates. The chemical elements
aluminium (Al) and titanium (Ti) are essential elements for the gamma prime (γ′) precipitates [9]. The
excellent corrosion resistance property of IN718 is mainly due to the presence of 15 to 25 weight percent
of chromium (Cr), which gives a protective surface oxide layer [31]. Boron (B) contributes to excellent
creep properties of IN718 [31].

The most common phases in the γ-Ni microstructure of the alloy IN718 are, besides the γ′ and
γ′′, also the Delta (δ), MC-type carbides (metal carbides) and the Laves phase. These phases will be
discussed in more detail in the following section.

Table 2: Composition of IN718 according to AMS standard [22].

Ni Fe Cr Cu Mo Nb C Mn
50.00-55.00 Balance 17.00-21.00 0.30 max 2.80-3.30 4.75-5.50 0.08 max 0.35 max

P S Si Ti Al Co B -

0.015 max 0.015 max 0.35 max 0.65-1.15 0.20-0.80 1.00 max 0.006 max -

2.1.1 Microstructural phases

The gamma phase (γ) is the continuous matrix of IN718 and it is a solid solution phase with a face-
centred cubic (FCC) crystal structure, see Figure 4a. The lattice constant (the physical dimension of unit
cells) of the matrix is aγ = 0.3553 nm. Nickel is the primary element in the γ phase and retains its FCC
structure up to its melt temperature [32]. The γ phase has a large capacity for solid solution hardening
by elements such as Fe, Cr, Mo, W, V, Ti and Al, according to S. Azadian [31].

The gamma prime phase (γ′) has a chemical composition of Ni3 Al or Ni3Ti and also has an FCC
crystal structure where aluminium or titanium occupies the corner sites and nickel atoms at the face
centres, see Figure 4b [3]. The γ′ phase is spherical in shape and has almost the same lattice parameters
as the γ phase, ranging between aγ′ = 0.3561 to 0.3568 nm [9]. This phase looks almost similar to the γ
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phase. However, the properties are different. The γ′ phase is an inter-metallic structure because it tends
to retain the order arrangement, which interferes with dislocation motion, thus strengthening the alloy.
Generally, the γ′ phase precipitates homogeneously in the γ phase matrix [31].

Figure 4: Crystal structure of (a) the gamma, (b) the gamma prime and (c) the gamma double prime [3].

The gamma double prime precipitates (γ′′) have a chemical composition of Ni3Nb and have a body
centered-tetragonal (BCT) crystal structure, see Figure 4c. The lattice parameters are aγ′′ = bγ′′ =

0.5093 nm and cγ′′ = 0.7406 nm [9]. The c-axis has a cγ′′/aγ ratio of 2. Besides the γ′ precipitates
IN718 is reinforced with meta stable, disk shaped γ′′ precipitates and it retains its strength up to 650 ◦C
due to the slow diffusion rates of the elements [33, 34]. At temperatures above 650 ◦C, the γ′′ phase will
decompose to thermodynamic stable delta (δ) which is accompanied by a deterioration in mechanical
properties and will be fully decomposed at 950 ◦C.

The niobium rich delta phase (δ) has a needle-like shape and an orthorhombic crystal structure, see
Figure 5. Its chemical composition is Ni3Nb, which is the same as the γ′′ phase but it has a different
crystal structure. The growth of the δ phase occurs by solid-state diffusion at the expense of the γ′′

and the growth rate is larger at higher temperatures up to the solvent temperature of 1000 ◦C [9]. The
δ phase does not confer any strength to the γ matrix, leading to a loss in mechanical properties [29].
However, a small volume fraction of the δ phase at grain boundary can prevent grain growth and grain
boundary sliding. Grain boundary sliding is one of the contributors to creep, improving the material’s
creep behaviour. [29, 33, 35].

Also, different types of MC carbides are formed in alloy IN718. NbC is the predominant carbide
phase that is a niobium (Nb) rich MC-type carbide, where M is the metal component. The high content
of Nb is known to favour the development of MC carbides in nickel-based superalloys [36]. According
to H. K. D. H. Bhadeshia, the carbide tends to precipitate at grain boundaries and hence, reduces the
tendency for grain boundary sliding [3].

Figure 5: Crystal structure of the delta phase [4].
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The Laves phase is a brittle intermetallic phase that has a hexagonal close-packed (HCP) crystal
structure and has A2B composition with Ni, CR and FE in position A and Nb, Mo and Ti in position B.
The Laves phases is obtained in the last stage of the solidification process [9]. The Laves phase is an Nb
rich phase that will take away the Nb from the γ′′ strengthening precipitates. Also, the characteristic of
being brittle reduces the mechanical properties [37]. It also contains the Mo, Ti and Ni elements which
can also affect the solid solution strengthening and decrease the number of γ′ phase to weaken the effect
of precipitation, so it is considered that the Laves phase is undesirable, as mentioned by Popovich et al.
[38].

2.1.2 Formation of phases

The solidification sequence of IN718 involves the initial precipitation of L −→ γ dendrites, in the direc-
tion of the heat flux, at the liquidus temperature and the interdendritic liquid remaining, enriches in Nb
and C [39]. Further solidification, an eutectic reaction of L −→ γ + MC(NbC, TiC) carbides occurs and
reduces the C content in the liquid [40]. The solidification terminates with the formation of the Laves
phase by the L −→ γ + Laves phase eutectic reaction [39]. Strengthening precipitates mentioned in the
previous section, are formed with heat treatments. The most common phases mentioned in the previous
section are shown in the time-temperature transformation (TTT) diagram for isothermal treatment, see
Figure 6. The TTT-diagram is a plot of temperature versus time which gives an insight into the phase
transformations that will occur over time at a certain temperature. This TTT-diagram can be used to
select heat treatments that produce a microstructure of interest [41].

Figure 6: IN718 time temperature transformation diagram for welds [5].

2.2 Microstructure of additive manufactured parts

The microstructure of IN718 produced by L-PBF depends on the thermal history during the manufac-
turing process which can be controlled by the temperature gradient (G), the solidification velocity (R),
under-cooling (∆T) and eventually the heat flow during the solidification [38]. These parameters are in-
fluenced by the temperature development parameters (i.e. laser power, laser speed etc), the heat transfer
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(absorption) of the laser to the melt pool. Besides, the heat dissipation plays an important role which is
different on solid material than on powder material. This will be discussed in more detail in following
sections.

2.2.1 Melt pool characteristics

Figure 7: A representation of a melt pool. The cross-sectional area is indicated by the area enclosed by
the dotted line [6].

J.P. Oliveira et al. noted that most of the materials-related properties are primarily determined at the melt
pool level since microstructure is primarily controlled by solidification characteristics [2]. The cross-
sectional area, depth and width of a melt pool are shown in Figure 7. The temperature of the melt pool
is of great importance since it has an influence on the sputtering, the viscosity of the molten metal and
the surface tension [42]. Sputtering occurs as a result of melt evaporation which ejects liquid droplets
and non-melted powder particles around the melt pool. Overheating the melt pool causes sputtering
and the intensity increases with an increase in LED. The viscosity of the molten metal is important
because it influences the balling phenomenon, which will be discussed in Chapter 2.4. The melt pool’s
temperature increases with an increasing laser power but slightly decreases with an increasing laser
velocity. The width and depth of the melt pool decrease by an increasing laser speed [6, 42]. The effect
of the laser power and laser speed on the melt pool’s width and depth are shown in Figure 8.

2.2.2 Grain morphology

The grain size and orientation have influence on the mechanical properties (yield strength, ultimate
tensile strength, elongation and fatigue). The effect of the grain size can be explained with the Hall-
Petch relation that describes the relationship with the yield strength and the grain size:

σy = σo +
khall√

de f f

(3)

where σy, σ0, khall and de f f are the yield strength, the friction strength, the Hall-Petch coefficient and
the diameter of the grains, respectively. Equiaxed grains have the same dimensions in all directions
and columnar grains are elongated in one direction [43]. The diameter of columnar grains depends
primarily on the slip conditions, for example in an extreme assumption slip may be activated such that
dislocations only propagate along the length of the columnar grains. As a consequence, it gives a high
value of d, leading to lower σy, according to Gallmeyer el al. [44]. So, the mechanical properties of
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Figure 8: Effect of laser power and scanning speed on melt pool (a) width and (b) depth [6].

equiaxed grains are sort of similar in all direction, i.e. homogeneous/isotropic, whereas the properties
of columnar grains are direction dependent/anisotropic.

Columnar grains typically form during the AM process in the solidification direction which is al-
most parallel to the building direction. Many studies concluded that horizontal tensile specimens show
higher ultimate tensile strength (UTS) and yield strength (YS) but lower elongation than vertical ones
[7, 11]. The anisotropy in ductility (elongation) is attributed to the different crack growth. For example,
by applying a tensile force along with the columnar grains or perpendicular to them, see Figure 9. In
both cases, they comply with Mode I opening tension, which is a tensile force applied normal to the
plane of the crack. However, when the tensile load is parallel to the columnar grains, the cracks growth
perpendicular to the building direction. There are only some short axes of the grains submitting to Mode
I opening tension, which means more difficult for opening failure, so higher ductility, according to M.
Ni et al. [7].

Figure 9: Tensile load (a) parallel to the
columnar grains and (b) perpendicular to
the columnar grains [7]. Figure 10: IN718 solidification map for grain struc-

tures [2].
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2.2.3 Grain texture and structure

A strong morphology and crystallographic texture were observed in the columnar structures of IN718
part produced by L-PBF [42]. The grains growth direction are normally closely aligned to the build
direction. According to Collins et al. [8] the transition between textured (columnar) and non-textured
(equiaxed) structures has been related to spatial-temporal variation in the thermal gradient G and the so-
lidification rate velocity R. This can be seen in the solidification map in Figure 10, where the dominant
morphology and the presence or absence of texture can be predicted. The solidification microstruc-
ture also depends on the under-cooling (∆T). The rapid conduction of heat creates undercooling large
enough to stimulate dendritic solidification. [2]. So, undercooling drives dendritic growth and compo-
sition at the dendritic tip. The undercooling can exceed 50 - 100 K in the L-PBF process and is largely
dependent on the G/R ratio. The G/R ratio also determines the formation of different microstructure
types that can be seen in Figure 11 and the G · R ratio determines the size of the solidification structure.
Lower cooling rates (lower G · R) give coarser structure and higher cooling rates give finer structure
[45].

Figure 11: Schematic overview of solidification modes with respect to the thermal gradients and under-
cooling [8, 9].

2.2.4 Phases and precipitates

The mechanical properties of the material depend not only on the grain size and orientation but also
on the phase and precipitate distribution [38]. IN718 phase transformation during the L-PBF process of
liquid metal to solid is important since the strength of the material relies on the hardening precipitates
γ′ and γ′′ as already discussed in Section 2.1. T. DebRoy et al. stated that γ′ does not develop readily in
the L-PBF manufacturing process, so thermal post-processing is needed [46]. This is the reason why the
hardness of non-heat-treated parts is typically lower [11]. Table 3 shows different obtained phases with
different heat treatments.
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Table 3: Microstructure of IN718 obtained after AS: as-built, ST: solution treatment and DA: double
ageing.

Alloy Process Condition Microstructure Refs

IN718 L-PBF
AS Laves phase in interdendritic region of γ-matrix [29]
ST (980 ◦C/1h/AC) δ + Laves phase in γ-matrix [47]
DA (720 ◦C/8h/FC,
620 ◦C/8 h/AC)

γ′ + γ′′ , δ + Laves phase in γ-matrix [46]

2.3 Process conditions during additive manufacturing

This section describes the influence of the process parameters, the support structure, build orientation
and build height on the microstructure and mechanical properties.

2.3.1 Process parameters

Different studies investigated the influence of the process parameters on the microstructure of the L-
PBF process. The studies showed that the microstructure can be controlled in AM by varying the pro-
cess parameters. V.A. Popovich et al. observed with lower laser power (250W) much finer equiaxed
grained microstructure compared to higher laser power (950W) by using the same VED [38]. Higher
laser power has more energy applied which leads to more extensive and deeper melt pool and shows
coarse microstructure with large columnar grains parallel to the build direction because of the heat flow
(conduction) through the previous layers. Also, a higher fraction of Laves phase was found by using
higher laser power, which is undesirable, as explained in Section 2.1. The number of precipitates did not
show a significant difference between the used laser powers. The hardness of the coarse grains (950W)

showed around the 20 % lower hardness, YS and UTS. The larger columnar grains in pull direction
were probably the reason for the difference of the YS and UTS in the 950W samples. The higher hard-
ness observed with lower laser power can be related to the finer-grained regions. Besides that, it is also
stated that an increase in porosity and undesirable Laves phase play a role in reducing the mechanical
properties [38].

X. Wang et al. concluded that an increased scanning speed increases the thermal gradient and the
cooling rate which lead to smaller columnar grains (finer microstructure) and higher strength of the
parts. Higher scanning speed gives smaller columnar grains but at a certain point, the columnar grains
will not reduce further [48]. X. Wang et al. also concluded that average hardness on the z-plane is higher
than the x-plane since the z-plane has homogeneous microstructure and the grains are smaller than the
side surfaces. Smaller grains lead to higher hardness according to Hall-Petch relation.

A.A. Popovich investigated the influence of the layer thickness on the microstructure and mechanical
properties of IN718 bulk material [49]. Higher layer thickness (30, 50, 100 µm) produces larger grains
sizes (0.7–0.9, 0.9–1.1 and 1.3–2.0 µm, respectively) by using the same VED. There was no predominant
orientation of the equiaxed grains shown at a layer thickness of 50 µm, while the sample with a layer
thickness of 100 µm had columnar grains with predominant orientation parallel to the build direction.
The layer thickness also influenced the strength of the specimens (YS and UTS) at room temperature
and elevated temperatures. Higher strength was obtained at lower layer thickness attributed to smaller
grains. The applied heat treatment (hot isostatic pressing, solution annealing and ageing) improved the
YS and UTS of the specimens, while the elongation decreased.
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2.3.2 Support structure

H. Song et al. manufactured cubes on the build plate and the support structure with 5 mm height and
investigated the effect on the microstructure [50]. The supported geometry with an area fraction of 37 %
showed a higher heat built-up after laser exposure (487 K versus 353 K without support), slightly lower
cooling rate and a slightly longer time spent at high temperature. The theoretical calculation of the solid-
ification cooling rate with and without support was 8.45 · 105 and 6.57 · 105 K/s, respectively. However,
in both cases, the solidification cooling rate was calculated with the thermal conductivity of solid IN718
material, while support structure with an area fraction of 37 % has lower thermal conductivity than
solid material. The lower thermal conductivity was not taken into account. Higher area fraction of the
support structure or lower support height leads to more heat conduction through the support structure,
so the closer the microstructure and mechanical properties are, compared to the bulk material. They
concluded that slightly lower heat conduction through the support structure did not result in mayor
microstructural changes. The average micro-hardness with support showed slightly lower hardness of
301 against 316 HV without support. The surface roughness between the support and without support
structure was not compared.

2.3.3 Build orientation

Figure 12: Schematic representation of the manufac-
tured samples with different inclination angles be-
tween the specimens and the build direction [10].

This section discusses how the build inclina-
tion angle influences the microstructure and
mechanical properties. D. Du et al. investi-
gated the effect of the build angle on the mi-
crostructure, mechanical properties and corro-
sion resistance of IN718 samples produced by
L-PBF [10]. The results revealed that with an
increasing inclination angle, the angle between
the sample and the build direction, as shown in
Figure 12, the fraction of Laves phase increased
in the samples, see Figure 13. The main reason
is that the thermal gradient in the melt pool during solidification decreased, because the heat transfer
dissipation decreased with an increasing inclination angle since powder particles have a lower ther-
mal conductivity than solid material [10, 16]. As mentioned earlier, it is known that the Laves phase
decreases the mechanical properties. However, the UTS and YS of the L-PBF parts increased with an
increasing inclination angle (tested up to 45 degrees), but elongation remained relatively unchanged.
Du et al. concluded that the crystallographic orientation, the orientation of the {111}110 preferential
slip system for FCC, is an important factor for improving mechanical strength [10]. G.E. Bean et al. also
found superior mechanical properties at room temperature of IN718 specimens with solution treatment
at 955◦C for 1 hour and precipitation heat treatment at 720◦C for 8 hours and 620°C for 18 hours [23].
The results are shown in Table 4. The 45-degrees specimens showed the highest YS, UTS and elastic
modules and the vertical sample showed the lowest properties but the highest elongation.
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Table 4: Mechanical properties at room temperature of L-PBF IN718 specimens with solution and pre-
cipitation heat treatment [23].

Specimen orientation YS (MPa) UTS (MPa) Elastic modules (GPa) Elogation (%)

Vertical 1034 ± 1.4 1365 ± 1.4 193.8 ± 3.4 28.7 ± 0.2
Angled (B + 45) 1062 ± 1.4 1407 ± 4.1 206.9 ± 1.2 24.7 ± 0.4
Horizontal 1055 ± 2.1 1407 ± 2.1 201.4 ± 3.2 21.6 ± 0.5

Figure 13: Scanning electron microscope images showing the Laves phase obtained at different inclina-
tion angle [10].

Ni et al. observed differences in mechanical properties in different directions (anisotropy) of L-PBF
IN718 samples [7]. The samples build direction and scanning strategy are shown in Figure 14. They
found that the longitudinal samples, parallel to the vertical building direction indicated with A, showed
a lower UTS and YS than the transverse samples, perpendicular to the vertical building direction indi-
cated with B, of 1101 MPa and 710 MPa versus 1167 MPa and 850 MPa, respectively. Although, the
longitudinal samples showed a higher elongation (24.5%) compared to the transverse samples (21.5%).
J. Strössner also found anisotropy behaviour of the horizontal direction compared to the vertical build
direction [51]. The anisotropy in strength and ductility was attributed to the fibre texture of columnar
grains (parallel to the build direction) which led to high strength in the transverse direction. The colum-
nar grain boundaries also served as a path along which damage can preferentially accumulate, leading
to earlier fracture and thus lower ductility, according to Ni et al. [7].
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Figure 14: (a) The used laser scanning strategy and build direction of the samples. (b) The tensile
samples. (c) The tensile sample after machining [7].

2.3.4 Build height

Figure 15: Hardness variations along the build
height in the as-EBM-built and heat-treated
state for longitudinal samples [11].

The build height can also influence the microstructure
of L-PBF parts. X. Wang et al. investigated the ef-
fect of the build height on the microstructure of IN718
samples produced by L-PBF [52]. The micrographs re-
vealed that the vertical y-plane had a columnar grain
structure due to the downward-facing heat flux into
the substrate. The z-plane (parallel to the build plate)
had an equiaxed grain structure due to the horizontal
heat flux related to the movement of the heat source
[7, 52]. The width of these columnar grains on the y-
plane was different along the build height, which was
caused by different cooling rates. The manufactured
part’s highest width of a single grain was found in the
middle (146.77µm) and the lowest width was found in
the bottom (74.92µm). They stated that the width differences were caused by the larger cooling rates in
the bottom of the build directly connected to the build plate and had a much lower temperature than the
IN718 melt pool. Higher cooling rates near the build plate as compared to the top layers were also noted
by A. Mostafa et al. [5]. So, increasing the cooling rate will form smaller columnar grains, according to J.
Gockel et al. [43]. The top layers also showed columnar grains with a lower width compared to the mid-
dle of the build namely 112.45µm and 146.77µm, respectively. The reason for this was that the top layers
of the build were in closer contact with the environmental temperature of the build chamber, leading to
high cooling rates [52]. However, these large differences were not found by other papers and normally
conduction is predominant compared to convection [53], so their reasoning seems a bit doubtful.

The hardness in the bottom was the highest, which was related to finer grains size and the hard-
ness decreased with an increasing build height and increased again to the top of the sample [52]. Finer
grains size leads to higher strength of the material according to the Hall-Petch relation.The reheating of
previous layers could cause softening of previous layers and such influence to the middle layers was
most evident, according to Wang et al. [52]. No significant difference in anisotropy was found between
the side and the top surface of the parts according to the texture analysis. A trend in the decreasing
hardness from the bottom to the top was also found by S. Sun et al. using electron beam melting (EBM)
[11], see Figure 15.
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2.4 Porosity

The porosity development primarily depends on the size and shape of the melt pool, which is influenced
by the LED. Small melt pool sizes (depth and width) are obtained with lower LED values and increase
the processing time. Large melt pool sizes decrease the manufacturing time, but the overall porosity
can increase by vaporisation of the powder or substrate leading to the formation of pores [54, 55]. J.P.
Oliveira et al. summarised the influence of the laser power and scanning velocity on the porosity, see
Figure 16 [2]. Lack of fusion is observed at high laser speed and lower power regime, keyhole porosity
at high power and low velocity and balling at high power and high velocity. L. Scime obtained a similar
graph [6].

Figure 16: The influences of the laser power and scanning speed on the porosity [2].

Q. Jia et al. found higher porosity at lower LED value (180 J/mm) because of the observed balling
phenomenon and open pore structure compared to higher LED value (330 J/m), which increased the
density of the manufactured parts [56]. A reduction of porosity by an increasing VED value was also
found by [57–59]. The balling phenomenon is characterized by groups of powder particles that break
off during melting and solidify into a spherical shape along the surface of the scanning line [60]. This
leads to a lower density and poor surface finish due to the formed spherical beads. At higher scanning
speeds the dwelling time is shorter, which gives a lower melt pool temperature. A lower melt pool
temperature has higher dynamics viscosity and hinders the proper distribution of the molten metal,
leading to open pores. However, S. Sun et al. stated that too low dynamic viscosity could also lead to
balling phenomena (overheating of powder), so a balance has to be found in the dynamic viscosity of the
melt pool [42]. Overheating the melt pool causes sputtering, and the intensity grows with an increase in
LED. Non-melted powder particles and liquid droplets around the melt pool are expulsed by the recoil
pressure generated on the melt pool as the result of the melt evaporating, according to S. Sun [42]. The
sputtering particles are generally spherical and larger than the feed powder particles. The sputtered
non-melted particles are also known as satellites.

Tillmann et al. observed the presence of argon at a small concentration of 0.3 ppm entrapped in
spherical pores within manufactured IN718 samples. The gas could be entrapped in the embedded
powder particles or during the L-PBF process [61]. Entrapment of argon gas in the pores can have
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a significant influence on the mechanical properties. The argon gas can lead to internal stresses and
acceleration of crack formation for high-temperature application. A vacuum build chamber can be a
solution to reduce the entrapment of gas.

The size (depth and width) of the melt pool is from great importance to avoid non-melted powder
particles (lack of fusion) in the final part, see Figure 17. No lack of fusion is achieved by fully melting the
material that can be achieved by a complete overlap of the melt pools. Figure 17 shows the minimum
depth of overlap Mo

d, which is affected by the hatch distance and it dictates the maximum layer thickness
[2]. The layer thickness must be smaller than Mo

d to ensure no lack of fusion. The minimum depth of
overlap Mo

d can be increased with a shorter hatch distance and deeper melt pools.

Figure 17: Mo
d is the minimum layer thickness required to obtain full fusion and Md is the depth of the

melt pool. Mo
d is dependent on the coupled parameters hatch distance (w) and layer thickness (h) given

a constant melt pool size [2].

2.5 Surface conditions

The surface roughness and surface defects are an important factor for the fatigue behaviour since they
are the primary factor of influence of the crack initiation and crack propagation process [62]. One of
the challenges introduced for the surface finish of the manufactured part is the staircase error in the
STL file, see Figure 18. The layer thickness should be infinitely small to solve this problem so that the
STL file representation error is negligible. However, this is not feasible, so this effect will always play a
role in the surface conditions, mainly in the z-direction, for L-PBF parts. Another challenge increasing
the surface roughness is the powder particles on the surface of the final part which can be attributed to
the combination of two factors: The sintering of the surrounding powder particles on the surface of the
melt tracks and the sputtering of powder particles caused by overheated melt pools [63], as described
in Section 2.4.

Figure 18: Layer approximation of the CAD geometry which results in the staircase error [12].
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The inclination angle of overhangs also influences the surface roughness. I. Koutiri et al.[63] found
that the down-skin surface of an inclination angle (tested up to 35◦ between the build direction and
the specimen) had a higher surface roughness than the upper surface of the incline angle which was
also observed by M. Leary [12] and A. Triantaphyllou [64]. The rationale for this observation is that
the inclined specimens are supported by powder which has lower thermal conductivity than solid-
supported zones [12]. The lower thermal conductivity causes elevated temperatures, leading to larger
melt pool sizes. The melt pool sinks into the powder, due to gravity and capillary force, and the powder
particles close to the melt pool are sintered to the down-skin surface [65].

The up-skin surface roughness values for specimens manufactured under an inclination angle of 10◦

and 35◦ were between 6 and 11 µm and seemed to decrease with the laser power (heat input) from 100
to 180 W. The power increased the melt pool’s size, which allowed a better remelting of the previous
layers and decreased the quantity of agglomerated powder so also the surface roughness. However, the
specimens with 35◦ inclination angle showed higher up-skin surface roughness at 180 W because of the
lower heat dissipation, indicating that support structures were needed to increase the heat dissipation.
At the same time, support structures also increase the down-skin surface roughness after removing
them which can be seen in Figure 19 on side 4 of the 0◦ specimen [66]. In this figure, the average surface
roughness is given on four different sides of three specimens where the 60◦ sample shows the lowest
surface roughness. The results also show higher roughness on the down skin compared to the upper
skin. No large differences were found between the top surface and side surface.

Figure 19: Ra values for different build angles a) 0◦ build orientation (flat) with support structures under
side 4, b) 60◦ build orientation, and c) 90◦ build orientation (vertical).

The influence of the contour scan on the surface roughness was also studied by I. Koutiri et al.
[63]. An increase of beam diameter at a constant laser power of 400 W increased the surface roughness.
Higher volumetric energy density contour lines showed a decrease in average surface roughness (Ra).
Contour lines are the outer lines that follow the contour of the part aiming for a smoother surface finish.
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The Ra is the arithmetic mean deviation from a surface profile or in other words, the average surface
roughness. The laser scan speed influences the melt pool at which low speeds encourage turbulent
pools that result in deteriorate surface finish because the amount of agglomerated particles that spatter
on the build surface becomes more significant. I. Koutiri et al. concluded that the correlation between
surface roughness and the process parameters (that determine the VED) is a challenging task. Globally,
the surface roughness decreased with higher laser power and increased with lower scanning speeds and
with larger inclination angles [63].

Solberg et al. manufactured specimens for quasi-static and fatigues loading (notched and unnotched)
where the notched specimens showed a larger difference of the up and down-skin surface [67]. The
down-skin has a significantly higher roughness than the up-skin surface and sharp features with sub-
strate defects are arose after 2 · 106 fatigue loading cycles. The upper skin’s surface roughness was much
smaller than the down skin roughness, 77 µm and 259 µm, respectively.

2.6 Conclusions

Multiple papers discussed the influence of the process conditions (process parameters and build orien-
tation) on the microstructure, mechanical properties, surface roughness and porosity. However, these
results were found in relatively simple geometries and were not directly available for complex-shaped
parts. The features of simple geometries still have room for improvement, such as the surface rough-
ness on down-skin surfaces, which was relatively high compared to horizontal and vertical surfaces.
The complex part of Aeronamic mainly consists of bulky regions, thin walls, overhangs and support
structures. The papers that analysed complex parts with these features were mainly focused on the
distortion of the part and that was out of this project’s scope. So, the results discussed in this litera-
ture review can be utilised as a basis to analyse the complex part. However, more research is needed
to investigate the relation between the microstructure and (mechanical) property in each feature of the
specific aerospace part examined in this research.
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3 Experimental procedures

This chapter describes step by step the experimental procedures followed in this research. It describes the equipment
used in this research and the approaches for measuring material related properties. The topics are arranged in the
order of the procedures applied in this research.

3.1 Additive manufacturing machine and process parameters

The inlet housing part examined in this research was manufactured by an EOS M290 L-PBF machine.
The AM machine has a building volume of 250 mm x 250 mm x 325 mm and uses a fibre laser of 400
W with high-speed scanner mirror to deflect the laser. The mirror is placed above and in the centre
of the build plate (also called the substrate). The recoater used to distribute powder particles is made
from high-speed steel. The part was manufactured on a 250 mm x 250 mm x 35 mm build-plate of the
material C45 and the build plate was kept at 80 ◦C. The inlet housing part was manufactured in an
argon atmosphere (0.75 mbar differential pressure over the build plate) with mono-parameters’ settings
based on the density results from the research of the Fraunhofer Project Center at the University of
Twente [68]. Mono-parameters’ settings mean that the laser scanning lines at each layer have the same
process parameters, see Table 5. However, there were five different settings related to the manufacturing
of the part, which were stripes (infill part), infill support, down-skin, contour and edge. The stripes
setting was used to scan the infill of the part and the infill support setting was used to build the support
structure. The laser scanning direction of the infill of the part was rotated 67◦ after each build layer. The
contour laser setting was used to scan the samples’ outer contour, aiming for a better surface finish and
dimensional accuracy. The down-skin laser setting was used on regions that did not include any solid
material under it (only powder particles) and the edge laser setting was used for sharp angles or small
features, see Table 5. Detailed pictures of the manufactured inlet housing part are depicted in Appendix
A.

Table 5: Process parameters used to manufacture the inlet housing part with the EOS M290 L-PBF ma-
chine using IN718 powder particles.

3.2 Powder characteristics

The fresh IN718 powder particles were produced by gas atomisation (GA) and obtained from the sup-
plier PraxAir. The IN718 powder was multiple times reused before utilised to manufacturing the inlet
housing part. The chemical composition of the powder particles is shown in Table 6 and is according
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to the IN718 material specifications, see Table 2. The powder size distribution of non-reused powder
particles was measured by PraxAir and had a D10, D50 and D90 of 17.8, 27.8 and 40.8 µm, respectively.
D10 means that 10 % of the total amount of powder particles has a diameter smaller than 17.8 µm. Some-
thing similar applies to D50 and D90. The size distribution of approximately 10 times reused powder
particles was also measured and revealed slightly higher D10, D50 and D90 of 19.2, 29.1 and 42.1 µm,
respectively. The powder size distribution graph of reused powder is shown in Figure 20. In this figure,
the red line indicates which particles’ sizes are present in what proportions (percentage) from the mea-
sured particles group. The blue line indicates the sum of the percentages of the powder particle sizes
where the total amount of measured powder particles is 100 %.

Table 6: Composition of fresh IN718
powder, utilised for manufacturing the
inlet housing part, obtained from the
supplier PraxAir.

Chemistry Results (wt%)

Nickel (Ni) 53.24
Iron (Fe) 18.16
Chromium (Cr) 18.74
Copper (Cu) 0.03
Molybdenum (Mo) 3.07
Niobium (Nb) 5.13
Carbon (C) 0.03
Magnesium (Mn) 0.00
Phosphorus (P) 0.006
Sulfur (S) 0.001
Silicon (Si) 0.06
Titanium (Ti) 0.94
Aluminium (Al) 0.44
Cobalt (Co) 0.15
Boron (B) 0.002

Figure 20: Powder size distribution graph of approximately 10
times reused IN718 powder particles.

3.3 In-process monitoring systems

The manufacturing machine was equipped with two in-process monitoring systems. The function and
working principle of these systems are explained in the following two sections.

3.3.1 Optical Tomography system

The EOS M290 L-PBF machine was equipped with an EOSTATE Exposure Optical Tomography (OT)
system to capture the emitted thermal radiation of each layer during the manufacturing process, see
Figure 21. A high-resolution scientific Complementary Metal–Oxide–Semiconductor (sCMOS) camera
monitored at 10 frames per second the thermal radiation of the complete build platform near-infrared
range. Multiple images were obtained per build layer and the thermal radiation intensity of each corre-
sponding pixel was summed and integrated into one picture after each build layer [13]. The final image
provided data of the homogeneity and stability behaviour of the build process at each layer throughout
the AM process. Image processing between the captured images and the converting process into one
image was performed to reduce the noise. The output value of the camera was a mean grey value and
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it was converted into a multi-coloured image using a colourbar with an upper and lower limit.
Figure 22 shows the three main components of the emitted radiation during the manufacturing pro-

cess. The manufacturing process is observed best by measuring the emitted thermal radiation, which is
directly dependent on the melt pool properties, according to G. Zenzinger et al. [13]. So, the captured
thermal radiation must avoid the emitted radiation of other emissions shown in Figure 22. Therefore,
the sCMOS camera captured the emitted radiation of 900 nm wavelength with plus-minus 12.5 nm tol-
erance by using a suitable band-pass filter. This wavelength is higher than the visible wavelength of the
human eye (380-780 nm) and the emission that occurs during the manufacturing process which is be-
tween 400-600 nm according to literature [13]. These emissions are caused due to the laser’s high energy
density at the focal point, which causes vaporization and ionization gasses due to the high temperatures
[13]. The captured wavelength of the camera is lower than the reflected laser wavelength of 1064 nm.
So, these emissions should not have an influence on the measured thermal radiation of the melt pool.

Figure 21: EOS M290 L-PBF machine setup showing the laser heating the powder, the sCMOS camera
capturing the OT images during manufacturing process and the EOSTATE PowderBed camera captur-
ing images before and after a recoater cycle [13].

The field view of the camera corresponds with the build platform dimension of the AM machine, see
Figure 21. Each picture has 2000 by 2000 pixels on an area of 250 mm x 250 mm which corresponds to a
resolution of 0.125 mm2 per pixel, approximately. These OT-images can be used as process monitoring
to detect causes of defects within the additive-manufactured part. In this research, the OT images were
used to establish relationships between the OT images and defects found within the complex part.

The OT images of every layer of the inlet housing part examined in this research were not available.
Only a few images could be extracted with the raw data graph of the sCMOS camera. For this reason, the
available images of an older version of the examined part were used. This older inlet housing version
was given the following name: 1-2018-121.
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Figure 22: Emitted radiation during the L-PBF process [13].

3.3.2 PowderBed system

The EOS M290 L-PBF machine was also equipped with an EOSTATE PowderBed monitoring system
which monitored the powder distribution over the build chamber during the manufacturing process.
An image of the build chamber was taken after a re-coating cycle and after exposure of the laser. This
method detects recoater problems and can also be used for analyzing causes for recoater crashes. In this
research, the powder bed images were used to examine the powder distribution on specific layers to
obtain more information about defects (i.e. porosity). The PowderBed system images of the examined
inlet housing part (1-2019-062) were available and used in this research.

3.4 Cutting plan

The inlet housing part manufactured by Aeronamic was analysed on density, surface roughness, mi-
crostructure and microhardness. To do so, the part was cut into smaller pieces to make it more manage-
able. The cutting plan is described in detail below:

• The part was removed from the build plate using a band saw with the support structures still
attached to the part.

• The first cut was precisely in the middle of the part, to obtain two symmetrical pieces, by using
a band saw with a cutting speed of 20-25 m/min, see Figure 23. Intense liquid cooling was used
to avoid changes in the material’s microstructure. The two symmetrical cross-sectional surfaces,
obtained from the first cutting line, were used for microstructural and microhardness analyses,
respectively.

• The second and third cut were done to obtain two slices of the part and the height was kept lower
than 20 mm. After embedding the first sample, it became clear the 20 mm height led to instability
and the sample fell over due to the pressure applied by the embedding machine. Special springs
used to keep the specimens in the right orientation did not work. For this reason, the samples
were cut in half to decrease the height and increase the stability of the samples.

• The slices were cut into smaller samples by a Struers Discotom-100/-10 cutting machine in ascend-
ing order of the cutting lines according to Figure 24.

The bottom half of the part was heat-treated and indicated with the abbreviation HT, see Figure
24. Note, the numbers of the as-built and heat-treated samples corresponds to the same cross-section.
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The bottom side is mirrored as compared to the top, which can be seen by the direction reversal of the
y-coordinate.

Figure 23: Top view of the inlet housing part showing the first three cutting lines.

Figure 24: Overview of cutting lines to obtain a series of samples for further analysis. The top side
numbers correspond to the same cross-section of the number of the bottom side due to the direction
reversal of the y-coordinate.

3.4.1 Labelling system

This section describes the labelling system used in this research. The labelling system ensures the results,
obtained from the (embedded) samples, can be traced back to the correct manufacturing job. Figure 25
shows the method used to label the experimental research results. The first position indicates which
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aerospace part from Aeronamic was used in this research. In this report, only one inlet housing part
was examined (indicated with number one) while some OT images were acquired from an older version
(indicated with number two), see Chapter 4.2. The second position specifies the year in which the part
was manufactured. The third position is the manufacturing sequence number of the manufacturing job
given by Aeronamic. The fourth position indicates if the sample is in as-built or heat-treated state and
the last position provides the actual number of the samples, see Figure 24. Therefore, the following first
three characters were used for the inlet housing part examined in this research: 1-2019-062. The last two
positions give the actual number of the samples, shown in Figure 24.

Figure 25: Sample labelling system used in this research.

3.5 Heat treatment

To study the influence of the solution and precipitation heat treatment on the microstructure character-
istics and (mechanical) properties, half of the part was heat-treated (bottom side), as shown in Figure
24. The heat treatment used in this research was performed according to AMS2774 standard, using a
Carbolite Gero CWF 1200 furnace [14]. First, a solution heat treatment was applied at 1066 ◦C for 1 hour
and the samples were air-cooled to room temperature afterwards, see Figure 26. Subsequently, a precip-
itation heat treatment was done at a temperature of 718 ◦C for 8 hours, followed by furnace cooling to
621 ◦C and an additional ageing time of 18 hours and air-cooling afterwards. The heat treatment was
carried out in an argon atmosphere, but the presence of oxygen was not excluded due to a leakage of
the furnace, probably.

33



Figure 26: Graph showing the time-temperature curve of the solution and precipitation heat treatment
applied on the IN718 samples [14].

3.6 Density measurements

The samples were ultrasonically cleaned, prior to the density measurements, with an Elmasonic S ma-
chine for 2 minutes at room temperature submerged in isopropanol. The density measurements were
executed according to the ASMT B311 standard [69]. The density of the samples was calculated based on
Archimedes principle. A body immersed in liquid, with a known density, indicates an apparent weight
loss corresponding to the weight of the liquid it displaces [70]. In other words, the differences in weight
in air and emerged in a liquid, is the weight of the fluid that is displaced by the object. So, the object
was first weighed in air and afterwards weighted in water. A wetting agent was added to reduce the
effect of surface tension of the water with a volume percentage of 0.05 to 0.1 %. The effects of the surface
roughness and porosity that was open to the outside world were neglected. By knowing the density of
the water, the density of the samples was calculated by the following equation:

D = mA/
[mA − (mB −mC)]

ρE
, (4)

where mA is the mass of the test specimen weighed in air (g), mB is the apparent mass of the specimen
and specimen support in water (g), mC is the mass of the specimen support in the water (g) and ρE

is the density of the water (g/cm3) [69]. The temperature of the water was measured between every
sample measurement to use the correct water density. Table 1 from ASMT B311 standard was utilised
to determine the density of the water [69]. By dividing mA by (mA − (mB −mC)) the ratio of how many
times the sample in the air is heavier as compared to the fluid is obtained. By multiplying it with the
density of the water, the mass of the sample is obtained.

The requirement for the density is 8.1 g/cm3 over the whole part, so also local areas need to be
minimum 8.1 g/cm3. The densities of all as-built and heat-treated samples were measured to obtain a
complete overview of the part density in different features. Besides that, it also indicates if there is any
difference between the as-built and heat-treated samples. The KEYENCE VHX-5000 OM was used to
analyse the kind of porosity present in the samples.
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3.7 Microscopy

The arithmetic average surface roughness (Ra) was measured using a KEYENCE VK-9700 confocal mi-
croscope and before testing, the samples were ultrasonically cleaned with an Elmasonic S machine for 2
minutes at room temperature submerged in isopropanol. The surface roughness was calculated by mea-
suring the roughness of each feature on three different locations with an area of 200 µm x 283 µm. The
average value of the measurements was taken. Ra was obtained by measuring the arithmetic average
deviation of the scanned profile from the centre line of the scanned profile. The following formula was
used to calculate Ra:

Ra =
1
n

n

∑
i=1

∣∣yj
∣∣ , (5)

where n is the number of measurements and yj is the vertical distance from the centre line to the jth

data point [71]. The maximum surface roughness (Ra) requirement is 3.175 µm (125 µin). The surfaces
that have a lower surface roughness requirement will be polished by post-processing after manufac-
turing. These surfaces are the blades, the plateaus of the holes and the horizontal surface of the upper
ring, see Figure 27. The surface roughness of the down and up-skin of the 45-degree overhang were mea-
sured and also the vertical and horizontal surfaces were measured to analyse if differences were present.

Figure 27: The green arrows indicate surfaces that generally will be post-processed and the red arrows
indicate the surfaces that were measured.

All samples selected for microscopic analysis were embedded by a Struers CitoPress-5 machine.
The Polyfast (bakelite with carbon filler) resin was used for embedding and the process procedure was
heating at a temperature of 180 ◦C for 6.5 minutes at a pressure of 250 bar and afterwards cooling with
water for 3 minutes. The samples were embedded in a disk with a diameter of 50 mm and a height of
approximately 15 mm.

The grinding and polishing of the embedded samples were carried out by a Struers Tegramin-30 pol-
ishing machine. For grinding, grit sizes of 320, 500, 1000, 1500 and 2000 were used, after which polishing
of 9, 3, 1 micrometer suspension and oxide polishing suspension (OP-S) were applied. The samples were
cleaned with water after each step and in the end, ultrasonically cleaned with an Elmasonic S machine
for 2 minutes at room temperature. After embedding Inconel 718 powder, these steps were followed:
grinding with a grit size of 2000, polishing with 9 µm, 1 µm and OP-S suspensions.

The samples were etched after polishing, to reveal the grain boundaries, using a 96 % volume basis
of 37 % hydrochloric acid solution (HCL) and 4 % volume basis of 40 % hydrogen peroxide solution
(H2O2). The immersion time was 6 seconds for the heat-treated and 10 seconds for the as-built samples.
The samples were etched immediately after polishing since any delay in etching (exposure to air) should
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be prevented because IN718 tends to oxidise instantly. The KEYENCE VHX-5000 optical microscope
(OM) was used to study the microstructure of the part. The melt pools sizes were measured using the
software ImageJ.

A scanning electron microscope (SEM) of model JEOL JSM-7200 was used in this research to anal-
yse the chemical elements and study the microstructure in more detail using backscatter electrons. The
crystal orientation distribution of the samples was obtained by Electron BackScatter Diffraction (EBSD)
analysis integrated in the SEM microscope. This analysis technique was also used for the phase distri-
bution measurement of the powder particles. The sample was tilted to 70 degrees, and a phosphorus
screen was used to transform the backscattered electrons into a visible light signal. In the analysis of the
signals from neighbouring measurement locations, a miss-orientation smaller than 10 % was considered
small enough to assign the measurement locations to the same grain.

Interesting features of the inlet housing part for microstructure analyses were the bulk material at
the bottom, the top, the vanes and the 45-degree overhang, see Figure 28. The heat dissipation in these
different geometrical features was expected to vary, leading to change in the part’s microstructure and
mechanical properties. This is important to find process-microstructure-property relationships. The as-
built (AS-1, AS-7 and AS-9) and heat-treated samples (HT-1, HT-4 and HT-9) were embedded, polished
and etched for microstructure analysis. Optical micrographs of the polished surfaces were taken to
investigate the type of porosity present in the sample. The samples were etched with hydrochloric acid
and hydrogen peroxide solution, as described above, to be able to obtain the melt pool dimensions and
the microstructure captured by the OM. Afterwards, microhardness measurements were performed.
The samples were grinded and polished again to remove the microhardness indents. SEM analyses
were performed on the bulk bottom and bulk top, the vanes and the 45-degree overhang of the thin wall
structure (see Figure 28).

Figure 28: Features examined for microstructure analyses.

3.8 Microhardness

A Leco LM 100AT microhardness tester was used to measure the Vickers hardness of the cross-sections
of the samples (y-z plane) by using a load of 500 g f and a dwelling time of 15 seconds. The tests were
performed at room temperature. The microhardness was measured at four different features for both
as-built and heat-treated samples (see Figure 28). On each location, 16 measurements were performed in
a four by four matrix. A distance of 200 µm was used between the centre of each neighbouring indents
and from the edge of the sample. This distance is minimal 3-4 times the diagonal indent diameter, so the
measurements are not influenced by prior measurements according to [72]. The hardness of different
features was measured on random locations and no specific points (i.e. inside melt pools or on melt pool
boundaries) were selected, but pores were avoided.
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4 Results

The Results chapter provides the results and some basic discussion with literature, but the main discussion is done
in the Discussion chapter. This chapter aims to find process-microstructure-property relationships. The subjects
are ordered in the same structure used in the Experimental chapter.

4.1 Powder characterisation

The microstructure of reused IN718 powder, utilised for manufacturing the inlet housing part, was ob-
tained to discover the starting point of this research. The cross-section of polished non-etched IN718
powder, produced by GA, is shown in Figure 29a. The powder particles were mostly spherical, but
some particles were irregular shaped. The main-sized powder particles had some small satellite parti-
cles attached to it and defects within the powder particles were also observed. A few powder particles
showed gas-induced porosity inside that was entrapped during the GA production process of the pow-
der particles. The porosity entrapped in the powder particles could be transferred to the final part.
Gasses can also be entrapped in the solidified layer as a result of the turbulent nature of the fluid flow
in the melt pools during the L-PBF process [5]. Gas bubbles do not have enough time to escape due to
the rapid solidification in the L-PBF process [73].
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Figure 29: The microstructure of IN718 powder particles. (a) Optical micrograph of the cross-section of
multiple powder particles; (b) SEM micrographs of a powder particle using back-scattered electrons; (c)
Two locations used for EDS elemental mapping of the IN718 powder particle; (d) Chemical composition
of the two locations.
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Figure 29b shows the microstructure of a powder particle obtained by back-scattered electrons. It
reveals a fine microdendritic microstructure of the spherical-shaped powder particle which was pre-
sumably caused by the rapid solidification rates in the GA process [74]. The chemical composition of
the grey and white phase were measured by using Energy Dispersive X-ray Spectrometer (EDS) analy-
sis. Figures 29c and 29d show the two measured locations and chemical composition of each location.
Figure 29d reveals that the white phase area has a higher weight percentage of Nb, Mo and Ti and a
lower concentration of Ni, Cr and Fe. The X-rays penetrate relatively deep into the surface (regions of
about 2 microns). Therefore, EDS analysis is not suitable for surface composition measurements, accord-
ing to [75]. However, it was assumed that the results provided an indication of the differences in the
chemical composition of the two locations.

EBSD analysis was performed to observe the grains, see Figure 30a, and the different phases present
in the IN718 powder, see Figure 30b. The powder particles had equiaxed grains and were relatively
small due to the rapid cooling during the GA process. The phase analysis results (30b) revealed that the
powder consisted mainly of the γ phase (red regions) and the Laves phase (yellow regions). Note that
not all crystals were recognised as can be seen by the black spots, as shown in Figure 30b. The results
revealed that the majority of the phases present in the powder were the γ phase and the Laves phase.
The γ′ could not be distinguished from the γ phase since it has the same FCC structure with almost the
same lattice parameters [9].

A B

Figure 30: (a) EBSD analysis shows the grains of the IN718 powder particles and (b) shows the different
phases present in IN718 powder particles.

4.2 Process monitoring

This section analysis the emitted thermal radiation during the manufacturing process of the inlet hous-
ing part. Regions with radiation that significantly deviated from the mean thermal radiation are dis-
cussed. The regions with high thermal radiation may indicate regions where the temperature was (tem-
porarily) higher than average. Three locations are discussed and measurements such as density, surface
roughness, hardness and grain sizes are also performed at these locations. The next sections contain the
measurements of the features selected in the Experiment chapter.
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Figure 31: Raw data of the sCMOS camera monitoring the powder bed during manufacturing the inlet
housing part. The brown graph represents the mean grey value from all pixels of a part for each layer.
The purple graph, indicated with 1, represents the mean grey value of the support structure of the vanes.
The indication list marks layers red that observed locally higher thermal radiation than a set threshold
value of 4.5 · 104, see colourbar.

The thermal radiation of the inlet housing part examined in this research was detected during man-
ufacturing by the sCMOS camera and the mean raw data of the camera (grey value) was plotted in a
graph, see Figure 31. The brown line represents the mean grey value (MGV) of the inlet housing part
and the other colours represent the mean MGV data of the support structures used to manufacture the
part. The colourbar shows the amount of emitted thermal radiation, with blue colour representing low
values and red representing high values. The brown line shows two interesting points in particular, in-
dicated by peak 1 and peak 2, depicted in Figure 31. The location of the peaks is shown in Figure 33. The
indication list marked the layers with higher thermal radiation levels at certain locations than the upper
threshold value of the colourbar (45,000 MGV), see Figure 31. The first peak in the graph was caused
by the transition of the support structure to the inlet housing part. The support structure had a lower
volume fraction of solid material as compared to the inlet housing part. So, the heat dissipation through
the support structure was lower. By manufacturing successive layers on the support structure, high
thermal radiation was observed because it took more time to dissipate the heat. The emitted thermal
radiation was the highest in the first layer and decreased after manufacturing successive layers since the
volume fraction of solid material increased. Appendix B shows the OT images from the transition of the
support structure to the first few solid layers of the inlet housing part.

Hardness measurements were conducted in this region showing high thermal radiation (peak 1) and
the same regions showing mean thermal radiation around 20,000 MGV. The results are shown in Figure
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32. The hardness of the location with the high thermal radiation had a significantly lower hardness
as compared to the bulk bottom and slightly lower hardness than the location showing mean thermal
radiation in the same location. The microstructure in this region of the inlet housing part was not ex-
amined, so the influence of the thermal radiation on the microstructure was not investigated. Du et al.
reported that a lower cooling rate will increase the concentration of Laves phase, which can be one of
the contributors to the lower hardness [10].

Figure 32: The mean hardness with plus-minus two times the standard deviation on the region with
higher thermal radiation as compared to the other regions showing mean thermal radiation on the OT
images. The locations of the measurements are also shown.

The second peak of the MGV (see Figure 31) corresponds to the highest section of the inlet housing
part, which is lower and broader as compared to the first peak. The underlying structure was a thin
wall which is not beneficial to the conduction of heat, leading to a lower cooling speed, which in turn
led to a larger contribution of radiation as observed. This is illustrated in a 3D model shown in Figure
33. Note that the 3D model was created with another design of the inlet housing part since only a few
OT images of the examined inlet housing part were available, as described in Chapter 3. However, the
process parameters used to manufacture the part were identical as the examined inlet housing part in
this research. Besides, the shape of the examined features was geometrically identical.

Figure 33: 3D model of the OT images created by the software ImageJ. The colourbar in Figure 31 gives
the relation between the colour and the thermal radiation.

The inlet housing part was built on a relatively large build plate facilitating the conduction of heat
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away from the weld pools at the start of the process. However, at the end of the manufacturing process,
the distance to the build plate had grown and the geometrical features present may not support quick
conduction of heat to the build plate. The lower cooling rates in the top of the part leads to coarser grains,
according to literature [52]. However, the EBSD analysis did not confirm the hypothesis of the coarser
grains in the top part. The number of grains in the upper ring was 463 compared to the bulk bottom
with 422 grains. The results of the grain size distribution in the bulk bottom and bulk top are shown
in 34. Besides, the density results (discussed in the next section) indicated a high density of the upper
ring and no considerable differences between other samples without the higher thermal radiation were
present. So, the grain analysis and density measurements did not reveal the origin and consequences of
higher thermal radiation in this location.

Figure 34: The grain size distribution of the bulk bottom and bulk top in the as-built state.

The down-skin surface of the vanes experienced locally higher thermal radiation during manufac-
turing as compared to mean thermal radiation of that specific layer, as depicted in Appendix D. Surpris-
ingly, the radiation only appeared on one half of the inlet housing part. The high thermal radiation of
the vanes is slightly visible in Figure 33. The indication list also marked the layers of the vanes because
the vanes emitted higher thermal radiation than the set threshold value (45,000 MGV ), see Figure 31.
The high thermal radiation on the down-skin of the vanes was very localized. Therefore, the red colours
are not good visible compared to the upper ring in the 3D model in Figure 33. Note that the 3D model
is another version of the examined part, but the process parameters and the vanes’ dimension had not
been changed. So this should not influence the appeared overheating.

The first section of the vanes was built with small support structures from the build plate, see Figure
35. After the first section of the vane was manufactured, the vane was manufactured on powder, making
a 30-degree inclination angle with the build plate. The overheating occurred on the down-skin of the
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30-degree overhang in the middle of the vane. The purple line (indicated with number 1) in Figure 31
shows the thermal radiation of the support structures used to manufacture the first part of the vanes.
Support infill process parameters were used to manufacture the support structure, as seen in Figure 5.
Appendix D and E show a few OT images and powder bed images of the vanes, respectively. The reason
why only one-half of the vanes showed overheating has to be further analysed. The following factors
were taken into account: powder distribution after a recoater cycle, gas flow and thermal distortion.

Figure 35: Schematic drawing of the build
process of the vane.

To investigate the consequences of the higher thermal ra-
diation, two vanes were cut from the remaining of the as-
built top side part, one vane showing relatively high ther-
mal radiation and one vane showing mean thermal radia-
tion. The density and surface roughness measurements of
these vanes revealed no large differences. The vane with
mean thermal radiation showed slightly higher density and
slightly higher surface roughness, see Table 7. The surface
roughness was measured in the middle of the vanes over an
area of 6348.9 µm by 3786.7 µm. It was challenging to trace
particular regions with high thermal radiation on the OT im-
ages back to the correct location, especially after cutting and
embedding the samples. So, small-induced porosity found
in Figure 38 and the vanes’ surface topography could not be
linked with the OT images.

Table 7: Density and surface roughness measurements on the vanes which showed mean and high
thermal radiation. The location of the peaks are shown in Figure 33.

Samples Density [g/cm3] Two times standard deviation Surface roughness (Ra) [µm]

Vane showing mean thermal radiation 8.170 0.012 106.7
Vane showing high thermal radiation 8.163 0.032 97.2

Figure 36: The surface topography maps of (a) the vane showing high thermal radiation and (b) the
vane showing mean thermal radiation.

4.3 Porosity determination

The density measurements were performed to determine if the local density of each sample was in
accordance with the requirements. The density of the samples was measured using the Archimedes
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principle and the calculated mean density for each sample is shown in Figure 37. The results revealed
that the local density of the inlet housing part was according to the requirement of 8.1 g/cm3. The
samples were measured twice to increase the repeatability. The heat-treated samples showed more
consistent results where the range was smaller as compared to the as-built sample range: 8.19 - 8.23
g/cm3 and 8.13 - 8.23 g/cm3, respectively. The as-built and heat-treated samples were both measured
from different locations within the part. The heat-treated samples were not measured in the as-built
state, so it could not be concluded that the heat treatment reduced the porosity in the samples. To obtain
the influence of the heat treatment on the porosity, the samples should be measured before and after
heat treatment.

Microstructure analysis was performed to get insight into the porosity’s size and kind. Porosity
plays an important role since it has an adverse effect on the mechanical properties of the part [61]. The
micrographs revealed that gas-induced porosity was dominant in the samples with diameters up to 25
µm. Few amounts of lack of fusion porosity type were also observed in the four examined features (the
bulk bottom, the bulk top, the 45-degree overhang and the vanes), in contrast, the majority of lack of
fusion was found on down-skin surfaces, as depicted in Figure 38. Micro-cracks were only observed on
down-skin surfaces of the 45-degree overhangs and the vanes, which is also indicated in Figure 38.

The 45-degree thin-walled samples (AS-5, AS-6 and AS-9) showed lower density compared to the
bulkier ones (AS-1, AS-2, AS-4 and AS-7). The influence of the surface roughness on the density was not
measured. The thin-walled 45-degree overhang (thickness of≈ 1.4 mm) had a very rough surface on the
down-skin surface region. Optical micrographs showed that the high roughness induced some porosity
close to the surface. The higher roughness was presumably the reason for the higher porosity of the
thin-walled 45-degree samples and thus resulting in a lower density. The same reasoning could be used
for the slightly lower density of the AS-3 and AS-8, which also had thin-walled 45-degree overhangs.

Figure 37: Graph showing the mean density of the as-built (blue dots) and the heat-treated (red dots)
samples with plus-minus two times the standard deviation (solid black lines) of each sample. The loca-
tion of each sample within the part is also indicated.
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The AS-1 and AS-2 samples contained bulky parts and thin vanes, as seen in Figure 24. The vanes
located in samples AS-1 and AS-2 showed on the optical micrographs a higher area fraction of porosity
(measured with the software ImageJ) as compared to the bulk in the same sample, see Appendix F.
In particular, the down-skin edge of the vane showed a higher area fraction of porosity (mainly gas
and process-induced porosity), as depicted in Figure 38. However, the AS-1 and AS-2 samples’ density
measurements revealed relatively high-density values, which probably indicated that the high density
of the bulky part of the samples concealed the lower density of the thin vanes.

Figure 38: Optical micrographs of the as-built vane (AS-1) showing gas-induced porosity, process-
induced porosity and micro-cracks.

4.4 Surface topography

The average arithmetic surface roughness was measured on four features and the results were plotted
in a graph shown in Figure 39. The solid red line in the graph is the requirement (3.175 µm) given by
Aeronamic. The horizontal, the vertical, the 45-degree up-skin and 45-degree down-skin have an aver-
age roughness of 2.51, 5.37, 7.88 and 21.34 µm, respectively. The difference in roughness between the
horizontal and the vertical surfaces is also notable (2.86 µm). The absence of sintered powder particles
on the horizontal surface was the most significant difference observed, see Figure 40a. The horizontal
surface did not have a layer of powder on top during the melting where the vertical surface had pow-
der laying next to the melt pool. There were some small powder particles present on the horizontal
surface, but these were most likely condensate particles that were ejected out of the melt pool during
manufacturing.

Figure 40b shows the upper surface roughness of the 45-degree overhang indicating the two main
challenges determining the roughness. Note that the area of the surface topography shown in Figure
40b is 750 µm by 500 µm and the area used for measuring the average roughness was 283 µm by 200 µm,
as presented in Figure 39. The roughness was primarily determined by the sintered powder particles
attached to the surface and the error of the staircase effect, explained in Chapter 2. As discussed in
literature, higher surface roughness was, in general, expected on the down-skin area of the 45-degree
sample as compared to the up-skin area. The down-skin surface roughness was the highest, which
confirms with literature. The down-skin surfaces were partially manufactured on powder particles
which had lower thermal conductivity than the solid material. The heat of the melt pool accumulated
due to the lower thermal conductivity and the melt pool sank downwards into the powder bed. The
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Figure 39: Graph showing the average surface roughness (blue) and the plus-minus one times standard
deviation (black). The red line indicates the surface roughness requirement given by Aeronamic. The
locations of the measurements are shown in Figure 27.

powder particles laying close to the melt pool boundaries were sintered to the surface, see Figure 42.
Post-processing is needed to obtain lower surface roughness, mainly on down and up-skin surfaces
to meet the requirements. It is not even possible to meet the requirements by manufacturing simple
geometries, according to literature [63, 66, 67], let alone a complex part examined in this research.

Figure 40: The surface topography maps of (a) the horizontal surface (AS-3) and (b) the 45-degree up-
skin (AS-5) with recognizable scanning lines (red arrows) and unmelted powder particles stuck to the
surface (black arrows).

4.5 Microstructure observations

The microstructural evolution of the as-built samples was analysed to examine the relation between
the process conditions and the microstructure. Different features (the vanes, the thin-walled 45-degree
overhang, the bulk bottom and bulk top) were examined to understand the influence of the features on
the melt pools, grain morphology, and the formation of phases and precipitates. These microstructural
properties are compared with heat-treated samples to find the influence of the heat treatment on the
microstructure.
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4.5.1 Microstructure analysis

Figures 41 and 42 show the microstructure of the bulk bottom and the 45-degree overhang on the y-z
plane before and after heat treatment. In both figures the many melt tracks deposited to manufacture
the part are discernible for the as-built microstructures (see Figures 41a and 42a) but cannot be observed
anymore after the heat treatment (Figures 41b and 42b). Dendritic cellular grain structure is visible in
the microstructure of the as-built samples. The as-built samples show an inhomogeneous microstructure
with small dendrites at the edge of the 45-degree overhang. The heat-treated microstructure looks more
homogeneous. Columnar grains aligned almost parallel along the build direction are visible in the
heat-treated state. It can be seen that the heat treatment had an essential effect on the microstructure.
The grains look larger as compared to the as-built microstructure. Still, the grain sizes are difficult to
measure for the as-built specimens, which indicated EBSD analyses are needed to obtain a quantitative
evaluation of the grain size distribution and orientation.

Figure 41: The etched microstructure of the bulk bottom sample in (a) as-built (AS-1) and (b) heat-treated
state (HT-1). The build direction (BD) is orientated upward.

Figure 42: The etched microstructure of the 45-degree overhang in (a) as-built (AS-7) and (b) heat-treated
state (HT-7).

The microstructure of the vane in the as-built state is shown in Figure 43 and the heat-treated mi-
crostructure of the vane in Appendix G. The as-built samples reveal at the bottom of the vane small
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dendrites. The melt pool boundaries are also slightly visible and disappear after the heat treatment.
The melt pools look less deep as compared to the melt pools observed with the bulk bottom and the
45-degree overhang samples, see Figure 41a and 42a. The as-built and heat-treated samples show fine
grains with random orientation on the bottom and top side of the vane which are visible on the grain
map overview of the vane, see Appendix G. Upon solidification, the grains show directional growth of
columnar grains towards the build direction which are visible in the heat-treated part. The size of the
grains is difficult to quantify, especially in the as-built state.

Dendrites
Melt pool

boundaries

Figure 43: The etched microstructure of the vane in as-built state (AS-1).

4.5.2 Other observations

The micrographs showed contamination on the samples after etching, see Figure 44. The steps taken
to find the cause of the contamination is shown in Appendix H and Figure 70. It was concluded that
the etching procedure caused contamination on the samples. It seemed that etchant remained in pores,
microcracks and gaps in the transition regions between the embedded resin and the sample. It was not
washed away after cleaning, and the hairdryer blew the liquid out and over the surface, which created
these branches like contamination. Further investigation (non-destructive) should be done in order to
discover if there are pores, micro-cracks and gaps that the microscope could not observe. These small
defects can have an adverse effect on the mechanical properties of the part.
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Figure 44: (a) Optical micrograph showing contamination after etching a sample with a solution and
precipitation heat treatment (HT-1 bulk bottom) and a pore indicate the cause of the contamination and
(b) showing SEM image with the contamination of the vane after etching with only precipitation heat
treatment (HT-1).

4.5.3 Melt pool characteristics analysis

This section measured the melt pool dimensions which is important characteristic to prevent lack of
fusion, as explained in Chapter [73].

The melt pool characteristics were examined in four different features of the inlet housing part. The
depth and width of the melt pools were measured 10 times on each location and the average values
are given in Table 8. The melt pool dimensions were measured on the locations manufactured with
only part infill process parameters, see Table 5. Table 8 shows that the measured depth of the melt
pool was larger than the layer thickness, while the width was almost the same as the hatch spacing.
Figure 45 shows the melt pools of the bulk at the bottom of the part obtained by optical microscopy.
Although the manufacturing parameters were not changed in the course of this work, the depth and
width (shape) of the melt pools have noticeable differences, see Figure 45. One reason for the differences
in the width of the melt pools can be explained as follows. After each layer, the laser scan pattern
was rotated with an angle of 67 degrees. To measure the melt pools, cross-sections of the samples
were taken, but it was unknown how the melt pools were oriented with respect to each manufactured
layer in that particular cross-section. In other words, the exact width of the melt pool could only be
measured exactly by taking a cross-section perpendicular to the longitudinal direction of the melt pool.
Considering that the laser scan pattern was rotated each build layer, the cross-section of the sample
was probably not perpendicular to the melt pool cross-section. So, the measured width must be higher
than the actual width of the melt pool. This reasoning does not apply for the depth of the melt pool.
The cross-section taken of the samples was parallel to the build direction, so the depth of the melt pool
should be representable for the actual depth.

The density of the L-PBF manufactured parts is mainly dependent on the following three dimension-
less ratios of the melt pool characteristics:

• Melt pool length/width of melt pool ratio (Lm/w);

• Melt pool width/hatch spacing ratio (w/hs);

• Melt pool depth/layer thickness ratio (Dm/h).
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Table 8: The melt pool characteristics of four features manufactured with part infill process parameters.

Figure 45: The melt pools of the bottom bulk (AS-
1) manufactured with the part infill process pa-
rameters.

Figure 46: Optical micrographs of the melt pools
(AS-1) showing porosity at the melt pool bound-
aries. It was manufactured with the part infill pro-
cess parameters.

In this research, the length of the melt pools was not measured, so this ratio was not taken into account.
The melt pool’s length to width ratio is important for the balling phenomena where higher ratios lead
to balling [76]. The layer thickness (h) is the theoretical thickness of the powder bed going down. After
melting a layer of powder particles to solid, the mass remains the same. However, it is important to
know that melting the powder layer removes the empty spaces (voids) between the powder particles
leading to a higher density. It also leads to a solid layer located a bit lower than the powder layer it was
created from [77]. After exposure of the laser, the average thickness of the solid material is around 40
microns, but the deposited powder layer thickness is approximately larger.

According to V, Brailovski et al. previous studies showed that the highest density was generally
obtained with the following ratios: 1.5 < (Dm/h) < 2, 1.5 < w/Hs < 2.5 [76]. It was observed that the
depth/layer thickness ratio was higher than 1.5, see Table 8, which indicated enough remelting to obtain
good bonding between layers. However, the calculated width/hatch spacing ratio of the melt pools was
around 1. Note that the density of the samples tested was still within requirements (higher than 99 %
dense). Gas-induced porosity was also more dominant at the bottom of the melt pool boundaries, as
shown in Figure 46. The optical micrographs showed a few lack of fusion porosity types in the four
examined features, but much more and bigger lack of fusion was found at the bottom of the vane, as
illustrated in Figure 38. Fraunhofer Project Center manufactured specimens using the same process
parameters to manufacture the inlet housing part but used 90 and 110 µm hatch spacing (110 µm was
used in this research). The density measurements did not indicate higher density 99,7 and 99,8 %,
respectively [68]. However, it was expected that the lack of fusion porosity type could be minimized by
increasing the width of the melt pools (higher laser power or lower laser speed) or decreasing the hatch
spacing.
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The depth/thickness ratio of the melt pools of the vane was remarkably smaller (1.51 µm) as com-
pared to the other features (1.95, 2.11 and 2.22 µm), as shown in Table 8. Low depths are usually linked
to low laser power or high scanning speed which contributes to a decrease in the dwelling time. The
vane can be seen as a thin-walled section that was manufactured under a 30-degree inclination angle
with the build plate, see Figure 35. The melt pools were measured in the centre of the vanes because
the first three layers of the vanes were manufactured with down-skin parameters that allowed partial
melting of the powder particles. So, the measured melt pools were manufactured with the same process
parameters as the bulk bottom and the 45-degree overhang. The powder bed images showed no powder
distribution over one side of the vanes by manufacturing the 30-degree overhang, see Appendix E. The
measured sizes of the melt pools of the vanes correspond to the vanes with no powder distribution after
a recoater cycle. Solid surfaces have a lower laser absorption as compared to powder surfaces which are
schematically drawn in Figure 47. So less energy from the laser was aborted during the manufacturing
of the vanes, leading to a lower depth of the melt pools.

Figure 47: Schematic of the laser absorption mechanism during L-PBF process taken from [15].

4.5.4 Phases and precipitates

The microstructures of the as-built and the heat-treated samples were further analysed using backscat-
tered electrons (BSE) of the samples’ non-etched surface. Figure 48a shows small irregularly shaped
white phases located in the inter-dendritic regions in the as-built state. The melt pool boundaries are
difficult to observe in the BSE micrographs. However, the melt pool boundaries are slightly visible at
some locations due to the change in dendritic arm spacing which is smaller in the bottom of the melt
pool and becomes larger to the top, as seen in Figure 48b. It is observable that the grains cross the melt
pool boundaries. The direction of the dendrites (and the grains) looked non-homogeneous, but in Figure
48b, it becomes clear that the dendritic structure grew roughly in the direction of the heat flux during the
manufacturing process. Arguably, the dendrites in the bottom centre of the melt pool are going upwards
(parallel to the build direction), and the dendrites on the sides of the melt pool boundaries tend to grow
towards the middle of the melt pool. This gives a zig-zag pattern (or v-shape) and is further explained
in the Discussion Chapter 5.

Previous studies on IN718 showed that these white phases on inter-dendritic boundaries are rich in
Mo, Nb and Ti (of higher atomic number) which are the important elements of composing the Laves
phase [10, 18, 20]. R. Jiang et al. also predicted microstructure segregation of Nb, Mo and Ti elements
since the concentration of these elements becomes higher during solidification due to the depletion Cr
and Fe elements in the liquid [78]. In other words, the solidification of the dendrites predominantly
consumes Ni, Cr and Fe but refuses Nb, Mo and Ti, leading to substantial segregation and the formation
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Figure 48: BSE micrographs of the bulk bottom in as-built state (AS-1) showing (a) columnar dendritic
structures, grains boundaries, (b) change of dendritic arm spacing crossing a melt pool boundaries and
columnar dendrites crossing melt pool boundaries.

of inter-dendritic phases [78], also explained in Chapter 2.1.
Higher magnifications of the as-built micrographs showed areas cellular-dendritic morphology and

a mean dendritic arm spacing of 1 µm was observed in the bulk bottom, see Figure 49. The dendrite arm
spacing in each region deviated from 0.5 - 2 µm but no large differences in dendritic arm spacing were
found between different features. Also, fine black circular-shaped spots were obtained in the as-built
matrix. Similar black spots in the as-built state were also observed by E. Chlebus et al. [79]. EDS analysis
concluded that these black spots are fine MC-type carbides rich in Nb and Ti [38, 74, 79].

Figure 49: BSE micrograph of the bulk bottom (AS-1) showing the dendrites with hexagonal pattern,
columnar dendrites and carbides.

Figure 50a and 50b illustrate the different phases and precipitates observed in heat-treated samples
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of the bulk top. The fine columnar dendritic structure with the Laves phase on interdendritic boundaries
had disappeared during the solution heat treatment. However, according to literature [20], the solution
heat treatment is not sufficient to completely dissolve the Laves phase to improve precipitation of the γ′

and γ′′ phases for AM Inconel 718. So, the presence of the Laves phase is expected in the microstructure
after heat treatment. The melt pool boundaries are not visible after solution and precipitation heat
treatment. Higher magnifications show numerous white phase precipitates on grain boundaries and
thin ellipsoidal discs precipitates rotated 90-degree angles from each other appear throughout the matrix
and on the grain boundaries, as seen in Figure 50. These nanometric scale disk-shaped precipitates are
γ′′ precipitates also reported in heat-treated specimens using transmission electron microscopy (TEM),
by [80, 81]. Previous studies also observed disk-shaped precipitates by using the SEM, but the EDS
penetration depth was too large to identify the specific composition of the precipitates [5].
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A B
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Figure 50: BSE micrographs showing the heat-treated micrograph of (a) and (b) the bulk top (HT-4),
(c) bulk bottom (AS-1) (D) needle-like precipitate located in the bulk bottom (AS-1). The (b) and (c)
micrographs showing disk-shaped precipitates distributed in the gamma matrix.

Furthermore, round/cuboidal shaped black spots unevenly distributed throughout the Ni rich gamma
matrix were observed after heat treatment. These black spots are most likely Nb-rich and/or Ti-rich MC
primary carbides [38] but note that no EDS analyses were performed in this research to identify the
composition. Figure 50d displays a needle-like phase with a length of 1.3 µm. This typically looks like a
Delta phase that generally precipitates at grain boundaries. This black needle like delta phase was also
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observed by M. Medraj et al. [5].
In conclusion, it seems that the manufacturing conditions employed led to a microstructure and

associated microstructural phases that were observed in literature as well.

4.5.5 Grain morphology

EBSD measurements were performed to analyse and quantify the grain size distribution and orientation
which could not be observed by OM. The grain map of the bulk bottom sample in the as-built and the
heat-treated state are shown in Figure 51. The results reveal that the majority of the grains are columnar
and elongated parallel or almost parallel to the building direction. These columnar grains are typically
observed in the L-PBF process because the heat dissipation happens downwards from the powder layer
to the build platform. The grains in the as-built and heat-treated state have an average length to width
ratio in between 2.5 - 3 and some grains with a length over 200 µm are identified. Therefore, several
grains crossed the melt pool boundaries through more than 5 manufacturing layers in both as-built and
heat-treated samples. Besides, a zig-zag (or V-shape) shaped pattern is observed in the grains which is
also recognised from the dendrites direction in the as-built micrograph, see Section 4.5.4. The origins of
the columnar grains and zig-zag pattern are discussed in the Discussion chapter 5.

Figure 51: EBSD analyses showing the grains and the zig-zag pattern of the grains in the bulk bottom in
the (a) as-built (AS-1) and (b) heat-treated state (HT-1).

The grain size distribution of the three different features (the bulk bottom, the 45-degree overhang
and the vanes) for the as-built and the heat-treated samples was obtained, covering an area of 400 µm by
300 µm and the results are shown in Figures 52. The vane, bulk bottom and 45-degree overhang have in
as-built state 515, 422 and 324 grains and in heat-treated state 434, 256 and 332 grains, respectively. The
vane in the as-built state has the highest number of grains and the 45-degree overhang the lowest. The
heat-treated 45-degree sample has more grains as compared to the as-built one. The heat-treated samples
have fewer grains sizes smaller than 100 µm2 and more grains sizes larger than 100 µm2. It is clear that
after the solution heat treatment, the average grain size increased and the number of grains decreased.
This phenomenon is also called grain growth. This phenomenon happens when crystallisation and
recovery are completed. To further decrease the material’s internal energy, the total area of the grain
boundary has to decrease since a defect in the crystal structure is associated with a certain amount of
energy. By heating the material, kinetic energy is added, allowing the atoms to move faster. When the
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total energy of atoms is larger than the energy barrier, the atoms can slide and slip into new positions,
leading to increased grain size [82].

Figure 52: Grains size distribution of the bulk bottom, the 45-degree and the vane in (a) the as-built and
(b) heat-treated state.

4.6 Microhardness

This section discusses the hardness, which is a measure of the mechanical properties. The hardness
was measured to see how these properties are related to the manufacturing process. The hardness is
measured on features which are geometrically quite different. This is done to find the difference in
heating/cooling rates. Figure 53a shows the average micro-hardness of the as-built and heat-treated
samples on four different features. The red line indicates the required hardness, which is 320 HV.
The mean microhardness was strongly increased from 300 - 350 HV in the as-built state to 480 - 500
HV after heat treatment which well exceeds the required value. The as-built samples have notable
variation between the mean values of the examined features but statistically less relevant due to the
overlap of the standard deviation line between the features. The highest hardness in descending order
was found in the 45-degree overhang, the bulk bottom, the vane and the bulk top. The heat treatment
reduces any variations (homogenised) between the different features that were present in the as-built
state. Therefore, the studied geometrical features did not exhibit significantly different hardness values
after heat treatment in this part. The hardness variation per location was still present. The higher
microhardness of the heat-treated samples was mainly caused by the strengthening precipitates γ’ and
γ” that were formed during the precipitation heat treatment.
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Figure 53: (a) showing micro-hardness of as-built and heat-treated samples with the mean and plus-
minus two time standard deviation at 4 different features and (b) showing the hardness indents of the
as-built bulk bottom (AS-1).

The two times standard deviation is around (plus-minus) 20 HV. Figure 53b shows the location of
the indents on the bottom bulk in the as-built state. The microhardness was measured in a four by four
matrix, but the indents were randomly located on the microstructure, which may cause the hardness
results to vary. A few indents were measured inside the grains and melt pools while other ones were
measured on the grain and melt pool boundaries. It was expected that this had caused the variation in
hardness for each particular location since these boundaries make it harder for a dislocation to move,
increasing the hardness of the material.
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5 Discussion

This chapter evaluates the importance and relevance of the results and discusses the results with literature to find
answers to the research questions. The process monitoring observations and the microstructure development of the
as-built and heat-treated samples are discussed.

5.1 Process monitoring

The OT images showed regions with higher thermal radiation as compared to other regions with mean
radiation (see Figure 64, 65 and 66). A simplified thermal model was made to calculate the heat build-
up and solidification cooling rate to understand why these regions on the OT images showed higher
radiation than the mean. Section 5.1.2, 5.1.3 and 5.1.4 discuss the specific geometrical features of the
part.

5.1.1 Heat conduction during additive manufacturing

As described in the previous chapter, the heat dissipation through the support structure seemed insuf-
ficient, leading to higher temperatures and stronger radiation throughout multiple consecutive layers
manufactured on the support structure. A thermal model, based on the research of H. Song et al. [50],
was constructed in Matlab programming software to get more insight into the cooling rate and heat
build-up from the transition of the support structure to the solid material of the part (see Figure 3). The
heat build-up was calculated by taking the difference between the heat input from the laser and the heat
dissipated through the support structure, see Figure 54. Important parameters for the calculations are
presented in Table 9 and Figure 54. The following assumptions and boundary conditions were made to
simplify the calculations:

• The heat conduction through the support structure was only considered in the build-direction
(z-direction). The heat dissipation by convection of the gas-flow was neglected. In addition,
the heat conduction through the loose powder particles, for instance, the powder particles ex-
isting between the grid lines of the support structures, was considered negligible. L.C. Wei et al.
calculated the thermal conductivity of metal powder bed in an argon atmosphere and reported
that the thermal conductivity of IN718 powder bed is less than 1/100th compared to the solid
bulk material. The thermal conductivity of the IN718 powder bed at a pressure of 101 kPa is
2.2 10−4 J/(mm s K) which is approximately 10 times larger compared to the thermal conductivity
of argon gas 1.76 10−5 J/(mm s K) [53].

• It was assumed that the build plate was kept at a constant temperature of 80 ◦C, which does not
change over time. The support structures were also at 80 ◦C at the beginning of the calculations.
Besides, the thermal gradient in the support structure was not taken into account.

• The laser absorptivity changes over time because molten metal has different absorptivity as com-
pared to metal powder or solid metal [15]. However, the laser light absorption was assumed to
be constant over time and a laser absorptivity of 0.38 on IN718 powder particles was chosen from
Y.S.Lee [83].
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Figure 54: Geometry used for the calculations of the heat build-up and solidification cooling rate.

Table 9: Process parameters used to manufacture the inlet housing part and IN718 material properties
used for the thermal calculations.

Properties Quantity References
Laser power, P (W) 285
Laser absorption (on powder), η 0.38 [50]
Scanning speed, v (mm/s) Confidential
Hatch distance, w (µm) 110
Area of the support structure, A (mm2) 4712.39
Laser-off time, ∆tL−o f f (s) 10
Density, ρ (g/cm3) 8.24 [53]
Build platform temperature, T0 (K) 353
Thermal conductivity, k (J/(mm s K)) 0.0114 [50]
Specific heat, Cp (J/(g K)) 0.435 [50]
Fraction of the support structure, fs 0.5
Ageing temperature, Tageing (K) 893 [78, 79]
Solidification temperature, Tsolidus (K) 1533 [50]
Support height, Hs (mm) 17.34
Outer diameter, Dout (mm) 170
Inner diameter, Din (mm) 160

The heat build-up after melting n layers of powder particles on the support structure was calculated
by the following formula:

h ρ Cp (Tn − T0) =
P η

v w
− k fs ∆t

Tn − To

Hs
, (6)

where the left-hand side of the equation represents the amount of heat stored into the material (q). The
terms h, ρ, Cp, Tn and T0 are the layer thickness, the density of the material, the specific heat, the nominal
temperature after manufacturing n layers and the temperature of the build plate, respectively. The first
and second terms of the right-hand side of the equation are the heat produced by laser (qin) and the
heat conducted out by the support structure (qout), respectively. The term η is the laser absorptivity,
k is the thermal conductivity, fs is the volume fraction of the support structure (0 < fs < 1) where
1 represents solid material and Hs is the height of the support structure. The term ∆t consists of the
laser-off time (recoating cycle) and the laser exposure time. The derivation to obtain Equation 6 can
be found in Appendix I. The multifid term h Cp ρ is the energy required to heat the block and it was
neglected since the energy was a lot less than the energy conducted out [50]. Rewriting Equation 6, the
heat build-up after depositing 1 layer (n = 1) on the support structure is obtained:
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T1 = T0 +
P η Hs

v w fs k ∆t
. (7)

The effect of the support height and the support volume fraction on the heat build-up can be seen
in Figure 55a. The temperature resulting of the first layer manufactured on support structure using
a support height of Hs = 17.34 mm and a volume fraction of fS = 50 % was only 410 K and 381 K
by manufacturing on solid material. The heat build-up was relatively low since the area exposed by
the laser resulted in a high laser-on time. By knowing the nominal heat build-up after manufacturing
the first solid layer on the support structure, the cooling condition can be determined by using the
classic Rosenthal solution for a moving point heat source providing a quasi-steady-state temperature
distribution for a thick plate [50]:

T(x, y, z)− T0 =
qin

2 π k
1
R

exp[
v

2 αIN718
(R− x)], (8)

where T is the temperature at a given position (x,y,z), x is the laser-direction, y is transfer direction,
z is the build-direction, R =

√
x2 + y2 + z2 is the radial distance from that particular location (in this

research at (0,0,0)) to the laser centre line of the heat source and x is the distance from that point to the
heat source [84]. The distance from a location to the heat source can be calculated by the laser speed
multiplied to the time x = v t. The thermal diffusivity αIN718 is calculated by the following equation:

αIN718 =
k

ρ ∗ Cp
. (9)

Inserting the heat build-up (410 K) and volume fraction of the support structure ( fs = 50 %) into
Equation 8, a cooling curve was calculated along the longitudinal track of the weld line by taking y = 0
and z = 0. Another cooling curve was plotted without support structure assuming a support height of
Hs = 0, leading to a heat build-up of T1 ≈ T0 by using Equation 7. The results obtained are shown in
Figure 55b. The latent heat was neglected. From this curve, the solidification cooling rate was calculated
by taken derivative at the point where the cooling curve intersects with the solidification temperature
(1533 K). Another parameter taken from the cooling curve was the cooling time from solidification to the
ageing temperature (893 K) of the material IN718 which is important for the formation of strengthening
precipitates γ′ and γ′′. The results are shown in Table 10.

The solidification cooling rate of the case with a support structure compared to the case without
indicates why the OT images reveal high thermal radiation on the transition from the support structure
to solid material. The difference in cooling time between the case with and without support is only 1.9
ms. The cooling time (Tcool) or time spent at high temperature is extremely low (within milliseconds),
indicating why heat treatments are needed to obtain the strengthening precipitates γ′ and γ′′. The
microstructure in this region of the inlet housing part was not examined, so the influence of lower
solidification cooling rate on the microstructure was not investigated.

Table 10: Table showing the results of the heat build-up, solidification rate and cooling time for manu-
facturing the part with and without support structure.

Case Heat build-up (K) Solidification cooling rate CRs (K/s) Cooling time tcool (ms)
With support structure 410 8.84 · 105 1.6
Without support structure 381 4.00 · 105 3.7
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Figure 55: (a) Graph showing the effect of the support height on the heat build-up for different values of
volume fraction. The red vertical line indicates the height of the support structure used to manufacture
the inlet housing part. (b) The cooling curve by manufacturing on solid material with no heat build-up
and the cooling curve with heat build-up, manufacturing on support structure.

5.1.2 The outer ring section

The solidification cooling rate was calculated on the outer ring (see previous section), which is the tran-
sition from the support structure to the first build-layer of the outer ring, see Figure 3 and 33. The results
revealed a lower solidification cooling rate in that region, see Table 10. The lower solidification cooling
rate presumably led to notable lower hardness, besides also warping up to 2 mm was observed, see Ap-
pendix A. The thermal stresses exceed the bonding strength of the material with the support structure,
leading to warping. To remove the support structure, post-processing is needed afterwards. Taking this
into consideration, the support structure could be entirely manufactured with solid material to avoid
the warping and possible recoater crashes. However, this increases the manufacturing time of the inlet
housing. To optimize the manufacturing time, the first section of the support structure can be manufac-
tured with support process parameters, see Table 5. The last layers of the support structure, minimal of
50 layers (≈ 2 mm), with infill process parameters, see Table 5. The warping phenomenon will be dis-
placed to the support structure, but it will not influence the part. Using this method, the solidification
cooling rate and heat build-up will move more towards the same value of other regions located in the
part, creating a more homogeneous and stable manufacturing process and probably similar hardness
values.

5.1.3 The upper ring section

The upper ring showed higher thermal radiation due to the lower heat dissipation through the thin-
walled section underneath, see Figure 33. The hardness of the upper ring in the as-built state was lower
as compared to other features with mean thermal radiation, see Figure 53. The outer ring in the as-built
state also showed lower hardness with high radiation on the OT images. The high thermal radiation
indicated lower cooling rates and it was assumed that the lower cooling rates caused a lower hardness.
To obtain similar cooling rates in the upper ring compared to other features, the process parameters
can be changed to use a lower heat input. Besides, it is expected that a longer laser-off time decreases
the heat build-up of the upper ring. A lower starting temperature slightly increases the solidification
cooling rate (see Equation 8) and decreasing thermal radiation. Another solution can be a change in the
design of the inlet housing part, for example, thicker section underneath the upper ring.
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5.1.4 The vanes section

The vanes showed high thermal radiation only at the top half of the part (see Figure 56). It became
clear that the higher thermal radiation of the vanes was caused by the lack of powder distributed after
a recoating cycle, see Figure 56b. The reason for the absence of powder laying on top of the vanes
was attributed to warping of the vanes during solidification. During solidification, thermal stresses
were formed and warping occurred when the thermal stresses exceed the strength of the material. In
overhang regions, the warping effect becomes more severe because of the insufficient firm bonding
between the powder particles of the previous layer and the material manufactured on powder particles,
see Figure 58a [65]. Figure 58a shows the warping phenomenon of an overhang surface where the
manufactured angle θ′ is smaller than the theoretical angle θ of the CAD file. The warping phenomenon
accumulates after manufacturing multiple layers, which influence the layer thickness of the next layer,
leading to larger warping [65]. When the warping exceeds the layer thickness of the next layer, no room
is left for powder particles to be distributed by the recoater. This was presumably the reason for the
lack of powder distributed over the vanes, as shown in Figure 56a and Appendix E. The influence of the
gas (argon) volume flow or speed over the build plate has not been investigated further. It is clear that
warping causes the effect of no powder distribution. Otherwise, the powder bed images would also
show on other locations (i.e. 45-degree) no powder distribution after a recoater cycle.

Figure 56: (a) Powder bed image showing no powder distributed at certain regions of the vanes after
a recoating cycle, located on the top side of the part, indicated with the red arrows. (b) showing the
high thermal radiation from the vanes at the location with no powder distributed, as seen in (a). The
orientation of the vanes relative to the recoater direction (α) is also indicated. Note that the OT-image
was taken from another inlet housing part, but the process parameters and shape of the vanes were
similar.

The reason why the warping only occurred at the top of the part was attributed to the recoater
direction and the orientation of the vanes, see figure 58b and 58c. The vanes have a 30-degree overhang
constructed in the clockwise direction. The orientation of the overhang of the vanes relative to the
recoater direction (α) is defined in Figure 57. The vanes with the higher local thermal radiation (upper
half of the part) are oriented according to Figure 58c where the force (Fb) is pointing upwards to the right,
so the warping is promoted by the recoater when moving from the left to the right. Figure 58b shows
the situation of the vanes without higher radiations where the force is pointed downwards and the
recoater suppresses the warping [17]. This was concluded by K. Zhang et al. [17]. They manufactured
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specimens with different inclination angles and different orientations of the overhangs compared to the
recoater direction, see Figure 59. They found that the forming properties of the overhangs became more
superior with an increasing polar coordinate, where a polar coordinate of 0◦ relates to Figure 58b and a
polar coordinate of α = 180◦ is shown in Figure 58c. The warpage level of the specimens, expressed by
∆h in Figure 59, vary with different α. The figure shows a crash of the sharp corner by using α of 180◦

and this can also lead to interruption of an overhang (part of the overhang is not attached to the main
part).

Figure 57: Schematic overview of an overhang’s ori-
entation relative to the recoater direction, expressed
in α, and increasing by turning the overhang in a
clockwise direction.

The above-discussed phenomenon, depicted
in Figure 58b and 58c, primarily applies to hard
recoater types, also used in this research made of
the high-speed steel. Soft recoaters have the same
function as hard recoaters to distribute powder
particles. However, they are made from a softer
material that can slightly give way, in case the re-
coater collides with a metal part being built. The
soft recoater can prevent build stops or models
from being dragged across the powder bed.

Figure 58: (a) showing the warping principle, (b) the warping interaction with the recoater direction of
the vanes located on the bottom half of Figure 56 (α = 0◦) and (c) warping accumulation with the vanes
located on the upper half (α = 180◦) [16, 17].

D. Wang et al. designed and manufactured
samples with an overhang angle of 45 to 25◦ with the build plate [65]. The samples with an inclination
angle larger than 40◦ were well fabricated while samples with inclination lower than 35◦ were subjected
to warping. They concluded that overhangs lower than 35◦ are hard to fabricate without support struc-
tures. The two main defects of the difficult manufacturing of overhangs with small inclination angles
were as follows [65]. The heat conduction rate of powder supported zone is only 1/100th compared to
the solidly supported zone. So, by using the same process parameters, the absorbed energy is higher in
powder supported regions, leading to larger melt pools and the melt pool sinks into the powder due to
the gravity force [16]. The other main defect is the warping phenomenon of the overhanging surface as
explained earlier. D. Wang et al. also studied the important factors for the fabrication quality of over-
hanging structures [16]. They concluded by manufacturing smaller inclination angles, higher scanning
speeds or lower laser power reduces the effect of warping and melt pool sinkage through the powder
[16]. The residual stresses are increased cumulatively by an increasing number of layers of an overhang.
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Figure 59: Specimens with the same inclination angle of 25◦ but created at different angles of α [17]. The
warpage level ∆h deviates by different values of α and increases by larger angels of α.

5.2 Microstructure development

This section discusses the development of the as-built microstructure.

5.2.1 The dendritic as-built microstructure

The as-built microstructure of the inlet housing part showed a cellular dendritic structure. The devel-
opment of the as-built microstructure is controlled by the ratio of the thermal gradient (G) over the
solidification rate (R), as explained in Chapter 2. Higher G/R ratios lead a stable planar structure and
lower ratios lead to cells and dendrites. The condition when undercooling occurs for binary alloys under
steady stead solidification is shown in the following equation:

G
R

<
TL − Ts

D
, (10)

where TL is the liquidus temperature, TS is the solidus temperature and D is the diffusivity of the solute
in liquid. At a given value of G, conditional undercooling happens in front of the liquid-solid solid-
ification interface when the solidification velocity exceeds certain values [18]. As a consequence, the
planar interface becomes unstable and cellular dendrites growth in the direction of the thermal gradient
[8]. This phenomenon was also observed in this research where a dendritical solidification structure
was dominant. Besides also a zig-zag pattern was observed. The heat flux direction in the melt pool is
pointed to the centre of the melt pool during solidification, creating the zig-zag pattern.

In this research, vertical dendrites at the centre of the melt pools were observed and growing through
the melt pool boundaries, depicted in Figure 48. Besides, a 90◦ rotation of the dendrites at the melt
pool boundaries was also recognized, creating a zig-zag pattern illustrated in Figure 60. The figure
and explanation are taken from Calandri et al. [18]. The development of the dendrites in the as-built
state can be explained as follows: The matrix of IN718 is the γ phase with an FCC crystal structure,
having three equivalent and orthogonal [100], [010] and [001] directions (90◦ rotated from each other),
and a preferred crystal growth along the [001] axis [18]. Figure 60 shows that the dendrites develop
along their preferred [001] axis. If the thermal gradient direction after the melt pool boundary aligns
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Figure 60: Schematic overview of the direction of the dendrites and the columnar grains with different
crystalline orientations. The dendrites in the middle change their direction at melt pool boundaries,
rotated 90◦ and pointed to the direction of the thermal gradient, creating a zigzag pattern [18].

most closely with the primary dendrite, for example [001] direction, the dendrites grow through the
melt pool boundary. The primary dendrite with [001] direction must have the secondary dendrites arm
along the [100] or [010] directions. If the heat flux direction after the melt pool boundary is changing,
the [100] or [010] secondary dendrite arm, of the underlying [001] primary dendrite arm, would grow
preferentially and become the new primary dendrite arm, because the [100] or [010] aligns more closely
to the heat flux direction than the [001], according to D. Deng et al. [29]. This phenomenon explains the
dendrites’ 90◦ zig-zag pattern, but in both cases, no new grain and no additional nuclei are generated in
the liquid ahead of the solid/liquid interface. So, the grains can also cross the melt pool boundaries.

A dendritic arm spacing between 0.5 and 2 µm was observed in this research and had a mean value of
1 µm, given in Chapter 4.5.4, which is comparable with literature [18, 29, 47, 50, 56]. Figure 48 shows that
the dendritic arm spacing slightly deviates. The dendritic arm spacing should be smaller in the bottom
of the melt pool and become larger in the top since the cooling rates are reduced upon solidification
[18]. Song et al. calculated a dendrite arm spacing of 1.6 µm with similar solidification cooling rates
calculated in this study for a solid structure, see Table 10 [50]. Microscopic analysis revealed a primary
dendrite arm spacing of 1 - 1.8 µm, so the dendrite arm spacing observed in this research is very common
for the L-PBF manufacturing process. Popovich at el. observed dendrite arm spacing of 2-3 µm but used
a higher LED than employed in the current study [85]. They obtained long elongated columnar grains
and larger melt pool sizes, leading to lower cooling rates, thus larger dendrites were obtained.

5.2.2 Grain structure

The inlet housing part was constructed with consecutive solidified layers during the L-PBF process. The
laser caused an extremely fast melting of the powder particles of each layer, and even the previously
manufactured layers were also partially remelted. As the laser passed the melt pool, the molten metal
solidified due to the heat loss via convection with the atmosphere and the heat conduction through the
substrate underneath. The solidification of the material occurred through two competing phenomena:
epitaxial growth of columnar grains and heterogeneous nucleation of new grains [18]. Heterogeneous
nucleation occurs when the newly formed crystals are interrupting the growth of the underlying grains.
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The crystals at the liquid-solid interface, have a different crystalline orientation than the crystals of the
previous layer. Epitaxial grain growth occurs when the newly formed crystals, at the liquid-solid inter-
face, have the same crystalline orientation with respect to the underlying crystals. The large elongated
grains, mainly in the z-direction, were obtained in the microstructure, which indicated a strong tendency
of epitaxial grain growth from layer to layer, also observed by [18, 56, 85, 86]. The melt pool boundaries
were not visible in the grain structure due to the strong epitaxial growth of the grains from one layer to
the next. Grains longer than 200 µm were observed with a layer thickness of 40 µm.

The number of grains was measured on different locations of the inlet housing part. The bulk bottom
was predicted to have more grains as compared to the bulk top based on literature [23, 52] and the higher
thermal radiation found in the OT images, as seen in Figure 31. Wang et al. reported, with similar linear
energy density, smaller columnar grains in the bottom of the part than the top, due to the higher cooling
rates in the bottom [52]. However, smaller grains in the bottom was not the case in this research. The
strong epitaxial growth of the grains could be a reason for no significant differences in the number of
grains. Another important factor was the area used to measure the grain size. The EBSD analysis was
only performed once at each feature with a relatively small area of 400 µm by 300 µm as compared to
the areas typically employed in literature [5, 23]. The area’s size was limited due to the thickness of
the vanes and a distance of at least 200 µm from the edges to prevent measuring grains of agglomerate
powder particles or layers with no consecutive layers on top. Apart from the reason that the measured
area covered multiple melt pools, it is expected that more reliable results are obtained by measuring at
least three times in different regions of each feature or by taking larger measurement areas.

In this research, the grains’ size was calculated by taking the number of pixels of each grain multi-
plied by the area of the pixel. To compare the grain size with literature, the circle equivalent diameter
was calculated by using the following equation:

De = 2

√
Agrain

π
, (11)

where De and Agrains are the circle equivalent diameter and the area of the grain, respectively [87]. The
mean grain area of the heat-treated samples was 340 µm2 and substituted this in Equation 11, a circle
equivalent diameter of 21 µm was obtained. This value is lower compared to literature. A. Mostafa et al.
observed with similar process parameters and an additional homogeneous heat treatment a grain size
between 30-50 µm measured on an area of 575 µm by 450 µm [5].

5.3 Effect of the heat treatment

The purpose of the heat treatment applied in this research was to obtain a homogenized microstructure
with the solution heat treatment to promote the diffusion of segregation elements and dissolve the brit-
tle phases (i.e. carbides and Laves phases) into the austenite matrix. Followed by a precipitation heat
treatment to generate the primary strengthening precipitates γ′ and γ′′ to optimize the mechanical prop-
erties of the IN718 part [80], as discussed before. The solution heat treatment applied in this research
almost completely dissolved the Laves phase and distributed the Nb elements throughout the γ matrix,
according to [29]. This makes Nb available for the strengthening precipitate γ′′. The disk-shaped γ′′

precipitates were also observed in the heat-treated microstructure, as can be seen in Figure 50b and 50c.
The γ′′ has a BCT crystal structure and growths coherently with the γ matrix as disk-shaped particles on
the {001} plane of the FCC matrix, with the c-axis (c/a ratio of 2.04, see Chapter 2) of the BCT structure
perpendicular to the disk plane [88]. So, three variants of the γ′′ phase are possible. The reason why
the disk-shaped particles are parallel or 90◦ rotated within the same grain is because of the FCC crystal
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structure.

Figure 61: (a-f) Schematic diagram with the morphology of the γ′′ and γ′ above a given size L of y′

particles. For further understanding, see text. TEM micrographs obtained (g) after homogenisation for
48 h at 1200◦C and ageing heat treatment of IN718 for 700◦C for 524 hours and (H) for 770◦C for 19
hours [19].

The γ′ precipitates were too small to be clearly observed even by high-resolution SEM. R. Cozar
and A. Pineau [19] found γ′′ precipitates are always adjacent to the γ′ precipitates and the most typical
morphologies are shown in Figure 61c. In this figure the formation of the strengthening precipitates is
shown where L is the size of the γ′ precipitates and Lc is the critical size of the γ′ precipitates. R. Cozar
and A. Pineau reported that the critical size was around 20 nm [19]. Consider a small γ′ precipitate where
a γ′′ precipitate (black disk-shaped) is nucleated on one of the six faces of the γ′ (round cube-shaped),
see Figure 61a. For a slight increase in the size of the γ′, the γ′′ tends to overlap the precipitate and the
Nb concentration is lowered in the diffusion zone around it, see Figure 61b. The lower Nb concentration
around the γ′′ precipitates (hatch zone) reduces the probability for forming new γ′′ precipitates in that
area (at A or B) and leads to the formation of smaller γ′′ particles parallel to it, as depicted in Figure 61c
and g. By using a higher ageing temperature, larger γ′ particles can be formed and they can develop
more easily, see Figure 61 d-f and h. The rounded square represents the γ′ precipitates and the black
disk-shaped region represents the γ′′ precipitates. Precipitates up to 300 nm are found at an ageing
temperature of 750◦C at 524 hours by [88]. At higher magnification of the SEM micrograph of Figure
50c it seems that some γ′ precipitates can be observed, see Figure 62. However, TEM analysis is needed
to observe these precipitates more clearly, as mentioned before. Cao et al. observed γ′ precipitates with
a size of 20 nm using similar heat treatment as employed in this research [80].
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Figure 62: SEM micrograph showing γ′′ precipitates and possible γ′ precipitates. This micrograph
shows the heat-treated bulk bottom (HT-1), taken from Figure 50c with higher magnification.

Besides, also white irregular-shaped precipitates mainly at grain boundaries are observed, as shown
in Figure 50b and c. Similar white spots at the grain boundaries, with comparable size, in heat-treated
samples, were revealed using EDS and X-ray diffractometer analysis and they were mentioned to be
coarse MC-carbides (0.9Nb0.1Ti)C [5, 89].
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6 Conclusions

The microstructure and (mechanical) properties of a complex-shaped aerospace part manufactured
through laser powder bed fusion (L-PBF) have been investigated. The part was cut into smaller sam-
ples to perform measurements on the following specific geometrical features: The bulk bottom, the bulk
top, the 45-degree overhang and the vanes. The results were evaluated with the Optical Tomography
(OT) in-process monitoring system and assessed on their detection limits. The influence of the post-
manufacturing heat treatment on the resulting microstructure and the (mechanical) properties was also
studied. The following conclusions were drawn to answer the research questions given in Chapter 1.3:

• Gas-induced porosity was predominant in the complex aerospace part, but the density was still
within the requirement of 8.1 g/cm3. Besides, micro-scaled cracks on the surface and lack of fu-
sion porosity type were also observed, which is not allowed according to the requirements. It is
anticipated that the lack of fusion porosity type can be decreased by increasing the width of the
melt pools (i.e. increasing laser power or decreasing laser speed) or decreasing the hatch spacing.

• The average surface roughness was measured on the horizontal, the vertical, the up-skin and the
down-skin of a 45-degree surface. Only the horizontal surface was according to the requirements
of 3.175 µm and the 45-degree down-skin surface showed the highest average surface roughness
due to the sintered powder particles and the staircase effect. Post-processing after manufacturing
is needed to meet the surface roughness requirement in certain areas.

• The as-built part showed an inhomogeneous dendritic microstructure with Laves phase and MC
carbides within interdendritic regions. The average primary dendritic arm spacing was 1 µm,
while no considerable variations were observed between different geometrical features. Columnar
grains almost parallel to the building direction were observed due to heat dissipation towards the
build plate and strong epitaxial growth. No relation between grain size and different geometrical
features could be observed.

• The heat-treated microstructure revealed MC carbides and nanoscale disk-shaped γ′′ strengthen-
ing precipitates distributed throughout the γ-matrix and on the grain boundaries. γ′ precipitates
were too small to be observed with the high-resolution scanning electron microscope. The heat-
treated samples showed larger grains, while smaller grains had disappeared.

• The differences in local process conditions led to variations in the mechanical properties of the
different geometrical features as observed through hardness measurements. The hardness of the
heat-treated samples increased with an average of 33 % compared to the as-built hardness due to
the formation of strengthening precipitates. Besides, inhomogeneities in the mechanical properties
between different features were removed after the heat treatment.

• Geometrical features with lower cooling rates had an unfavourable effect on the hardness. The OT
system could not be linked to defects such as porosity and higher surface roughness.

Finally, more research in post-processing is needed to smooth the surfaces and remove microcracks for
adequate preparation to the inlet housing part to meet the requirements for the aerospace industry.
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6.1 Recommendations

It is recommended to further investigate how to avoid the warping of the vanes to prevent possibly
recoater crashes in the future. No distortion measurements of the vanes were conducted, so the effect of
the warping phenomenon on the dimensional requirements of the vanes could not be analysed in detail.
The vanes had a low inclination angle (30 degrees with the build plate) and it was expected that it cannot
be altered in the design stage. As a result, the orientation of the vanes could also not be adjusted. The
remaining important task would be to adjust the process parameters or to add support structures to
improve the vanes’ quality.

The outer ring manufactured on the support structure experienced more heat build-up, lower cooling
rates, slightly lower hardness and warping of the sides. To prevent this, the support structure could
be manufactured from completely solid material. Another option to optimize the build speed is to
manufacture the last 50 layers of the support structure with completely solid material (infill process
settings). The aspects mentioned above will be moved to the support structure but do not influence the
part’s quality.

6.2 Future work

Less complex and smaller sized parts might provide a better understanding of the meaning of local
spots with higher thermal radiation. In this research, it was challenging to trace the specific location
with high thermal radiation on the OT images back to the specific location within the part, for example
the vanes. Thereby, small defects (i.e. process induced porosity or higher surface roughness) could
not be linked to the OT images. After embedding, grinding and polishing, the local porosity was not
traceable anymore. It is recommended to make X-ray Computed Tomography (CT) scans of parts with
regions that showed remarkably higher or lower thermal radiation on the OT images and make sure
that these specific locations can be traced back properly.

It was concluded that the etching procedure caused contamination on the samples. It seemed that
etchant remains in pores, microcracks and gaps in the transition regions between the embedded resin
and the sample. It was not washed away after cleaning, and the hairdryer blows the liquid out and over
the surface, which created these branches like contamination. Further investigation (non-destructive
analysis such as Liquid Penetrant Testing) should be done in order to discover if there are pores, micro-
cracks and gaps present in the part that could not be observed by the microscope. These small defects
could have adverse effect on the mechanical properties of the part.
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[79] E. Chlebus, K. Gruber, B. Kuźnicka, J. Kurzac, and T. Kurzynowski, “Effect of heat treatment on the microstructure and
mechanical properties of inconel 718 processed by selective laser melting,” Materials Science and Engineering: A, vol. 639, pp.
647 – 655, 2015. [Online]. Available: http://www.sciencedirect.com/science/article/pii/S0921509315005687

[80] G. Cao, T. Sun, C. Wang, X. Li, M. Liu, Z. Zhang, P. Hu, A. Russell, R. Schneider, D. Gerthsen, Z. Zhou,
C. Li, and G. Chen, “Investigations of γ′, γ′′ and δ precipitates in heat-treated inconel 718 alloy fabricated
by selective laser melting,” Materials Characterization, vol. 136, pp. 398 – 406, 2018. [Online]. Available: http:
//www.sciencedirect.com/science/article/pii/S1044580317327158

[81] S. Hong, W. Chen, and T. Wang, “A diffraction study of the ′′ phase in inconel 718 superalloy,” Metallurgical and Materials
Transactions A-physical Metallurgy and Materials Science - METALL MATER TRANS A, vol. 32, pp. 1887–1901, 08 2001.
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A Detailed images of the part

Figure 63: Detailed images of the inlet housing part, where (a) shows the front view and (b) depicts the
bottom view. The transition from the support structure to the solid material exhibits warping up to 2
mm.
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B Optical tomography images of the outer ring
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Figure 64: OT-images of the transition of support structure to the first few layers of the inlet housing
part (1-2019-063). The support structure ends at layer 434 and the first layer of the inlet housing part is
435.
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C Optical tomography images of the upper ring
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Figure 65: OT-images of the inlet housing part (1-2019-063) showing the high thermal radiation in the
bulk material on the top.
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D Optical tomography images of the vanes
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Figure 66: OT-images of the vane depicted overheating on the down-skin of the vane.
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E Powder bed images of the vanes
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Figure 67: Powder bed images of the vanes on layer 320 to 324 indicating areas of the vanes without
powder distribution after a recoater cycle.
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F Micrographs showing porosity

(a) Bottom bulk (AS-1).

(b) Vane (AS-1).

Figure 68: Non etched optical images showing the porosity.
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G Microstructure of the vanes

Fine equiaxed 
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B
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A

Figure 69: (a) The etched microstructure of the vane in heat-treated state and (b) EBSD analysis showing
an overview of the grains in the as-build state (AS-1).
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H The cause of the contamination
Two out of the three heat-treated samples showed contamination on the microstructure after the first time etching, see Figure
44. Remarkably, the as-built samples did not show the contamination on the optical micrographs. The bulk material of the heat-
treated samples has multiple smaller contamination branches and the vanes show some relatively bigger ones. The contamination
looks not part of the material by the reason that it crosses multiple grains and has seemingly random directions.

The following was done before the contamination was observed: The samples were cleaned with isopropanol after polishing
and dried with a hair dryer. Afterwards, emerged in the etchant for 6 - 10 seconds, washed thoroughly in water, cleaned again
with isopropanol and dried with a hair dryer.

Figure 44 shows the contamination with a pore. It seems that the contamination has a starting point at a pore or micro-crack
and it continues to grow from there. The samples are cleaned again with isopropanol using a cotton swab which did not remove
the contamination. Additional hardness measurements at the location of the contamination reveal no significant differences as
compared to the uncontaminated regions. The root cause of the contamination had to be found to prevent it from occurring in the
future. Two possible causes are considered:

• Heat treatment: The heat treatment is done in argon and it could be possible that there was still oxygen present in the
furnace due to the leaking of the furnace. The heat-treated samples also have a blue/purple discolouration, which is
certainly oxidation. It was expected to be removed by the grinding and polishing process. However, the oxidation might
be penetrated rather deeply into the material.

• Etching procedure: The second cause considered is the used etching method. The etchant could cause contamination on
the microstructure. The as-built samples did not show the contamination, but they are etched at another moment, with
another etchant than the heat-treated samples.

Two different steps are taken to find the root cause. The first step is to grind, polish and etch two as-built and two contam-
inated heat-treated samples again. If the as-built and heat-treated samples exhibit contamination, the etchant must be the root
cause. The results were only contamination on one of the heat-treated samples. However, the contamination was only obtained in
the thin-walled section and was relatively small compared to the first time, see Figure 44b. Surprisingly, the contamination could
be removed by cleaning with an alcohol-soaked cotton swab. The second step is to heat-treat two as-built samples in vacuum to
exclude the presence of oxygen. After polishing and etching both samples, the optical and SEM microstructure reveals relatively
small contamination, see Figure 44b. The contamination disappeared again after cleaning. Figure 70 shows a summary of the
different steps taken with the contamination on the optical micrographs at each step.

It is concluded that the etching procedure causes contamination on the samples. It seems that etchant remains in pores,
microcracks and gaps in the transition regions between the embedded resin and the sample. It is not washed away after cleaning,
and the hairdryer blows the liquid out and over the surface, which creates these branches like contamination. It is obvious that
the heat treatment did not cause the contamination. Peculiar, the contamination on the first etched samples could not be removed
by proper cleaning. The explanation for this is properly that the samples are etched twice because the first time etching was not
sufficiently long enough to observe a clear microstructure. Further, it is assumed to be a coincidence that the as-built samples did
not contain contamination since multiple heat-treated samples also did not contain the contamination or only in certain regions.
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First time etching (solution and 
precipitation heat treatment in argon)

Second time etching (solution and 
precipitation heat treatment in argon)

First time etching (only precipitation 
heat treatment in vacuum)

Samples without 
contamination

AS-1, AS-7, AS-9 and HT-9 HT-1, AS-1 and AS-7 No samples

Remarks The moment of etching was different as 
compared to the samples with 
contamination and multiple etchant was 
created due to the concentration loss 
over time.

The samples were etched with the same 
etchant as compared to the sample with 
contamination.

-

Samples with 
contamination

HT-1 and HT-4 HT-4 PHT-1 and PHT-4

Remarks The samples were etched two times with 
the same etchant. Because the first time 
etching was not sufficient long enough to 
observe a clear microstructure. 

Contamination was found in the thin-
walled section. No contamination was 
present in the bulky regions.

Both samples showed contamination and 
were etched with the same etchant. 
Smaller and fewer contamination was 
found in the bulky regions.

Observed 
contamination

Contamination evaluation table

Figure 70: Steps taken to find the root cause of the contamination and the contamination on the optical
micrographs are shown at each step.
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I Derivation of the thermal model
The heat build-up equation was derived by starting with the 1-dimensional (only in the z-direction) heat conduction equation:

ρ Cp
∂T
∂t

= k
∂2T
∂z2 [50], (12)

where z is the distance along the direction of the height. The area of the solid material, manufactured on the support structure,
was calculated by using the outer diameter (Dout) minus the inner diameter (Din) of the part, see Figure 54. By knowing the area,
the left and right-hand-side of Equation 12 are multiplied with the differential volume of A∆z (see paper [50]):

A h n ρ Cp
∂T
∂t

= qin − A k fs
∂T
∂z

, (13)

where the first and second term of the left-hand side of the equation are the heat produced by laser (qin) and the heat conducted
out by the support structure (qout). The support structure’s volume fraction was added to the second term (0 < fs < 1) where 1
represents solid material. The following equation calculates the heat produced by the laser per layer:

QL = qin ∆tL−on = qin ∆t =
qin A
v w

=
P η A
v w

. (14)

The ∆t consist of the laser exposure time and the laser-off time. The laser-off time is the time needed to distribute a new
layer of powder and in this case, also the reaming time to manufacture the inner structure of the part that is not manufactured on
the support structure, resulting in an estimation of 10 seconds laser off time. The following formula is used to approximate the
laser-on time to manufacture solid material on top of the support structure:

∆tl−on =
A

v w
, (15)

where A, is the solid material area manufactured on the support structure. By integrating Equation 13 over the time for a duration
of ∆t the following equation is observed:

A Hp ρ Cp (Tn − T0) = (qin− A k fs
Tn − To

Hs
) ∆t, (16)

where Hs is the height of the support structure and Hp the height of the solid material. Hence that the heat build up will be
calculated for the first layer deposit on the support structure so n = 1 and therefore Hb = h. Dividing the equation 16 by the area
(A) and substituting Equation 14 in it, the following equation is obtained:

h ρ Cp (T1 − T0) =
P η

v w
− k fs ∆t

Tn − To

Hs
. (17)
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