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Preface

This book is the integrated article thesis, known as a sandwich thesis, of Mostafa Yakout
Mohamed, the sole author. The sole author is inclined to use Mostafa Yakout as his
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Invar 36, stainless steel 316L, and Ti-6Al-4V. It is a compilation of seven peer-reviewed
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stipulated by the School of Graduate Studies at McMaster University. All experiments and
analyses have been done by the sole author. Advice and guidance have been provided by
the academic supervisors, Dr. M. A. Elbestawi and Dr. Stephen C. Veldhuis. Assist from
colleagues at McMaster University has been provided: A. Cadamuro assisted me during
the density measurements reported in Section 2.4.3 and Dr. S. Nangle-Smith provided help
on the boundary conditions of the heat transfer model presented in Section 7.2.2. Any

information presented from outside sources has been cited where appropriate.



Chapter 1 provides an introduction and is partially reprinted from one journal review paper;
Chapters 2-7 are reprinted from six journal papers; and Chapter 8 presents conclusions and

closing remarks.
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the conference proceeding is co-authored with Dr. M. A. Elbestawi, second author. Neither

the book chapter nor the conference proceeding are presented in this thesis.

I declare that this thesis has been composed solely by myself and that no part of this book
has been submitted for a higher degree at any other institution.
Mostafa Yakout

February 2019
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Abstract

Metal additive manufacturing can be used for producing complex and functional components
in the aerospace industry. This thesis deals with the process-structure-property relationships in
selective laser melting of three aerospace alloys: Invar 36, stainless steel 316L, and Ti-6Al-4V.
These alloys are weldable but hard to machine, which make them good candidates for the
selective laser melting process. Invar 36 has a very low coefficient of thermal expansion
because of its nickel concentration of 36% and stainless steel 316L contains 16-18% chromium
that gives the alloy a corrosion resistance property. Ti-6Al-4V offers high strength-to-weight
ratio, high biocompatibility, and outstanding corrosion resistance. Any changes in the chemical
composition of these materials could affect their performance during application. In this thesis,
a full factorial design of experiments is formulated to study a wide range of laser process
parameters. The bulk density, tensile mechanical properties, fractography, microstructure,
material composition, material phases, coefficient of thermal expansion, magnetic dipole
moments, and residual stresses of the parts produced are experimentally investigated. An
optimum process window has been suggested for each material based on experimental work.
The thermal cycle, residual stresses, and part distortions are examined using a thermo-
mechanical finite element model. The model predicts the residual stress and part distortion after
build plate removal. The thesis introduces two laser energy densities for each material: brittle-
ductile transition energy density, Er, and critical laser energy density, Ec. Below the brittle-
ductile transition energy density, the parts exhibited void formation, low density, and brittle
fracture. Above the critical energy density, the parts showed vaporization of some alloying
elements that have low boiling temperatures. Additionally, real-time measurements were taken
using a pyrometer and a high-speed camera during the selective laser melting process. The
trends found in the numerical results agree with those found experimentally.
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1.1 A Note to the Reader

Since this thesis is a compilation of seven peer-reviewed journal articles, the introduction
and background sections in Chapters 2-7 may contain some similarities. However, the
reader is encouraged to read these introductory sections in each chapter as the material is
targeted towards specific aspects of the investigation covered in the chapter. In addition, a
condensed literature review is provided in Section 1.2 to highlight the gap in the literature,
which prompted the work presented in the thesis. Furthermore, Chapter 8 provides a

summary of the key findings and contributions that are stated in Chapters 2-7.

1.2 Literature Review

1.2.1 Metal Additive Manufacturing Processes

ASTM International [1] defines additive manufacturing (AM) as “the process of joining
materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies”. There are various classifications of AM
processes in the literature [2-5]. ASTM I1SO F52900 [1] categorizes the AM processes into
seven main categories, according to the adhesion and bonding method. These categories are:
(i) VAT photopolymerization, (ii) material jetting, (iii) material extrusion, (iv) powder bed
fusion, (v) binder jetting, (vi) direct energy deposition, and (vii) sheet lamination. VAT
polymerization or material jetting could be used in liquid AM processes, while material
extrusion could be used in filament processes. Powder AM processes could use powder
fusion, binder jetting, or direct energy deposition for binding the powder particles. Figure 1.1
classifies the bonding techniques according to the state of the raw material “feedstock”. AM
has been developed in 1986 by Charles W. Hull [6]. Since then various processes have been

introduced. Material extrusion, powder bed fusion (PBF), and direct energy deposition
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(DED), are the most commonly used processes for metal additive manufacturing [7].
Selective laser melting (SLM) and electron beam melting (EBM) are powder bed fusion AM
processes. In SLM, full melting of powders is achieved to produce fully dense objects with
mechanical properties comparable to the wrought material. The powder is evenly distributed
and spread to create a level, uniform surface that completely covers the build area, as shown
in Figure 1.2. A focused laser beam is then precisely directed at the powder layer and scans
over the cross-section of the part. The build platform is lowered, and the process is repeated
until all layers have been built [8, 9]. All metals can be candidates but some act differently
when processed. Such differences include reactions to laser absorption, surface tensions, and
material viscosities [10]. SLM powders can be broken down into two categories: single
material powders or alloyed powders. Single material powders consist of strictly one type of
metal, such as pure titanium. In this case, tests showed almost 100% part density; however,
high thermal stresses could be induced and cause internal cracks [11]. Alloyed powders
consist of alloyed materials (e.g., Ti-6Al-4V, stainless steel 316L, Invar 36, etc.). The
mechanical properties of alloyed materials are comparable to wrought materials apart from
ductility, which is significantly reduced [12]. A big benefit of SLM is the ability to process
non-ferrous metals such as titanium, aluminum and copper. As the process uses higher
energy, problems arise with instabilities in the melt pool along with part shrinkage [13].
EBM is typically similar to SLM except that an electron gun is used for melting preheated
powder instead of using a laser source for melting a powder, which makes the EBM more
powerful because its build rate is faster than SLM [14, 15]. Powder bed fusion processes are
commonly used for metallic applications, especially for complex designs. EBM is currently
the preferred process for metals, but it is limited by the electrical conductivity of the material

and the need to maintain a high level of vacuum; however, SLM is more versatile [16].
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Figure 1.1: Adhesion and bonding methods in additive manufacturing [1].

Figure 1.2: Selective laser melting process [8, 9].
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SLM has been chosen in this study to process three aerospace alloys; Invar 36,
stainless steel 316L, and Ti-6Al-4V. The work in this thesis contributes to the SLM of
Invar 36, stainless steel 316L, and Ti-6Al-4V. These alloys are widely used in the
aerospace and biomedical industries because of their unique properties. Invar 36 is a
ferromagnetic alloy that has a very low coefficient of thermal expansion for applications
below its Curie temperature (279 °C), stainless steel 316L offers corrosion resistance and

high strength, and Ti-6Al-4V offers high strength-to-weight ratio and is biocompatible.

1.2.2 Applications of Metal Additive Manufacturing

1.2.2.1  Aerospace Industry

An important requirement for the aerospace industry is to consistently produce light
complex geometries with good mechanical properties in small quantities. These reasons
make AM a very efficient manufacturing method for aerospace applications. The most
common AM processes used in the aerospace industry are material extrusion [17], PBF
[18, 19], and DED [20]. These techniques are used to fabricate low-volume complex
aerospace parts, aircraft wings, and replacement parts in the aerospace industry along with
fabricating specialized parts, lightweight structures, parts with minimal waste, on-demand
parts, and replacement parts to support long term space exploration [21]. Advanced
materials such as aluminum alloys, titanium alloys, nickel super-alloys, and special steels
have been manufactured in the aerospace industry using AM technologies [3]. AM
technologies open the door for developing new materials and designs in the aerospace
industry. The main challenges reported in the literature include mechanical anisotropy,
microstructural inhomogeneity, residual stresses, dimensional accuracy, and surface finish

[22-28].
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1.2.2.2  Automotive Industry

Metal AM has significant implications on part design as well as supply chains and
inventory systems, which is particularly relevant for the automotive industry. An important
feature of using metal AM processes in the automotive sector is producing complex
lightweight structures. The weight of the automotive parts can be reduced significantly by
leveraging the ability of AM processes to produce parts with complex geometries while
maintaining relative strengths. Examples of automotive parts produced by AM include
structural composite components, engine valves, and turbocharger turbines [29, 30]. A
significant advantage is in-house and on demand production, which reduces inventory
needs, shipping costs, and material procurement costs [31]. Notwithstanding the
capabilities of the AM processes in the automotive industry, the parts produced should
comply with the standards to perform a certain level of performance. The main challenges
in the AM of automotive components are: (i) the thermal stresses induced in the AM parts
which affect the repeatability and performance of these parts, (ii) the surface finish and
dimensional accuracies, and (iii) the size of the parts produced [24, 32, 33] in addition to

this, processing speed is critical due to typical production volumes.

1.2.2.3 Tooling Industry

For the tooling industry, AM can offer time saving through the reduction of the fabrication
steps and cost reduction through the elimination of material loss associated with traditional
subtractive manufacturing. In addition, the AM technology offers the ability to produce
customized molds with optimized cooling channels which can impart unique properties to
parts and reduce production cycle time. AM molds made with integrated conformal cooling
also prolong their service life as it provides the designer with the ability to reduce the

thermal stress loading that the die experiences [34, 35].
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1.2.2.4 Healthcare Industry

The use of metal AM processes in the healthcare industry is briefly reviewed. In the dental
industry, AM processes are used for creating precise dental crowns, bridges, and implants.
The capability of the SLM process to manufacture custom, complex, accurate, and fully
dense objects makes it suitable for dental applications. The process of creating crowns and
bridges consists of scanning the dental impression of the patient's teeth, digital modeling
of the part, and then SLM production [36]. This process provides a competitive market for
AM of dental implants that rivals traditional casting and milling production methods.
Additionally, a similar process is used for the manufacturing of personalized prosthesis and
supports for artificial teeth made of titanium or cobalt-chromium [37]. Moreover, metal
AM processes are used in the medical sector due to its ability to quickly produce highly
custom components. The technology is very useful for fabricating custom-made medical
implants as well as surgical tools and fixtures for use in operation rooms. There is no doubt
that fabricating custom implants is more accurate than the previous traditional methods
[38]. The main advantage of AM in the medical industry is its capability to produce very
complex components with low production cost as well as customized components [39].
Recently, AM technologies have been integrated with nano-technology to fabricate parts
from new nano-composites. The main benefit of using nano-materials in AM processes is
enhancing the material properties of the fabricated parts. Parts with better optical, thermal,
electrochemical, and mechanical properties have been obtained. Over the past few decades,
a wide variety of nanomaterials were used in AM processes, including carbon nanotubes,
nanowires, metal nanoparticles, nano-graphene, and quantum dots [40]. Nano-scale AM
plays a vital role in producing metal parts with nanopores, thus eliminating or minimizing

the formation of pores and voids [41].
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1.2.3 Materials Used in This Study

This thesis deals with the characteristics of Ti-6Al-4V (UNS R56400), stainless steel 316L
(UNS S31603), and Invar 36 (UNS K93600) parts produced using SLM process. These
three materials have unique thermal and mechanical properties and are commonly used in
the aerospace and biomedical industries. The characteristics of titanium Ti-6Al-4V
produced by different AM processes to meet aerospace standards were reported in the
literature. A study showed that the mechanical and fatigue behaviors of the SLM Ti-6Al-
4V parts are significantly affected by the internal voids as well as the residual stresses in
the parts produced. The tensile strength and fatigue strength are strongly affected by the
pore size. However, the crack growth is influenced by the residual stresses [42, 43].
Another study demonstrated that the microstructure of the SLM Ti-6Al-4V components
also alters the mechanical properties of these parts [44]. The SLM process parameters such
as scanning parameters, scanning strategies, and laser melting parameters exhibited a
strong influence on the surface quality [45], voids characteristics [46], microstructure [47],
and mechanical properties [44, 48] of Ti-6Al-4V parts. Other studies were performed to
find the optimum SLM process parameters for producing Ti-6Al-4V parts suitable for
aerospace [49, 50]. Similar studies performed using other AM processes such as DED [51,
52] and EBM [52-55] achieved similar results. In EBM production of Ti-6Al-4V, a
function is developed to control the beam speed and energy during the process in order to
enhance the thermal properties of the parts produced [56]. The influence of thermal
properties of Ti-6Al-4V on the characteristics of the parts produced is one of the research
gaps in the literature. Stainless steel 316L is one of the most common iron-based alloys in
powder-based AM processes. Starting from the raw material, the powder grain size affects

the density and consequently the mechanical properties of the produced parts [57, 58]. In



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

SLM of stainless steel 316L, some studies showed that point distance, exposure time, scan
speed, layer thickness, and building direction have a strong influence on the quality of the
parts produced. These parameters should be controlled during the fabrication process in
order to achieve good surface finish and high mechanical properties [9, 59-61]. AM
technology makes the processing of special alloys such as nickel-based alloys easier. Some
studies showed that Inconel 718 parts, produced via SLM, contain small cracks that may
affect mechanical properties in all directions especially in the building direction [62-64].
These cracks can be attributed to the phase transition and the formation of columnar
dendrites during the melting process [65, 66]. Only a few studies illustrated the selection

of SLM process parameters for producing dense parts from Invar 36 [8, 67].

1.2.4 Quality of Additive Manufacturing Parts

Starting from the raw material, the powder grain size affects the density and consequently
the mechanical properties of the parts produced in a SLM process [68, 69]. Moreover, point
distance, exposure time, scanning speed, layer thickness, and building direction show a
strong influence on the quality of the parts produced. This includes surface microstructure,
fatigue strength, hardness, density, and surface roughness of parts produced. These
parameters should be controlled during the fabrication process to get a reasonable surface
finish and fair mechanical properties [60, 61, 69, 70]. The SLM process has some
limitations and challenges compared to subtractive manufacturing processes. The thermal
stresses and material degradations (i.e. changes in the material microstructure and chemical
composition) that could occur during the process are challenging for some applications,
especially in the aerospace industry. These factors affect the density of SLM parts and
consequently all the mechanical properties, particularly the fatigue properties. SLM parts

differ from wrought or forged parts in that they can have a large number of defects/stress
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risers including, but not limited to, voids either from gas pores or imperfections, partially
melted powder, lack of adhesion/pre-existing cracks formed between subsequent printed
layers, and powder particles stuck on the surface [71]. There are currently two options to
overcome these challenges. The first solution is to refine the quality of the additive parts
through carefully controlled post processing techniques [42, 43]. The second solution is to

optimize and control the process parameters to produce high quality parts [8, 60, 72-74].

1.2.4.1 Residual Stresses

Residual stresses are internal stresses present in materials and structures without any
external loads. The tensile and compressive residual stresses are in equilibrium within the
whole volume of the material or structure as shown in Figure 1.3. Almost all manufacturing
processes cause residual stresses in the parts produced. The residual stresses are induced

due to one of the following mechanisms:

1. Non-uniform plastic deformation (e.g., forging, bending, and extrusion)
2. Subtracting manufacturing (e.g., machining and grinding)

3. Material phase changes (e.g., welding, casting, and additive laser melting)

Non-loaded Externally loaded Residual stress

Figure 1.3: Stress distributions within a cross-section [75].
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Residual stresses can be classified according to the scale on which they occur [75]:

1. Type I: macro residual stresses that vary over large distances
2. Type II: micro residual stresses that vary over small distances

3. Type IlI: atomic-scale residual stresses that occur due to atomic dislocations

The SLM process is associated with thermal stresses due to rapid heating and cooling
during the powder melting and part solidification. These thermal stresses are the main
cause of the residual stresses in the parts produced. These residual stresses are due to
material phase and/or density changes, and they are of Types I, Il and Ill [75]. These
induced residual stresses significantly affect the mechanical and material properties of the
parts produced [76]. Mercelis and Kruth [77] explained the formation of residual stresses
in SLM process using numerical models. The experimental work was based on
investigating the influence of the number of layers, build plate height, material yield
strength, laser post-scanning parameter, and build plate removal method on the residual
stress distribution. They found that the residual stress distribution starts with tensile stresses
at the top surface, followed by compressive stresses in the middle and ends with tensile
stresses at the bottom. They suggested a heat treatment procedure and the pre-heating of
the build plate for reducing the residual stresses. Their findings include the influence of the
build-plate removal method on the residual stresses. They concluded that the yield strength
of the printed material, part height, build plate height, laser scanning strategy, and heating
conditions all affect the residual stress distribution. Casavola et al. [78] studied the
influence of the part location in the build plate and part height on the surface residual
stresses in a SLM process. The experimental work in this study was based on maraging
steel parts with 1.4% porosity, measured by the Archimedes method. For residual stress

measurement by the hole-drilling method, the authors found that the parts in the center of

11
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the build plate have less residual stresses than the parts on the edges. They argued that the
laser is probably lined up orthogonally to the layer surface in the center of the build plate.
Their findings also illustrated that the residual stresses are fairly small for small
thicknesses, large for intermediate thicknesses, and small again for large thicknesses. They
argued that the laser heat caused a heat treatment procedure for thick parts, which is the
reason for having a fairly small amount of residual stresses in the thick parts. Van Belle et
al. [79] studied the influence of the part height, layer thickness, and cooling time between
successive layers on the residual stresses of maraging steel produced using the SLM
process. They found that the residual stresses increase with the increase of cooling time,
decrease of part height, and decrease of layer thickness. Various methods are suggested in
the literature for measuring residual stresses in AM parts. These methods include, but not
limited to, layer removal method [76, 79], crack compliance method [77], hole drilling
method [78], contour method [75], sectioning method [75], neutron diffraction [80], X-ray

diffraction (XRD) [81], and indentation correlation method (hardness test) [82].

1.2.4.2 Void Formation

Void formation in SLM parts is one of the most challenging problems in the industry. This
impacts many applications, especially applications requiring high stress and fatigue
strength. Mass/volume measurement, Archimedes method, X-ray computed tomography
(CT) scan, and ultrasonic pulse-echo velocity technique are reported in the literature for
measuring the amount of porosity in SLM parts [83]. These voids could be either gas pores
or imperfections. The gas pores have almost a spherical shape and come from inclusion of
gases inside the printing chamber. The imperfections have a non-uniform shape and come
from partially melted powder. The amount of voids is dependent on the build chamber as

well as the process parameters [84, 85].
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The following methods are suggested in the literature to reduce void formation:

1. Efficient drying of the powder and tight control of the process parameters [84]

2. Increasing the laser power for processing materials with high reflectivity and low
energy absorption [86]

3. Experimenting with the scanning speed, scanning strategy, and scanning overlap
for controlling the type of the pores and reducing the amount of pores [86, 87]

4. Hot isostatic pressing (HIP) of the SLM parts for porosity elimination, fatigue

damage refinement, powder compaction, and material joining enhancement

Simonelli et al. [88] studied the microstructural features and phases of titanium parts
produced by SLM. The mechanical behaviors of the SLM parts are significantly affected
by the formation of voids and residual stresses. The tensile strength, fatigue strength, and
ductility are strongly affected by the pores size; however, the fatigue crack growth is
influenced by the residual stresses [42, 43]. A study showed that the microstructure of SLM
parts has a significant effect on the mechanical properties, such as fatigue behavior,
mechanical strength, elongation, etc. The microstructure of the AM parts is influenced by
the imperfections formed during the process and/or the post-processing. The mechanical
properties of SLM parts could be enhanced by controlling the process parameters and/or
performing heat treatments [72, 89]. HIP process and heat treatments have been used to
eliminate void formation and reduce residual stresses, and consequently enhance the
mechanical properties of parts produced [42, 43, 76]. Micro-cracks are formed during the
SLM process either from separation between subsequent layers or due to large thermal
gradients during the powder melting and/or part solidification. These cracks can be
controlled and/or eliminated by optimizing the process parameters. A clear understanding

of the relationship between process parameters and crack initiation is needed [71, 90].
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1.3 Motivation

The above survey showed that SLM parts differ from wrought parts in that they can have
many defects including, but not limited to, voids, lack of adhesion between subsequent
printed layers, and substandard mechanical/fatigue properties. Developments in metal
additive manufacturing offer significant possibilities for the creation of new types of
products. Research and development priorities have been discussed in the literature. A

summary of the main research issues includes:

1. Enhancing the mechanical properties of the SLM parts through post-processing
techniques or tuning the SLM process parameters [73, 74]

2. Developing new alloys and functionally graded materials based on the capabilities
of the additive processes [53, 91]

3. Establishing rules and protocols to design for additive manufacturing [24, 31]

4. Creating a real-time process control for the additive manufacturing systems [91]

5. Exploring the hybrid and multi-materials manufacturing [3, 53]

6. Improving the productivity of the additive manufacturing systems [18, 32, 91]

Understanding the influence of process parameters and material properties on part quality

is the main goal of this thesis.

1.4 Research Objectives

The main objective of this thesis is to investigate the process-structure-property
relationships and to optimize the SLM process parameters for three aerospace alloys: Ti-
6Al-4V, stainless steel 316L, and Invar 36. The practical merit of this research will be the
selection of an optimized set of SLM process parameters necessary to process each of these

materials for aerospace and automotive applications.
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This thesis provides a better understanding of:

1. Residual stresses formation that occur during the SLM process by experimental
and numerical methods

2. Changes in the material composition and microstructure that occur during the SLM
process

3. Mechanisms of residual stress formation and metallurgical changes associated
with SLM process

4. Thermal properties that affect the residual stress formation
The study will include two complementary approaches:

1. Experimental approach to study the influence of process parameters on the residual
stresses, thermal expansion, microstructures, chemical compositions, and
mechanical properties of the parts produced

2. Numerical approach to define what is happening during the SLM process, in which
this approach will compare the induced residual stresses and part deflections of the

three materials

1.5 Thesis Outline

Overall, the main results of this thesis have been published in seven journal articles, in
which five articles are already published and the other two articles are submitted to journals
for peer-review. In addition, one conference proceeding has been published from part of

the results presented in Chapter 4.

Chapter 1 introduces the background and motivation of the research as well as the
thesis objectives and main contributions. It shows the research gaps in metal additive

manufacturing and explains how this thesis contributes to explore one of these gaps.
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Very few publications [67] on selective laser melting of Invar 36 was available in
the open literature when this research started. No process window was available for
selective laser melting of Invar 36. It was important to find thresholds of selective laser
melting process parameters for Invar 36. Hence, Chapter 2 presents pilot experiments on
selective laser melting of Invar 36 to determine the “optimum” range of process parameters
to produce dense parts. The surface microstructures and material compositions of parts

produced are analyzed. The analysis is based on one-factor-at-a-time (OFAT).

Chapter 3 deals with the selective laser melting of stainless steel 316L. Since
many publications are available for laser melting of stainless steel 316L, this chapter
presents a preliminary study on the effect of part location in the build plate on the
characteristics of stainless steel 316L produced using selective laser melting. The main
goal of this study is to understand the characteristics of stainless steel 316L produced using

selective laser melting.

Chapter 4 presents an extensive study on the density, mechanical properties, and
residual stresses of Invar 36 and stainless steel 316L parts produced using selective laser
melting. The study is based on full factorial design of experiments to develop an optimum
process map for each material. VVoid formation and alloying element vaporization that

occur during selective laser melting of Ni- and Fe-based alloys are studied.

Chapter 5 explains the relationship between the laser process parameters and
thermal expansion of parts produced. A process window is determined for Invar 36 and
stainless steel 316L based on stable melting. The metallurgical changes, microstructures,

material phases, and the chemical compositions of parts produced are studied.
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Chapter 6 deals with the metallurgical changes, residual stresses, and thermal
expansion variations of Ti-6Al-4V parts produced using selective laser melting. The study
is based on full factorial design of experiments. A process map is presented based on stable

melting and compared with process maps available in the literature for Ti-6Al-4V.

Chapter 7 compares the residual stresses induced in Invar 36, stainless steel 316L,
and Ti-6Al-4V parts produced using selective laser melting. The study discusses the
relationship between the material properties and induced residual stresses by experimental
and numerical work. It explains the mechanisms of forming residual stress in a material
that have a low coefficient of thermal expansion (i.e., Invar 36) when compared to stainless

steel 316L and Ti-6Al-4V.

Chapter 8 summarizes the main contributions of this thesis and presents closing

remarks for future work.
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Abstract:

Invar 36 has gained considerable popularity in many industries, including the aerospace
industry, because of its low coefficient of thermal expansion. In this paper, a brief overview
for the research needs in metal additive manufacturing is presented. A thorough study for
the influence of process parameters on the quality of the parts produced is presented. This
study is beneficial for the long-term growth of the additive manufacturing industry. The
paper aims to select the process parameters that can be used to fabricate dense parts from
Invar 36 (UNS K93600) using the selective laser melting process. In this research, a group
of cubes was fabricated using different process parameters from Invar 36 powder using a
selective laser melting machine. The density, microstructures, and surface features of these
cubes were measured. Experimental observations were drawn from the results of the
preliminary analyses. The influence of the process parameters on the density of the parts

produced is discussed in this paper.

Keywords:
Selective laser melting; Invar 36 fabrication; Metal additive manufacturing; Aerospace

industry; Microstructure analysis; Density measurement.

Acronyms:

AM Additive manufacturing

CTE-a Coefficient of thermal expansion
FCC Face centered cubic

SLM Selective laser melting

PBF Powder bed fusion
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HIP
OFAT
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EDS
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Notations:

P

Ev

PD

Tm

Ta

Direct energy deposition

Electron beam melting

Hot isostatic pressing
one-factor-at-a-time

Scanning electron microscopy
Energy-dispersive X-ray spectroscopy

Analysis of variance

Laser power (W)

Laser scanning speed (mm/s)
Hatch spacing (mm)

Layer thickness (mm)

Laser energy density (J/mm?)
Point distance (mm)

Exposure time (s)

Stripe width (mm)

Stripe overlap (mm)

Beam offset (um)

Energy density of melting (J/mm?3)
Specific heat capacity (J/kg.K)
Density (kg/mm?)

Melting temperature (K)

Ambient temperature (K)
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e Energy ratio

Y Yield strength (MPa)

E Modulus of elasticity (GPa)
W Weight (kg)
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2.1 Introduction

This paper provides a brief review of various technologies for metal additive
manufacturing (AM). Metal AM processes are classified based on the state of the raw
material. It shows an overview of the research needs in AM for aerospace alloys. Invar 36
(UNS K93600), known as Fe-36wt%Ni alloy, is an iron-nickel alloy with a very low

coefficient of thermal expansion (CTE-a) as shown in Figure 2.1.
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Figure 2.1: Effect of nickel content on the coefficient of thermal expansion (CTE) [1].

The face centered cubic (FCC) structure of Invar 36 shows excellent toughness and
fair mechanical properties. Invar 36 has been used in the aerospace industry for
applications that require high dimensional stability since 1985. Subtractive processes have
been used to manufacture Invar 36 parts and components for a long time but these processes
are not suitable for very complex geometries. There is therefore a limitation on the use of
Invar 36 in some applications because maintaining its mechanical properties when welded

or otherwise joined is very difficult [1-4]. Recently, AM processes have been used to
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produce very complex geometries with acceptable mechanical properties. Finding the
optimal process parameters for fabricating each material and design is a big challenge [5-
7]. This paper illustrates the selection of the process parameters to produce dense parts of
Invar 36 using the selective laser melting (SLM) process. The microstructure and material
composition of the parts produced have been studied. The analysis obtained is helpful in
determining the capability of the SLM process for fabricating Invar 36 parts in industries

such as aerospace, automotive, etc.

2.2 Research background

2.2.1 Metal additive manufacturing processes

Material extrusion, direct energy deposition (DED), and powder bed fusion (PBF) are the
most commonly used processes for additive metal manufacturing [8]. SLM and electron
beam melting (EBM) are powder bed fusion processes. SLM is a powder bed process, in
which a metal powder is distributed and spread evenly to create a layer in a bed. Then, a
laser source is used to fully melt the powder layer by layer over the cross-sections of the
part [9]. Figure 2.2 shows a typical SLM process. The SLM process is available for many
metals and composites. It starts with the full melting of metallic powders to produce dense
objects layer by layer with certain mechanical properties like tensile strength, hardness,
elongation, etc. being comparable to traditionally produced bulk materials while properties
related to fatigue being considerably lower. The ability of the SLM process to fabricate
non-ferrous metals such as titanium, aluminum, and copper makes it beneficial for several
industries, especially aerospace and automotive [10, 11]. EBM is typically similar to SLM
except that an electron gun is used for melting preheated powder instead of using a laser
source for melting powder, which makes the EBM more powerful because the build rate in

EBM is faster than SLM. Also, EBM must take place in high vacuum [12].
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Figure 2.2: Overview of a typical selective laser melting process. [10, 13, 14]

The dimensional accuracy and surface finish in powder bed fusion are typically
better than those in material extrusion process because the resolution of material extrusion
processes is dictated by the wire diameter versus powder particle size [15-18]. Although
DED processes have the unique ability to repair metallic parts that cannot be repaired by
powder bed fusion processes (SLM and EBM) [19], they do not have the same ability to
produce beneficial mechanical properties like SLM and EBM [20]. Powder bed fusion
processes are commonly used for metallic applications, especially for complex designs.
EBM is currently the preferred process for fabricating metals, but it is limited by the
electrical conductivity of the material and component size due to the need to maintain a
high level of vacuum; however, SLM is more versatile [21]. Thus, SLM has been chosen

in this study to fabricate several aerospace alloys.
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2.2.2 Process parameters of selective laser melting (SLM)

Starting from the raw material, the powder grain size affects the density and consequently
the mechanical properties of the parts produced in a SLM process [22, 23]. Moreover, point
distance, exposure time, scanning speed, layer thickness, and building direction show a
strong influence on the quality of the parts produced; including surface microstructure,
fatigue strength, hardness, density, and surface roughness. These parameters should be
controlled during the fabrication process to get a reasonable surface finish and fair
mechanical properties [23-26]. The SLM process parameters include laser power (P),
scanning speed (v), point distance (PD), exposure time (), hatch spacing (h), stripe width
(w), stripe overlap (y), beam offset (0), and layer thickness (t) as shown in Figure 2.3. These

parameters define the laser energy density (Ey) as follows:

P
& _(Vxhxt) (2.1)

v=PD/6 (2.2)

where P is the laser power in (W), v is the scanning speed in (mm/s), h is the hatch spacing

in (mm), t is the layer thickness in (mm), and E, is the laser energy density in (J/mm?3).

The energy density required for melting a certain material (En) depends on the

thermal properties of the material and is estimated by the following equation:
E,=co(T,-T,) (2.3)

where c is the specific heat capacity in (J/kg.K), p is the material density in (kg/mm?3), Tn,
is the melting temperature in (K), Ta is the ambient temperature in (K), and En, is the melting

energy density in (J/mmd).
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Figure 2.3: lllustration of the SLM process parameters. (a) Top view and (b) side view of

a build layer.
A dimensionless ratio between the laser energy density and the required energy
density for melting can be defined as the (e) ratio. This ratio describes the relationship
between the energy density of the laser source and the energy required for melting the metal

powder.
e=E,/E, (2.4)

2.2.3 Density of additive manufacturing parts

AM parts differ from wrought or forged parts in that they can have a large number of
defects/stress risers including, but not limited to, voids either from gas pores or
imperfections, partially melted powder, lack of adhesion/pre-existing cracks formed

between subsequent printed layers, and powder particles stuck on the surface [27].
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Void formation in AM parts is one of the most challenging problems in this
industry. This impacts many applications, especially high stress and high fatigue
applications. These voids could be either gas pores or imperfections. The gas pores have a
spherical shape and come from the entrapment of gases in a build layer. However,
imperfections have a non-uniform shape and come from partially melted powder. The
amount of voids present in a part is dependent on the melting chamber as well as the process
parameters, especially the laser source and melting energy [28, 29]. The following methods

are suggested in the literature to reduce void formation:

1. Efficient drying of the powder and tight control of the process parameters [29]

2. Increasing the laser power for processing materials with high reflectivity and low
energy absorption [30]

3. Experimenting with the scanning speed, scanning paths, and overlap for
controlling the type of the pores and reducing the amount of pores [31]

4. Hot isostatic pressing (HIP) of the AM parts for porosity elimination, fatigue

damage refinement, powder compaction, and material joining enhancement [32]

The mechanical behaviors of the AM parts are significantly affected by the amount of voids
formed between the layers during the process, as well as the residual stresses in those parts.
The tensile strength, fatigue strength, and ductility are strongly affected by pore size. The
fatigue crack growth is influenced by the residual stresses [33, 34]. A study showed that
the microstructure of AM parts has a significant effect on the mechanical properties such
as fatigue behavior, mechanical strength, percent elongation, etc. The microstructure of the
AM parts is influenced by the imperfections formed during the process and/or the post-
processing. Thus, the mechanical properties could be enhanced by controlling the process

parameters or by heat treatment. Although AM parts show better mechanical properties
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than cast parts, they still have a lot of challenges due to the presence of pores and anisotropy
[35, 36]. In the SLM process, the steep thermal gradients as well as fast solidification have
a negative effect on the mechanical properties. Recently, most AM research has focused
on enhancing the mechanical properties of metals through heat treatment procedures,
especially for aluminum and titanium alloys [37, 38]. HIP processes and heat treatments
have also been used to reduce the voids as well as the residual stresses, and consequently,
to enhance mechanical properties [39]. Oftentimes, there are also micro-cracks that are
formed during the SLM process either from separation between two subsequent layers or
due to the large thermal gradients associated with the heat energy added when melting
nearby powder and/or contraction due to solidification and subsequent cooling of a region
of the part [40]. These cracks can be controlled and/or eliminated by optimizing the process
parameters. They also may be controlled by modifying the material composition to increase
the thermal shock resistance. Thus, a clear understanding of the relationship between

process parameters and quality of the parts produced is recommended.
2.3 Experimental design

2.3.1 Design range for the SLM process parameters

In this paper, a specific range for each process parameter was suggested based on a
preliminary energy density calculation. In reference [7], Invar 36 samples were fabricated
using a concept laser CL M2 machine. The effect of increasing the scanning speed of a
SLM system on the porosity, microstructure, and mechanical properties of the parts
produced was studied. The authors did not study other parameters such as laser power,
hatch spacing, stripe width, and stripe overlap. Their results were taken into consideration
throughout this study. Table 2.1 illustrates the specifications of the powder that was used

in reference [7] and the current study. The SLM process parameters that would be used to
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fabricate Invar 36 parts with high density are not defined in the literature. The process
parameters for fabricating dense components from 18Ni (300) maraging steel (UNS
K93120) powder were experimentally defined and suggested by the supplier. As shown in
Table 2.2, the material composition of Invar 36 is very close to that of maraging steel. It is
noted that the thermal properties are similar in both materials except for the coefficient of
thermal expansion. Table 2.3 illustrates the material properties of maraging steel and Invar
36 where p is density, T is melting temperature, k is thermal conductivity, c is specific
heat capacity, o is coefficient of thermal expansion, Y is yield strength, and E is modulus
of elasticity. The authors assumed that the coefficient of thermal expansion would have a
strong influence on the induced residual stresses but a minor influence on the density and
other mechanical properties. Thus, the SLM process parameters set for maraging steel
fabrication was used as an initial estimate to optimize the SLM process parameters for
fabricating the Invar 36 components with a high density. P is the laser power in (W), v is
the scanning speed in (mm/s), h is the hatch spacing in (mm), w is the stripe width in (mm),
v is the stripe overlap in (mm), ¢ is the beam offset in (um), and t is the layer thickness in
(um). Table 2.4 shows the process parameter set that was used in reference [7] for the Invar
36 fabrication process using a CL M2 machine as well as the parameter set for fabricating
dense maraging steel components using a SLM machine. These two sets of parameters

were used to define a specific range for each parameter as follows:

1. Use the process parameters of maraging steel fabrication as a reference.

2. Change one parameter at a time while keeping the other parameters fixed, based
on a one-factor-at-a-time (OFAT) design.

3. Define threshold values for each parameter based on reference [7].

4. Calculate the energy ratio e in each case and compare the values.
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Table 2.1: The Invar 36 powder used compared with reference [7].

Source Supplier Powder size Machine Laser source
Reference [7] TLS Technik 25-50 um SLM machine Nd, YAG laser
Current study | Sandvik Osprey 15-45 pm SLM machine Yb fiber laser

Table 2.2: Material composition of maraging steel and Invar 36 powder.

Maraging steel powder (wt%)

Fe Ni Co Mo Ti Cr Cu Mn Si Al C P&S
Bal. | 17-19 |8.5-9.5|4.5-5.2|0.6-0.8| <0.5 | <0.5 | <0.1 | <0.1 | <0.15 | <0.03 | <0.02
Invar 36 powder (Wt%)
Fe Ni Mn Si C
Bal. [35.5-36.5 <0.5 | <0.25 <0.02
Table 2.3: Material properties of maraging steel and Invar 36 alloys.
Propert P Tm k ¢ ¢ Y E
PETY 1 (kg/m®) | C) | WimK) | (kgK) | (m/mK?Y) | (MPa) | (GPa)
Mi:ggl'”g 8100 1413 15 450 | 8.6x10° | 1000 180
Invar 36 8050 1427 10.5 515 =0 248 141
Table 2.4: The designed range for each process parameter.
Parameter PMW) | v(mm/s) | h(mm) | w(mm) | y(mm) 0 (um) t (um)
Reference [7] 400 1800 — 0.30 Not mentioned 30
4300
Maraging 285 960 0.11 10 0.08 55 40
steel
150 —
A 370 960 0.11 10 0.08 55 40
700 —
B 285 3000 0.11 10 0.08 55 40
Families | C | 285 960 | "5 | 10 0.08 55 40
D 285 960 0.11 7 —10 0.08 55 40
0.06 —
E 285 960 0.11 10 010 55 40
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Based on the above procedure, a specific range for each process parameter was
defined as shown in Table 2.4 and Figure 2.4 forming five different families to study the
influence of laser power, scanning speed, hatch spacing, stripe width, and stripe overlap,
respectively. The first family (A) involved varying the laser power from 150 to 370 W, the
second family (B) varied the scanning speed from 700 to 3000 mm/s, the third family (C)
varied the hatch spacing from 0.08 to 0.32 mm, the fourth family (D) varied the stripe width
from 7 to 10 mm, and the fifth family (E) varied the stripe overlap from 0.06 to 0.10 mm.
Figure 2.4a shows that increasing the laser power increases the energy ratio (this means
that the energy density of the laser will increase). However, increasing either the scanning
speed or the hatch spacing decreases the energy ratio as shown in Figure 2.4b and c. The
stripe width and stripe overlap do not have any effect on the energy ratio because they do

not have any influence on the energy density of the laser.

2.3.2 Experimental design for the SLM process parameters

The OFAT method was used to design the experiments for studying a wide range of each
individual process parameter and its effect on the density, microstructure, and material
composition of the parts produced. Although the OFAT method will not show the
interactions among the factors, it will allow testing multi-factors at multiple levels as well
as a wide range of each factor (process parameter). Using the designed range, the 45
different groups as prepared are shown in Table 2.5. Family A consists of 7 groups to study
the laser power, family B consists of 19 groups to study the scanning speed, family C
consists of 13 groups to study the hatch spacing, family D consists of 3 groups to study the
stripe width, and family E consists of 3 groups to study the stripe overlap. Group CD

represents the parameters set for fabricating maraging steel which was included in family
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C during fabrication but was included in all families during the analysis. Each group was

marked with two letters; the first represents the family and the other represents the group.
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Figure 2.4: The energy ratio e at different parameter sets of (a) laser power, (b) scanning

speed, (c) hatch spacing, (d) stripe width, and (e) stripe overlap. Each plot shows the

parameter sets available for Invar 36 (from reference [7]), maraging steel, as well as the

designed sets in the current study.

Table 2.5: Parameter sets of the fabrication groups (45 groups).

P (W) v (mm/s) h (mm) w (mm) v (mm)
AA 150 BA 700 CA 0.08 DA EA 0.06
! ! ! ! v ! DB CD | 0.8
CD 285 CD 960 CD 0.11 oC 9 B 0.09
l ! 1 ! l 1 :
AG 370 BZ 3000 CcO 0.32 CD 10 EC 0.1
7 Groups 19 Groups 13 Groups (with CD) 3 Groups 3 Groups
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2.4 Experimental work

2.4.1 Material and machine

Invar 36 powder, supplied by Sandvik Osprey UK, was used to fabricate samples for
density measurement and microstructure analysis. The size range of the powder was 15-45
um and the powder was manufactured by inert gas atomization. A SLM machine (EOS
M290) was used to fabricate 225 cubes (5 cubes in each group of parameter sets) with a
nominal size of 10x10x10 mm. The cubes were fabricated directly to the build plate. The
contouring parameters were deactivated during the fabrication process so that only the

hatching parameters were considered.

2.4.2 SLM processing

After melting a few layers, the recoater arm started to vibrate causing non-uniform
distribution of the metal powder in some groups. This problem occurs when the recoater
arm bumps over the edge of an improperly melted layer and causes vibration, this is
unacceptable. This vibration is present at excessively high energy levels [41]. Vibration
was found in groups AF (P =350 W), AG (P = 370), and EC (y = 0.10 mm), which are the
groups at the upper and lower boundaries of the A and E families respectively as shown in
Figure 2.5a. Once vibration was observed, the build process was stopped and build plate
removed. The process was restarted on a new build plate without these group’s build
parameters. Figure 2.5b shows the cubes as-built before being removed from the build
plate. The cubes did not undergo any post-processing procedures and were removed using

a band saw with coolant applied to keep the temperature low.
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Figure 2.5: (a) The first build plate with the groups that caused vibrations. (b) The second

build plate after deactivating the groups at the boundaries.

2.4.3 Density measurement

There are several non-destructive techniques used for measuring the amount of porosity
within AM parts such as mass/volume measurement, Archimedes method, X-ray computed

tomography (CT) scan, ultrasonic pulse-echo velocity technique, etc. [42].

The density of each cube was measured using Archimedes method. Each cube was
weighed twice using a scale; the first time directly on the scale (W1) and the second time
immersed in distilled water (W2) in order to obtain the apparent immersed weight. The
density of each sample was calculated using:

Wi

= X——
P = Pu W1-W2

(2.5)

The resolution of the scale was +0.01 g, water density (pw) was 1 g/cm?, and Invar
density (psuik) Was 8.05 g/cm?®. The relative density of each cube was calculated using the

following formula:
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p%=—L—% (2.6)
Paulk

The density error (Ap) was calculated based on the scale error (AW1= AW2 =0.01).
Using the propagation of error effect, the following formula was used to calculate the

density error:

2

Alez J(aw1y +(aw2)
+ (2.7)

Ap=px
p=p (Wl W1-W?2

Groups BY (v = 2500 mm/s) and BZ (v = 3000 mm/s) were dropped from the
analysis because significant amounts of air bubbles were present in the parts due to internal

voids. These two groups were at the lower boundary of the B family build parameters.

2.4.4 Surface microstructure and material composition

The surface morphology and material composition of the fresh (virgin) Invar 36 powder
were analyzed using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS). The results were compared to those obtained in non-virgin powder
after processing. The surface microstructure and material composition of the fabricated
cubes were studied. The analysis was performed for one cube from each group (45 cubes
were analyzed). The microstructural analysis included the morphology, topography, and
chemical contrast of the surfaces. The analysis was performed on the side of the cubes to
investigate the crack initiation between subsequent layers. However, extra images were

taken on the upper surface of specific cubes for comparison.
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2.5 Results and discussion

2.5.1 Density of selective laser melted Invar 36
The relative density as well as the density error of each cube were calculated based on the
weight measurements. The following observations were noted during the density

calculations:

1. The density (relative density) error varies between 0.09 g/cm® (1.10%) to 0.10
g/cm?® (1.26%), so the maximum relative density error is +1.26%.

2. The density (relative density) tolerance within the same group varies from 0.02
g/cm?® (0.30%) to 0.12 g/cm?® (1.46%).

3. The maximum recorded density (relative density) is 7.98 g/cm?® (99.07%) in sample
CA3 (h =0.08 mm) and sample BA4 (v = 700 mm/s).

4. The minimum density (relative density) is 7.07 g/cm? (87.84%) in sample CO5 (h

=0.32 mm).

For each family, the relative density of each cube was examined against the process
parameter that was varied throughout this family as shown in Figure 2.6. The influence of
laser power, scanning speed, hatch spacing, stripe width, and stripe overlap on the relative

density of Invar 36 was studied. From the results, it was observed that:

1. Increasing the laser power increases the density (less voids) until reaching a
maximum point in which the density will start to decrease due to over melting (the
maximum point is 271 W in the current study) as shown in Figure 2.6a.

2. Increasing either the scanning speed or the hatch spacing decreases the density as

shown in Figure 2.6b and Figure 2.6c.
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3. The stripe width and stripe overlap do not have any effect on the density as shown

in Figure 2.6e and Figure 2.6f.
As defined in Section 2.2.2, the laser energy density is dependent on the laser power,
scanning speed, and hatch spacing. The laser energy increases with the increase of laser
power and/or the decrease of the scanning speed and hatch spacing. The laser energy
density was calculated for each cube and the relative density was plotted against it as shown

in Figure 2.6d.

Pearson and Spearman correlation tests [43] were conducted between each process
parameter and the resultant relative density using Minitab software. The tests show the
linear and monotonic dependency of the relative density on the process parameters. Table
2.6 shows the correlation coefficient and p-value for the association between each

parameter and the relative density.

From the correlation tests, it is concluded that the laser power, scanning speed, and
hatch distance have a strong influence on the density of the parts produced (high
coefficients and p-value less than 0.05). In contrast, the stripe width and stripe overlap have

a negligible effect (low coefficients and p-value greater than 0.05).

One-way analysis of variance (ANOVA) was conducted to study the proposed
relationship between the response variable (relative density) against each factor (process
parameter). Table 2.7 summarizes the ANOVA results. These results showed that the laser
power, scanning speed, and hatch spacing (combined in the laser energy density) are

significantly affecting the relative density of the parts produced.
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Figure 2.6: Influence of the SLM process parameters on the relative density of Invar 36.
(a) Laser power. (b) Scanning speed. (c) Hatch spacing. (d) Laser energy density. (e) Stripe

width. (f) Stripe overlap.
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Table 2.6: Summary of the correlation results between the process parameters and the

relative density.

Dependent Pearson correlation Spearman correlation

variable Process parameter r p-value Rho_ p-value
coefficient coefficient

Laser power P (W) 0.862 0.000 0.637 0.000
Scanning speed v (mm/s) -0.932 0.000 -0.898 0.000
dFéf]':i‘:;"; Hatch spacing h (mm) -0.970 0.000 -0.960 0.000
(%) Stripe width w (mm) -0.390 0.089 -0.427 0.061
Stripe overlap y (mm) 0421 0.118 0.435 0.105
Energy density E, (J/mm?) 0.786 0.000 0.872 0.000

Table 2.7: Summary of the ANOVA results between the process parameters and the
relative density.

Factors Levels Values
6 150, 200, 250, 275, 285, 300
Analysis of variance (ANOVA)
plo_v?/zerrP Source DF | Sum ofsquares | Mean of squares | Fvalue | p-value
(W) Laser power 5 0.001455 0.000291 31.48 0.000
Error 24 0.000222 0.000009
Total 29 0.001677
18 700, 750, 800, 850, 900, 950, 960, 1000, 1100, 1200, 1300, 1400,
1500, 1700, 1800, 1900, 2000, 2200
. Analysis of variance (ANOVA)
Scannin
g speed v Source DF | Sumofsquares | Mean ofsquares | Fvalue | p-value
(mm/s) | Scanning speed | 17 0.013519 0.000795 68.38 0.000
Error 72 0.000837 0.000012
Total 89 0.014356
13 0.08, 0.09, 0.10, 0.11, 0.12, 0.13, 0.16, 0.19, 0.22, 0.25, 0.28,
0.30, 0.32
Hatch Analysis of variance (ANOVA)
spacing Source DF | Sumofsquares | Mean of squares | Fvalue | p-value
h (mm) | Hatch spacing | 12 0.075488 0.006291 297.49 0.000
Error 52 0.001100 0.000021
Total 64 0.076588
23.2,24.7,26.5,29.4,29.7,32.4, 33.8, 34.1, 35.5, 36.0, 38.1, 39.1,
35 43.2,46.3,46.4,47.3,49.8,54.0,57.1, 58.9, 59.2, 61.8, 64.8, 65.1,
67.5,68.2,71.0,72.0, 74.2, 76.2, 81.0, 82.5, 86.4, 92.5, 92.8
Egr?g%// Analysis of variance (ANOVA)
E, Source DF | Sum of squares | Mean of squares | F value | p-value
(I/mm?3) | Energy density | 34 0.113479 0.003338 223.95 0.000
Error 165 0.002459 0.000015
Total 199 0.115938
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To study the expected interactions between the individual parameters, every two

parameters were examined together as shown in Figure 2.7. From the analysis of the laser

energy density, the following observations were made:

1.

Increasing the laser energy density increases the density (and consequently the
relative density) of the parts produced.

For laser energy density from 20 to 60 J/mm?3, the relative density of Invar 36 parts
increased from 89% to reach 98%.

High relative density (99%) was observed at a laser energy density of
approximately 60-75 J/mm?3. At that energy level, the material reached a saturated
limit and became fully melted and dense.

Starting at a laser energy density of approximately 75 J/mm?3, high values of
residuals were observed.

In the SLM process, the laser energy density is a good parameter for studying the

material properties because it includes most of the effective process parameters.

Family A showed that the maximum relative density is predicted to be 98.24% at process

parameters (P = 271 W, v = 960 mm/s, and h = 0.11 mm) but family B predicted a

maximum of 98.22% at process parameters (P =285 W, v = 700 mm/s, and h = 0.11 mm).

Family C predicted the highest relative density of 98.43% at process parameters (P = 285

W, v =960 mm/s, and h = 0.08 mm).

2.5.2 Surface microstructure

In addition to the density, it was found that the laser power, scanning speed, and hatch

distance have a strong influence on the microstructure of the parts produced. From the

microstructure analysis, it was observed that increasing the laser energy density reduces

the amount of surface voids and increases the material packing factor during the melting
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process as shown in Figure 2.8a-c. If the laser energy density exceeded the “optimum”

range during the melting of a certain layer, the layer would be over melted and the molten

metal would spill over the sides, leaving marks on the preceding layers as shown in Figure

2.8d.
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Figure 2.7: Influence of the SLM process parameters on the relative density of Invar 36.

(a) Laser power and scanning speed. (b) Scanning speed and hatch spacing. (c) Laser power

and hatch spacing.
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Voids Increases Optimum Over Melting

Magnification 1000x
(a) (b) (c) (d)

Figure 2.8: Microstructures of the side surfaces of some cubes at (a) low energy density
with more voids (cube CL5), (b) energy density required for maraging steel (cube EB3),
(c) optimum energy density with less voids (cube BD5), and (d) high energy density with
no voids but geometrical distortion (cube BA5).

From the microstructure analysis, it is concluded that:

1. Atalow energy density, the densities of the parts produced were very low due to
the internal voids that were formed during the melting process. In this case, the
powder was not fully melted. It is reasonable to expect that the melting pool size
was very small and the laser energy density was not enough to melt all of the
distributed powder in the immediate area.

2. Atavery high energy density, the surface showed footprints of spilled over molten
metal. This molten metal on the surface supports the conclusion that the layers
were over melted.

3. At the laser energy density of 60-75 J/mm?, the densities of the parts produced

were at their greatest value and the surface showed less metal being spilled over.
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By performing the SEM analysis on the top surface, the results revealed the same evidences
as shown in Figure 2.9. It was also clear that any combination of process parameters that
have the same laser energy density showed similar microstructures (and similar densities).
The microstructure analysis (see Figure 2.8 and Figure 2.9) showed that porous parts are
produced at a laser energy density lower than 60 J/Jmm?3. For energy densities higher than

approximately 75 J/mm?, over melted parts with high distortions are observed.

Voids Increases Optimum Over Melting

(a) (b) (c) (d)

Figure 2.9: Microstructures of the top surfaces of some cubes at (a) low energy density
with more voids (cube CO4), (b) energy density required for maraging steel (cube CD3),
(c) optimum energy density with less voids (cube CC1), and (d) high energy density with

no voids but geometrical distortion (cube CAb).

The state of the metal powder is another factor that may affect the optimum laser
energy density. It was observed that virgin powder required an optimum laser energy
density to be fully melted, which may be different from the amount that is required when

processing recycled powder. Figure 2.10a-c shows the microstructure of fresh Invar 36
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powder, Invar 36 powder after fabrication, and maraging steel powder recycled many
times. The analysis showed that the size of the powder would be different and irregular
after recycling as well as the surface of the powder would have micro-cracks (as shown in
case of maraging steel). The effect of powder recycling on the optimum energy density is

recommended for future work.

(a) (b) (c)

Figure 2.10: Microstructures of (a) virgin Invar 36 powder, (b) Invar 36 powder after one

build, and (c) maraging steel powder after many builds.
2.5.3 Material composition
The material composition of the parts did not show that much difference from the wrought

material except for the following observations:

53



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

1. At a very low energy density, the parts showed irregular distribution of the
elements, which means that some particles were not fully melted enough to be
evenly distributed.

2. At a very high energy density, some parts showed less Ni content than the rest.
This loss in Ni can be attributed to either microsegregation of Ni or vaporization
and ejection of some Ni particles from the melting pool during the process. These
elements will be converted into soot, this phenomenon is commonly observed
during the laser welding process. For such a material (i.e., Invar 36), the Ni content
is an important factor for achieving the desired near zero CTE.

3. Evidence of a few inclusions in the SLM Invar 36 cubes. These inclusions might
be contaminations if the parts were fabricated after a light material (e.g., aluminum
and titanium) was processed in the machine.

It is concluded that any excessive amount of heat in the melting pool may cause some other
elements to be splashed around inside the melting chamber and form soot. A small amount
of heat in the melting pool would cause partially melted powder and thus voids to be formed

[44, 45].

2.5.4 Effect of laser energy density

In the SLM process, the laser energy density includes most of the effective process
parameters that affect the mechanical properties and density. It is a function of the laser
power, scanning speed, hatch spacing, and layer thickness. Empirically, it was shown that
increasing the laser energy density increases the density and reduces the internal voids in
the parts produced. These results correspond with some research results from the literature
involving different materials [22, 46-50]. Furthermore, the laser energy density combined

with the thermal properties of the material affected the quality of the produced parts and
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the induced residual stresses. The melting pool size depends on the amount of energy
coming from the source and the thermal properties [48, 49]. In conclusion, the effect of

increasing the laser energy density is as follows:

1. Increasing the energy density increases the density and reduces void formation
because it maintains full melting of the powder.

2. The use of a massive amount of energy generating a very high density will cause
high thermal stresses and form a large amount of tensile residual stress.

3. Very high energy density will also cause either microsegregation or vaporization
of some elements at their vaporization temperature and eject those elements from
the melting pool which will affect the composition of the parts produced.

4. A lower energy density will cause the formation of partially melted powder
particles inside the parts produced.

Hence, an optimized range of laser energy density needs to be determined for each material
based on experimental verification as shown in Figure 2.11. Optimizing the process

parameters for different materials is one of the biggest challenges in the AM sector.

F
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Figure 2.11: Relationship between the optimum laser energy density and the quality of the

parts produced.

55



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

2.5.5 Recommended sets of SLM process parameters for Invar 36

Based on the energy density calculations, the set of process parameters corresponding to
the maximum density in each family (A, B, and C) showed high relative density
(approximately 99%). The “optimum” range of laser energy density for fabricating dense
components from Invar 36 was between 60 to 75 J/Jmm3. The laser energy density for
fabricating dense maraging steel was 67.5 J/mm?2. Although the thermal conductivity of
Invar 36 is less than that of maraging steel, they require similar or close energy densities
to be fully melted because the energy density depends on a combination of several material
properties. Table 2.8 shows the three sets of process parameters corresponding to the
maximum density in the three families (A, B, and C). A very high energy density is not
recommended because it may affect the performance of the parts produced (over melting)

and result in a lower density than expected.

The laser energy density is function of laser power, scanning speed, and hatch
spacing. Various combinations of these parameters, which have similar laser energy
densities, were grouped and the corresponding relative densities were plotted. It is observed
that the densities of the parts produced were dependent on the laser energy density for all
combinations of these three parameters. As shown in Figure 2.12, the groups that had the
same energy densities showed similar relative densities and similar microstructures.

Table 2.8: Recommended sets of SLM process parameters for fabricating dense Invar 36
components.

Set number P(W) | v(mm/s) | h(mm) | t(mm) | E,(J/mm?3) Within the
1 300 940 011 | 0.04 72.53 “optimum” range
of laser energy
2 285 880 0.11 0.04 73.61 density (60-75
3 285 960 0.10 0.04 74.22 J/mm?3)
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Figure 2.12: Effect of laser energy density on the relative density of the parts produced for
different sets of SLM process parameters.

2.6 Conclusions

The purpose of this paper was to determine and recommend sets of SLM process
parameters for fabricating Invar 36 components and structures with high density. Invar 36
is commonly known in the aerospace industry for its low thermal expansion coefficient. It
has been used in different applications that require high dimensional stability. In this
extensive study, a complete analysis for the influence of SLM process parameters on the
density of the parts produced from Invar 36. Maraging steel 18Ni (300) was used as a

comparator for this study.

The study showed that the laser energy density has a strong influence on the
density of the parts produced. As the energy density increases, the density increases until
reaching a certain limit associated with melting. After that, the part quality starts to
deteriorate due to thermal stresses and induced residual stresses. The analysis showed that

Invar 36 needs a set of SLM process parameters that can generate approximately between
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60 to 75 J/mm?® of laser energy density to be fully melted (maraging steel needs around
67.5 J/mm?3). Although Invar 36 has a lower value of thermal conductivity than maraging
steel, this higher level of energy density is attributed to the fact that Invar 36 has a higher
melting temperature than maraging steel. Thus Invar 36 needs high laser energy to be fully

melted.

The recommended energy density range that results in high part density and better
microstructure may affect other factors. These factors include residual stress, tensile
strength, percent elongation, hardness, etc. Hence, additional tests are needed to analyze
other influencing factors. These tests should provide the optimum range of the laser energy
densities that would result in complete melting of Invar 36 without deteriorating its

performance.
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Abstract:

Metal additive manufacturing has employed several technologies and processes to advance
from rapid prototyping to rapid manufacturing. Additive manufacturing technologies
compete with traditional manufacturing methods through their ability to produce complex
structures and customized products. This paper aims to study the characteristics of stainless
steel 316L (UNS S31603) parts produced using a selective laser melting machine. In the
aerospace industry, turbine blades are typically manufactured from nickel-based alloys,
titanium alloys, and stainless steels. Several geometries typical of airfoil blades were
examined. The main goal is to investigate the material characteristics and surface features
of the airfoil blades. The study included the geometrical errors, surface microstructures,
material compositions, material phases, and residual stresses of the samples produced. The
characteristics of the parts produced were investigated based on experimental observations.
The paper also discusses the influence of the part dimension and orientation on the profile

error, surface microstructure, and residual stress.

Keywords:
Metal additive manufacturing; Stainless steel 316L; Surface microstructure; Residual

stress; Phase transformation; Selective laser melting; Aerospace industry.

Abbreviations:

AM Additive manufacturing
SLM Selective laser melting
YFL Ytterbium fiber laser
XRD X-ray diffraction
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CMM Coordinate measuring machine
SEM Scanning electron microscopy
EDS Energy-dispersive X-ray spectroscopy
FCC Face-centered cubic

BCT Body-centered tetragonal

CAD Computer-aided drafting

STL Stereolithography

LPB Lower prediction boundary
UPB Upper prediction boundary
Notations:

P Laser power (W)

v Laser scanning speed (mm/s)

h Hatch spacing (mm)

t Layer thickness (mm)

Ev Laser energy density (J/mm?)
PD Point distance (mm)

0 Exposure time (s)

w Stripe width (mm)

Y Stripe overlap (mm)

0 Beam offset (pum)

o Effective diameter of laser beam (mm)
FP Focal position (mm)

D Leading edge diameter (mm)
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S1

S2

Trailing edge diameter (mm)
Center distance (mm)
Inclination angle (degree)
X-ray elastic constant 1

X-ray elastic constant 2
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3.1 Introduction

ASTM International [1] defines additive manufacturing (AM) as “the process of joining
materials to make objects from 3D model data, usually layer upon layer, as opposed to
subtractive manufacturing methodologies.” Over the last decade, AM has been used for
metal fabrication in many industries, including aerospace and automotive [2, 3]. AM
processes have been developed to produce complex, customized, and cost-effective
components with acceptable mechanical properties. However, metal AM still has many
challenges in industries that require high quality manufacturing, especially in the aerospace
industry. Stainless steel 316L (UNS S31603) has an advantage over other stainless steels
because it contains nickel and molybdenum elements that increase its corrosion resistance.

It also has a relatively low carbon percentage so it has better welding characteristics [4].

Turbine blades have been produced using materials that have high temperature
resistance, corrosion resistance, fatigue strength, tensile strength, and bending strength.
Nickel-based alloys, titanium alloys, and stainless steels are commonly used for turbine
blades [5-7]. AM processes allow the manufacture of conformal cooling channels in turbine
blades [8-10]. A previous study [11] showed the characteristics of various turbine blades
manufactured from different aerospace alloys including stainless steel 316L. Another study
[12] showed the additive manufacturing of turbine blades with conformal cooling channels
using stainless steel 316L and Inconel 718. Stainless steel 316L has shown good
weldability and has gained popularity in AM applications. The thermal stresses that are
introduced during the selective laser melting (SLM) process cause flaws and residual
stresses in the parts produced. Several studies were performed to characterize the density
and mechanical properties of stainless steel 316L samples produced by the SLM process.

Some of these studies included the effect of different powder grades [13, 14], process
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parameters [15-18], and part orientation [19, 20] on the mechanical properties and material
characteristics of the parts produced. Other studies covered the material composition and
corrosion resistance changes that occur during the SLM of stainless steel 316L [15, 20-22].
It can be concluded from the literature that the following parameters/factors are
significantly affecting the mechanical properties and surface quality of the stainless steel

316L parts produced by the SLM process [13-22].

1. SLM process parameters (e.g., laser power, scanning speed, scanning strategy, etc.)

2. Powder characteristics (e.g., particles distribution, particles size, etc.)

3. Part design and dimensions

4. Part location on the build plate
The research presented in this study investigates the material characteristics and surface
features of simplified airfoil blades produced by SLM process. The design of the blades is
a realistic AM application that could be used to study the staircase effect which delineates
the differences between the surface features of the top and bottom layers. The effect of the
part location (on the build plate) on the material characteristics of the parts produced by
SLM is also evaluated. The paper examines the surface defects, profile error,
microstructure, material composition, material phases, and residual stress of parts produced

from stainless steel 316L. The main causes of these defects are discussed in the paper.

3.2 Selective laser melting process

SLM is an AM process that belongs to powder bed processes. The process starts with
distributing a metal powder in a bed, then melting predefined sections using a focused laser
beam. The process is repeated by lowering the build plate and melting another layer until
all the layers have been built [3, 23]. Figure 3.1 shows a typical SLM process as mentioned

in reference [24].
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Figure 3.1: Overview of a typical selective laser melting (SLM) process [24].

As opposed to wrought parts, SLM parts can have stress risers such as internal
voids, partially melted powder, and powder particles stuck on the surface, and there is the
potential for cracks between layers [24, 25]. The SLM process generates highly localized
changes in both heating rate during the powder melting and cooling rate during the part
solidification process. These thermal changes cause thermal stresses, and consequently
cause residual stress in the resulting parts. These residual stresses significantly affect the
mechanical properties and dimensional accuracy of the parts produced [26-33]. The
following methods are suggested in the literature to reduce the amount of residual stress in

the SLM parts:
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1. Heat treating the parts for residual stress reduction [26, 27, 33].
2. Preheating the build plate before melting the powder to limit the temperature
difference from one layer to another [26, 27, 33].
3. Controlling the part location on the build plate and the process parameters for
controlling the heating and cooling rates to reduce the residual stress formation
[26, 28, 29, 32, 33].
Residual stress can be measured using different methods such as layer removal method
[26, 29], crack compliance method [27, 31, 34], hole drilling method [28, 31], contour
method [35], sectioning method [35], neutron diffraction [36], X-ray diffraction (XRD)
[30, 37], and indentation correlation method (hardness test) [38]. Previous studies showed
that the amounts of residual stress in the parts produced is influenced by the process
parameters [26, 32, 33], part dimensions [27, 29, 31], part location on the build plate [28],
part removal [27], and post processing [32, 33]. The residual stress differs from one layer
to another in the build direction as well as its distribution in the build direction differs from

that in the scanning direction [30, 31, 37, 38].

As shown in Figure 3.2, the laser system generates a peak power (P) on a certain
spot for a fixed exposure time (4). Then, the laser moves a distance, called point distance
(PD), to a consecutive spot on the scan line (hatch line). The average scanning speed (v)
equals the point distance divided by the exposure time as shown in Equation (3.3). At the
end of each scan line, the laser moves a distance, called hatch spacing (h), to apply
exposures on another scan line. The width of each scan line is called stripe width (w) and
the overlap between each two lines is called stripe overlap (y). After finishing one layer,
the build plate moves down a given distance called the layer thickness (t). The focal

position of the laser system controls the laser effective diameter (¢) and the beam offset
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(0). For a SLM machine that operates with a pulsed wave emission, these parameters define

the volumetric energy density of the laser (Ey) [24, 39-41].

Point Distance (PD)—| Scanning Speed (v)
Laser Beam
i =
Diameter (¢) m Exposure Time (6)
Laser Power (P) SI;::‘li-:g
()
[ Stripe Width (w) R
t |
——— Hatching
Stripe Contouring Beam
Overlap — — — Path of Laser Beam Centre Offset (9)
® J
(a) Top View :
Layer
Thickness (1)
(b) Side View T

Figure 3.2: The SLM process parameters. (a) Top view and (b) side view of a build layer [24].

P .
E,=—— inthe hatch ste
v (Vxhxt) P (3.1)
P . .
E,=—— inthecontouring step (3.2)
(vxgpxt)
v=PD/@ (3.3)

where P is the laser power in (W), v is the average scanning speed in (mm/s), h is the hatch
spacing in (mm), t is the layer thickness in (mm), ¢ is the effective laser diameter in (mm),

and E, is the laser energy density in (J/mm3).
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This paper investigates the profile errors and surface microstructures of the
stainless steel 316L parts produced by the SLM process. The residual stress distribution
among the scanning and build directions has been measured using the XRD method. A
correlation between the surface microstructure and residual stress distribution has been

made.

3.3 Experimental work

3.3.1 Partdesign

Simplified airfoil blade geometries were selected for this study. The dimensions of a typical
airfoil blade were simplified into inclination angle, center distance, and leading-edge
diameter and trailing-edge diameter as shown in Figure 3.3. Four groups of samples A-D
were designed, and each group consisted of nine samples as shown in Figure 3.4. These
groups were used for studying the effect of two factors: (i) part dimensions; and (ii) part
location on the build plate. Group A to study the inclination angle, group C to study the
center distance, and group D to study the thickness (trailing- and leading-edge diameters).
Group B consists of identical samples to study the part location on the build plate. Table
3.1 illustrates the dimensions of the samples in each group.

~ Leading Edge ~_Trailing Edge
/ Diameter (D) / Diameter (d)

—
Center g U N Inclination
Distance (C) e . Anglc (o)

7

Figure 3.3: A simplified airfoil blade.
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Figure 3.4: Dimensions of the designed samples and build plate.
Table 3.1: Dimensions of the designed samples.
Grou Inclination angle o | Center distance C Leading edge Trailing edge
P (degree) (mm) diameter D (mm) diameter d (mm)
A 0° — 40° 20 5 1
B 0° 20 5 1
C 15° 15— 55 5 1
15° 20 3—>5 1
D 15° 20 6—8 2
15° 30 9—11 3

3.3.2 Material and machine

The samples were produced from stainless steel 316L powder (supplied by Renishaw
Canada) using a Renishaw AM250 machine. The machine is equipped with a 200-watt
ytterbium fiber laser (YFL). The powder particles were spherical and the grain size was
15-45 um. The powder was manufactured using a gas atomization process. Table 3.2 shows
the powder composition as provided by the supplier. The samples were built directly to the

build plate without supports. Each layer was built in three different steps: hatching,
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contouring, and finishing. The most commonly used strategies for laser scanning in SLM
are meander, stripe, chessboard, and spiral as shown in Figure 3.5. Both the stripe and
chessboard scanning are used for large cross section areas while spiral scanning is
commonly used for inhomogeneous cross sections. Hence, for this study the designed parts
were fabricated using a meander-like scanning pattern as the cross section is small and
homogeneous. In the hatching step, a certain area is melted according to a meander
scanning strategy. Then, the profile of this area is re-melted in the contouring step. The
finishing step is also performed to smooth the outside surface of the parts produced. Table
3.3 shows a list of SLM process parameters that have been reported in the literature. The
laser power, scanning speed, layer thickness, and hatch spacing were approximately 50-
400 W, 100-1600 mm/s, 40-60 um, and 80-130 um, respectively. Based on these values
and the experimental recommendations from the supplier, a laser power of 200 W, an
average scanning speed of 750 mm/s, a layer thickness of 50 um, and a hatch spacing of
110 um were recommended. The scanning speed was controlled by the exposure time (80
us) and point distance (60 um). The focal position was zero, in which the layer being
melted was in the focal plane. At zero focal position, the calculated effective diameter was
150 um. The process parameters used for hatching and contouring each layer is shown in
Table 3.4. Once the building process was finished, an air blasting procedure was used to
remove the supporting powders and to clean the parts. After that, the build plate was
removed from the machine for testing. Each sample was marked with a letter that represents
the group and a number that represents the sample count in the group (e.g., A4). The parts
did not undergo any post-processing procedures and were not removed from the build plate

at this stage of testing.
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Table 3.2: Material composition of stainless steel 316L powder (wt%).

Fe

Ni

Mo

Mn

Si N

O

P

S

Balance

16-18

10-14

2-3

<2

<1 |<01

<01

<0.045

<0.03

<0.03

Table 3.3: List of SLM process parameters reported in the literature for producing stainless

steel 316L.
Laser power|Scanning speed thilgi)r/\(zl;s ¢ Hatch spacing Laser energy
P (W) v (mm/s) h (mm) density Ev Reference
(mm) (I/mm?d)
50 100 0.04 0.07 179 [37]
50 100 0.05 0.06 167 [42]
50 100 0.05 0.07 143 [30]
50 100-300 0.05 0.08 42-125 [22, 41]
50 120 0.04 0.12 87 [22, 43]
100 300 0.03 0.081-0.126 88-137 [22, 44]
100 300 0.03 0.112-0.125 89-99 [22, 45]
100 175-380 0.06 0.126 35-76 [22, 46]
100-150 700 0.02 0.05-0.07 102-214 [47]
85-105 300 0.02-0.06 0.112-0.125 38-156 [22, 48]
87 150 0.075 0.13 59 [22, 49]
104 300-800 0.03 0.13 33-89 [14, 22]
105 380 0.02-0.04 0.125 55-111 [22, 50]
75-175 80-200 0.10 0.04-0.06 63-547 [22, 51]
150 400 0.035 0.08 134 [31]
150-400 1200 0.03 0.15 28-74 [22]
180 900 0.02 0.06 167 [52]
190 50-800 0.05 0.15 32-507 [53]
190 800 0.02 0.1 119 [54]
200 1600 0.05 0.06 42 [55]
[
My | =Wl
e | =l | =
T =l | =
\
_— e | =l | =

(a)

(b)

c)

(d)

Figure 3.5: Laser scanning strategies in the SLM process. (a) Meander, (b) stripe, (c)

chessboard, and (d) spiral.
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Table 3.4: SLM process parameters for producing the stainless steel 316L samples.

3.3.3 Geometrical measurements

Parameter Step | (hatching) Step 11 (contouring) | Step I (finishing)
Scanning strategy Meander Contour Fine contour
Focal position FP (mm) 0 0 0
Laser power P (W) 200 200 110
Point distance PD (um) 60 40 20
Exposure time @ (ps) 80 90 100
Scanning speed v (mm/s) 750 444 200
Layer thickness t (mm) 0.05 0.05 0.05
Hatch spacing h (mm) 0.11 - -
Eﬁe“"’(enfr:f)meter ¢ 0.15 0.15 0.15
Beam offset 6 (um) 60 60 60
Laser energy density Ev=P/(v.t.h) Ev=P/(v.t.9) Ev=P/(v.t.9)
Ev (J/mm°) 485 60.1 73.3
Ilustration

The profile errors of the samples were measured using a coordinate measuring machine

(CMM). Five samples were selected for the analysis; A1-A4 and A9. Figure 3.6 shows the

profile error of an airfoil blade.

5 77/‘1&*0 s

ey'atl'oh

Lower Prediction
== Boundary (LPB)
\ o

Upper Prediction
Boundary (UPB)

Figure 3.6: Profile error of an airfoil blade.
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3.3.4 Surface microstructure and material composition

After geometrical measurements, the samples were not removed from the build plate;
however, the build plate was cut to enable the testing of each sample independently as
shown in Figure 3.7. The surface microstructure and material composition of the samples
were analyzed using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) analyses. The microstructural analysis included the morphology,
topography, and chemical contrast of the surfaces. The analysis was performed on the side

of the samples to investigate the crack initiation between subsequent layers.

Figure 3.7: An airfoil blade (a sample) after cutting.
3.3.5 Phase identification and residual stress measurements
Stainless steel 316L is an austenitic single-phase steel (y-Fe) with a face-centered cubic
(FCC) crystal structure. Figure 3.8 shows the XRD diffractogram for a “typical” austenitic

steel structure as provided from Mercury software version 3.0 (build RC5).

10000

(111) Miller Indices
Z  R00n (hkl)
=
2 6000
]
£
- 220
2000 ||[3 1)
0 - T | | - | .- -
40 50 60 T0 80 90 100 110 120
Wavelength: 1.79026 2 Theta

Figure 3.8: XRD diffractogram of a “typical” austenitic steel (y-Fe) structure extracted

from Mercury software version 3.0 (build RC5).
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The material phases were identified using the XRD method. The phase
identification was performed to identify the material phases in the samples produced and
to define the diffracted angle (2Theta) that represents the measured lattice plane (h k I).
The lattice deformation was obtained using a CoKa (wavelength 1.79026 A) radiation
source, then the material phases were identified. The residual stress was calculated from
the lattice deformation measurements using the constants shown in Table 3.5. The XRD
frames were collected at four different rotation angles (Phi = 0, 45, 135, and 270), four
different tilting angles (Psi = 10°, 25°, 40°, and 55°), detector angle (57.3°), and X-ray
angle (59.3°). The residual stress evolutions across the top surface and the side surfaces of
each airfoil blade were investigated using the XRD measurements. Figure 3.9a shows the
measured surfaces: top surface, side surface 1, and side surface 2. The X and Y directions
represent the transverse and longitudinal horizontal directions along the scanning plane,
while the Z direction represents the vertical direction along the build “height” direction.
The top surface measurements represent the horizontal residual stress (along the scanning
direction) and the side surface measurements represent the vertical residual stress (along
the build direction). Figure 3.9b-d shows the measured points along the top and side
surfaces. The principal residual stresses o1 and o, were calculated at each point. For surface

measurements, the residual stresses were assumed biaxial.

Y
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N b |7ede e z ||z P
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Figure 3.9: The measured (a) surfaces, (b) points along the top surface, (c) points along

the side surface 1, and (d) points along the side surface 2.
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Table 3.5: Constants used in the determination of residual stresses using the XRD method.

Material hkl 2Theta s1 1 52 Poisson | Young’s
ratio modulus

Stainless ol . .
steel 316L 222 119.050 1.559 x 10 7.441 x 10 0.265 170 GPa

3.4 Results and discussion

3.4.1 Profile errors of samples

Table 3.6 summarizes the profile errors of the five samples at three different positions:
bottom, middle, and top layers. The actual profile deviation represents the summation of
the maximum and minimum deviations as shown in Figure 3.6. The minimum deviation
ranges from 0.02 to 0.09 mm, maximum deviation ranges from 0.07 to 0.21 mm, and actual
profile error ranges from 0.12 to 0.26 mm. This profile error causes a geometrical distortion

that will affect the performance of the airfoil blades.

The analysis showed that the profile error varies based on the inclination angle. It
has been reported in the literature that the geometrical distortion in the laser melted parts
might be attributed to surface tension due to thermal gradients [56], balling effect due to
molten material wettability [17, 53], and/or powder particles sticking and agglomerating on
the surface [56, 57]. Some studies showed that the surface features depend also on the
inclination of the side surface. This phenomenon is called staircase, which causes
differences between the surface features of the top layers and those of the bottom layers [57-
60]. By measuring the profile error in three different locations (bottom layer, medium layer,
and top layer), it was observed that the profile error of the top layer is larger than that of the
bottom layer. This could be attributed to more particles sticking on the surface of the top

layers and/or more possibility of balling phenomenon on the top layers. It was also noted
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that the profile error is minimal in the blade that is inclined by 10 degrees relative to the

substrate (sample A3), which is corresponding with the results obtained in reference [57].

Table 3.6: Profile errors of airfoils (CMM results).

Minimum deviation Maximum deviation |Actual profile deviation

Blade |Inclination (mm) (mm) (mm)

Bottom| Middle| Top |Bottom|Middle| Top |Bottom|Middle| Top
Al 0° 0.0734 | 0.0840 | 0.0852 | 0.1016 | 0.0921 | 0.0903 | 0.1750 | 0.1761 | 0.1755
A2 5° 0.0493 | 0.0680 | 0.0624 | 0.1076 | 0.1186 | 0.1226 | 0.1569 | 0.1866 | 0.1850

A3 10° 0.0346 | 0.0408 | 0.0493| 0.0921 | 0.0977 | 0.1229 | 0.1267 | 0.1385 | 0.1722
A4 15° 0.0521 | 0.0445 | 0.0487| 0.0722 | 0.1269 | 0.2094 | 0.1243 | 0.1714 | 0.2581
A9 40° 0.0165 | 0.0256 | 0.0547 | 0.1205 | 0.1595| 0.1269 | 0.1370 | 0.1851 | 0.1816

3.4.2 Surface microstructure

The SEM analysis was performed on the side surface of all samples. The results showed
large particles “approximately 250 um” on the surface of some samples as shown in Figure
3.10a. Since the powder size was tested to be consistent with specifications ranging from
15 to 45 um, these large particles possibly were formed during the melting process due to
a spherical balling phenomenon [53] and/or spatter formation (molten droplets) [61]. Some
previous studies [53, 62] showed that the balling phenomenon can be attributed to a high
oxygen content inside the melting chamber or a low laser energy density. At high scanning
speed, low laser power, or large layer thickness, the powder tends to absorb very low
energy. This low absorbed energy lowers the wettability of the molten metal, resulting in
a lack of flow and a balling phenomenon. Hence, these particles could represent the side
view of a balling track that happened in that particular layer. Other studies [61, 63] showed
that the melt-pool instabilities could cause powder spattering and splashes, resulting in
molten droplets hitting the surface. These molten droplets could be deposited to the side

surface of the layer being melted. There was evidence of vertical lines perpendicular to the
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scanning direction in some samples as shown in Figure 3.10b. These vertical lines are
attributed to the STL format that represents the toolpaths along the surface. When the CAD
model is converted into the STL format, discontinuities may occur causing a rough surface
[64]. Figure 3.10c, d shows evidence of surface voids, some partially melted powders
sticking on the surface, and some cracks between subsequent layers. The bottom layers
have less powder sticking on the surface and more surface cracks between subsequent
layers than the top layers. These cracks may be caused by thermal residual stresses as

discussed in the next section.

As shown in Figure 3.11, the samples located at the center of the build plate (e.g.,
A5, B5, ...) have less particles sticking on the surface but more surface cracks. This can be
attributed to the high energy that is building up at the center of the build plate during the
melting process. This high energy will cause high thermal stress that consequently will cause
more surface cracks but with better melting (i.e., less powder sticking on the surface). At a
low melting energy (samples located at the side of the build plate), the balling phenomenon
may occur causing large particles on the surface and some surface voids. The thermal
stresses induced in these samples will be relatively small, so there are no cracks between
subsequent layers. At a high melting energy (samples located at the center of the build plate),
the thermal stresses induced in the samples will be relatively high causing cracks between
subsequent layers. During the production of the samples located at the center of the build
plate, the flow of the molten metal is relatively high due to the built-up energy. Hence, a
successful melting with no balling phenomenon but high thermal stress is most likely
expected at the center of the build plate. Since the location of the parts on the build plate
affects the microstructure, the process parameters (e.g., laser power, scanning speed, etc.)

should be carefully selected for each individual part during the process.
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Figure 3.10: Microstructures of the side surfaces of some samples showing (a) large

particles sticking on the surface, (b) vertical lines perpendicular to the scanning direction,
(c) surface voids and partially melted powders, and (d) cracks between subsequent layers.

3.4.3 Material composition

The EDS analysis was performed on the side surface of all samples. The results showed
aluminum inclusions in some locations. The stainless steel 316L powder does not have a
certified value for aluminum; therefore, a possible source could be aluminum powder
remaining in the machine from a previous build. A large amount of carbon and oxygen was
observed in some locations as shown in Figure 3.12 and Table 3.7. The carbon and oxygen
contents were not consistent with the material composition of the stainless steel 316L
powder. Thus, these elements are likely in the form of carbides and oxides of some elements
formed from the remaining atmosphere in the build space. The distribution of the material
elements was inhomogeneous. The nickel content varied from 5 to 10% and the chromium
content varied from 9 to 15%; stainless steel 316L typically contains 10-14% nickel and 16-
18% chromium. In some instances, parts did not contain molybdenum; stainless steel 316L
is typically have 2-3% molybdenum. It was observed that the parts located at the center of
the build plate have less nickel and chromium contents than the rest. This can be attributed
to the high built-up energy at the center of the build plate. The high energy will cause
microsegregation of these elements or vaporization of some particles. Previous studies

showed that some elements will be converted into soot during the melting process due to a
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very high energy [24, 65-68]. For stainless steel 316L, the nickel, chromium, and

molybdenum contents are obviously important for achieving the desired corrosion resistance.

Horizontal Direction of the Build Plate (Different Groups)

Group D

Group A Group B

Sample 1

More Partially Melted Powder on the Surface

More Surface Voids

Balling Phenomenon
Few Cracks
Sample 3

Vertical Direction of the Build Plate (Samples within the Same Group)
Sample 5

Sample 7

»N

More Partially Melted Powder on the Surface
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ot o

Magnification 500x

>

Build Direction

= o z »Y
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Figure 3.11: Microstructures of the side surfaces of five samples (1, 3, 5, 7, and 8) from each
group.
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Figure 3.12: (a) Microstructure of a selected area of interest and (b) EDS spectrum of the

selected area.

Table 3.7: Material composition of the selected area shown in Figure 3.12 (wt%).

Fe Cr Ni Mn Si (@] C S Mo
42.07 | 13.11 | 8.00 1.96 1.05 465 | 28.68 | 0.48 Not included

84



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

3.4.4 Phase identification

3.4.4.1 Phase identification using XRD method

Figure 3.13 shows the XRD diffractograms of two different locations: top surface and side
surface. The phase identification results matched the typical austenitic steel structure with
a single austenite (y-Fe) phase. Some locations showed small X-ray counts for a martensite
phase as illustrated in Figure 3.13b. The martensitic phase has a body-centered tetragonal

(BCT) crystal structure.
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1000 | | 1000 -
900 | \ 900
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Figure 3.13: XRD diffractograms of two different locations. (a) Top surface. (b) Side

surface.

3.4.4.2 Phase identification using selective etching method

To reveal the martensitic phase, two samples (Al and A5) were cut, mounted in bakelite,
polished, and etched with Kalling No. 2 etchant for around 2 min. The etchant formula was
1.25 g of cupric chloride dihydrate, 25 ml of hydrogen chloride, and 25 ml of ethanol.
Figure 3.14a shows the etched top surface of sample A5 and Figure 3.14b shows the etched
side surface of sample Al. The top surface showed the scan track and the side surface
showed the melt pool. The black areas represent the internal voids in the etched samples.

The etchant revealed the internal voids, material phases, and scan track.
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Figure 3.14: Micrographs of the etched (a) top surface and (b) side surface at low

magnification.

The melt pool height (80 um) was approximately 1.5 times the layer thickness (50
um) and the melt pool width (150 um) was approximately two times the laser spot size (70
um). Overlaps were observed between subsequent layers and between the scan tracks. The
overlapped locations were over melted and would have a high probability of soot formation
and phase transformation during the melting process. The micrographs of the samples
revealed both austenitic and martensitic phases as shown in Figure 3.15a, b. It was also
observed that the martensitic phase occurred in the overlapped locations (e.g., the
overlapped scan tracks shown in Figure 3.15a and the overlapped melting pools shown in

Figure 3.15b).

The SEM analysis of the etched samples revealed that the overlapped locations
have a martensitic phase with a needle-like microstructure. The SEM microstructures
revealed a martensitic and a cellular microstructure. The austenitic-martensitic
transformation can be attributed to the rapid solidification rate inside the melting pool when
the laser moves from one spot to another. The microstructures revealed the epitaxial growth
across a track boundary (Figure 3.16a) and across a melt pool boundary (Figure 3.16b).
The significant temperature gradients and rapid solidification rates across these boundaries

cause martensitic transformation. The austenitic phase has a cellular microstructure due to
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micro voids and carbide precipitates as shown in Figure 3.16. These carbide precipitates
are the reason for the large amount of carbon that was observed in the EDS analysis.
Previous studies showed similar distinct fine and complex columnar microstructures of the

additively manufactured parts [69-71].

Magnification 100x
(a)

Magnification 50x

Magnification 50x Magnification 100x
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Figure 3.15: Micrographs of the etched (a) top surface and (b) side surface at high
magnification.
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Figure 3.16: Microstructures of the etched (a) top surface and (b) side surface.

3.4.5 Residual stress

3.4.5.1 Horizontal residual stress
Samples in group A have identical surface areas, but different inclination angles. Thus,
they were prepared for analyzing the horizontal residual stress in the parts produced. The

horizontal residual stresses were measured on the top surfaces of the samples. The analysis
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showed that the top surfaces have compressive residual stresses in the horizontal plane (i.e.,
along the scanning direction). Figure 3.17 shows the relationship between the principal
residual stresses and the distance from the leading edge of the airfoil blade. The maximum
principal stress ranges from -195 MPa to -409 MPa and the minimum principal stress
ranges from -93 MPa to -351 MPa. All the observed stresses in the horizontal direction
were compressive. The results revealed that the large areas (i.e., near the leading edges)
have more compressive residual stresses than the small areas (i.e., near the trailing edges).
Figure 3.18a shows the trend of the horizontal residual stresses along the top surfaces of
the samples in group A. It was observed that the horizontal residual stress increases with
the increase in surface area (towards the trailing edge). This compressive residual stress in
the horizontal direction can be attributed to surface hardening [72-74]. There are two
driving mechanisms that cause a decrease in the horizontal residual stress towards the end
of the scan track: (i) the scan track [31] and (ii) the martensitic phase transformation [74].
At the start of the scan track, the temperature gradient between the molten metal and the
surrounding powder is high and induces a large amount of residual stresses [31]. Towards
the end of the scan track, the temperature gradient decreases and consequently the residual
stress decreases as shown in Figure 3.18b. The martensitic phase transformation also
causes residual stresses due to surface hardening. The martensitic transformation causes a
compressive stress in the surface and a tensile stress in the core as shown in Figure 3.18c.
The rapid cooling in the core will cause martensite formation that results in a volume
expansion. This volume expansion will cause a tensile residual stress in the core and a
compressive residual stress in the top surface. The volume expansion decreases with the

decrease of the surface area of the airfoil.
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Figure 3.17: Horizontal residual stress along the top surface. (a) Maximum principal stress.

(b) Minimum principal stress.
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Figure 3.18: (a) Trend of horizontal residual stress along the top surface, (b) effect of the
scan track on the horizontal residual stress, and (c) effect of the surface hardening on the
residual stress.

3.4.5.2 Vertical residual stress

The vertical residual stress was measured in the build direction Z in the center of the
samples from group A as shown in Figure 3.19. The analysis (in the Z direction) showed
that the maximum principal stress starts with compression in the top layers, decreases
towards the middle layers, and then increases again in the bottom layers. The minimum
principal stress starts either with tension in the top layers and ends with compression in the
bottom layers or vice versa. The bottom and top layers are surrounded by unmelted powder
which causes high temperature gradients during the melting process and consequently high

residual stress. It was also observed that the samples located at the center of the build plate
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have the largest amount of residual stress. This can be attributed to the amount of heat
energy that is building up at the center of the build plate during the melting process. The
large heat energy causes more thermal stresses and martensitic transformation, which

consequently cause more residual stresses.
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Figure 3.19: Directions and magnitudes of principal residual stresses along the vertical

direction of samples in group A.

Samples in group B have identical dimensions, so nine points were measured in
both Y and Z directions, in which the Y direction represents the scanning direction and the
Z direction represents the build direction as shown in Figure 3.20. These measurements
were used for studying the effect of the part location on the build plate. The residual stress
evolution along the build direction was identified in three different planes; near the trailing
edge, at the center, and near the leading edge as shown in Figure 3.20. From the
measurements, it was observed that:

1. The part thickness and scan track affect the residual stress profile (the Y direction).
2. The residual stress magnitude changes along the part height (the Z direction).

3. The residual stress evolution is affected by the part location on the build plate.
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Figure 3.20: Measurement directions for studying the residual stress evolution.
Figure 3.21 shows the directions and magnitudes of the principal residual stresses
along the vertical direction. It was observed that the residual stress evolution is affected
by: (i) the vertical distance from the top layer, (ii) the part thickness (i.e., difference
between leading and trailing edges), and (iii) the part location on the build plate. Three
different analyses were performed to study the effect of the part height, part thickness, and

part location on the build plate, on the residual stress distribution.
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Figure 3.21: Directions and magnitudes of principal residual stresses along the vertical

direction of samples in group B.
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The first analysis included the evolution of the vertical residual stress along the
build direction “the Z direction.” Figure 3.22 shows the vertical residual stress profiles
along the build “height” direction in three different planes: near the leading edge, in the
center, and near the trailing edge. The analysis showed that the vertical residual stress
increases towards the bottom layers for most of the samples. It was also observed that the
minimum principal stress is tensile while the maximum principal stress is compressive.
The sample located at the center of the build plate (B5) has the largest amount of residual
stresses compared with the samples located at the edges of the build plate. This may be
attributed to the large amount of heat that is building up at the center of the build plate.

This heat energy causes martensitic phase transformation and high residual stress.

For further investigation, the second analysis included the study of the vertical
residual stress along the scanning direction (the Y direction) from the leading edge towards
the trailing edge. Figure 3.23 shows the vertical residual stress distribution in the scanning
direction. The analysis showed that the vertical residual stress decreases towards the small
thickness (i.e., near the trailing edge) for most of the samples. It was also observed that the
minimum residual stress switches from compression in the leading edge to tension in the
trailing edge for few of the samples. This can be attributed to two phenomena: the thickness
effect and scan track. It is well known that the temperature gradient decreases with a
reduction in thickness which causes a decrease in the thermal residual stresses. The other
mechanism is the scan track in which the residual stress decreases towards the end of the
scan track. When the melting process starts, the temperature gradient becomes very large
causing a large amount of thermal stress. However, the thermal stress decreases towards
the end of the scan track which cause a reduction in the residual stress. These two

mechanisms are the driving forces for the vertical residual stress distribution.
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Figure 3.22: Evolution of the vertical residual stress along the build direction.

The third analysis investigated the effect of the part location on the build plate on the
residual stress distribution. Figure 3.24 shows the magnitude of the residual stress for samples
located at different locations on the build plate. The results showed that both the maximum
and minimum residual stress increases toward the center of the build plate and decreases

toward both top and bottom sides. These results are consistent with the microstructure
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analysis which showed that the parts located at the center of the build plate have more cracks
between the layers. This can be attributed to the amount of thermal stress at the center of the
build plate during the melting process. The cooling and solidification rates at the center of

the build plate are affected by the amount of heat coming from the surrounding parts.
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Figure 3.23: Evolution of the vertical residual stress along the scanning direction.
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Figure 3.24: Evolution of the vertical residual stresses along the build plate (B1 is located at

the top side of the build plate, B5 is located at the center, and B9 is located at the bottom side).

In the SLM process, the part location on the build plate, gas flow direction, scan
track and direction, and part height affect the quality of the parts produced [20, 28, 75]. In
the current study, the nitrogen gas flow was adjusted from the right side to the left side across
the melting chamber, but the parts were melted from the top side to bottom side of the build
plate. The residual stress analysis was based on samples in group B which are located

perpendicular to the gas flow direction. Hence, the analysis does not include the effect of the
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gas flow. It was observed that the parts located at the center of the build plate undergo high
built-up laser energy causing microsegregation of some elements, vaporization of some
particles, and a martensitic phase transformation as mentioned in Figure 3.25a. This material
transformation will induce a large amount of residual stresses in the parts and may initiate
cracks between subsequent layers. However, these parts should not experience significant
balling phenomenon and may have less partially melted powders due to the high energy.
More experiments are recommended for future work to confirm and verify that the laser
energy is building up toward the center of the build plate. It was also observed that the top
layers have an increased temperature gradient as compared to the bottom layers due to the
low temperature of the surrounding powder. This temperature gradient will produce high
thermal stresses that will induce high residual stresses in those layers as illustrated in Figure
3.25b. The scan track also affects the temperature gradient within the same layer. The long
scan track leads to a small temperature gradient which will decrease the amount of the
residual stresses at the end of the scan track. However, it will affect the wettability of the

molten metal and may cause a balling phenomenon as shown in Figure 3.25c.

g [Buree | 3 %) R
K g 5|8
- @ 4 4 2|8
g 3 . e E%|E -
- = R ) . .
s & o £, .85l = Scanning
L5 ., g 5 R A - + .
sgH g EZ EYEZE | =|2 Direction
=] ] . Ewm = = =
S5%E EE A =2
» Ewmg@ £z.° sLE QL |m Y
2 SS%E =8> 2E eS8 e
ZEZEPS 2 2E8 atalolol ] SN Balling Effect apd Surface Voids
| o W o & .E ey .
=3 = H 8 = = = E 'u:; Low Temperature Gradient
=8 z g_g e é D w Less Horizontal Residual Stresses
- g2 g a 39 Tart) 0
ESESSS =Ry Less Vertical Residual Slresses
Less Phase Transformation
Less Cracks
Effect of Part Location on the Build Plate Effect of the Build Direction Effect of the Scanning Direction
(a) (b) (c)

Figure 3.25: Effect of (a) part location on the build plate, (b) build direction, and (c)

scanning direction on the quality of the parts produced.
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3.5 Conclusions

The main objective of this paper was to perform an extensive experimental study focused
on the characterization of stainless steel 316L, simplified air foil blades, produced by
selective laser melting. Stainless steel 316L has been used for many applications in the
aerospace industry due to its corrosion resistance resulting from the nickel and
molybdenum contents in the alloy. The study included an evaluation of the mechanical
properties and the quality of the parts produced. A comprehensive analysis is presented
including the profile error, microstructure features, material composition, phase

transformation, and residual stress of the selective laser melted parts.

The effect of the part location on the build plate, part height, and part dimensions
on the microstructure characteristics of the parts was studied. It was observed that the built-
up heat energy affects the microstructure of the parts produced. At the center of the build
plate, some elements microsegregated and some particles were ejected from the melting
pool and converted into soot. This may occur at the center of the build plate due to the
built-up energy originating from the surrounding parts. This built-up energy also caused a
martensitic transformation in the airfoils, which induced a high amount of residual stresses.
At the side of the build plate, the wettability of the molten metal decreases, resulting in the
occurrence of a balling phenomenon on the surface. The balling phenomenon has two
effects: (i) the molten metal will not be able to complete the scan track with full melting
and (ii) the profile error will be affected, causing geometrical distortions in the airfoils. The
temperature gradient during the melting process will cause thermal stresses during the
process. These thermal stresses are one of the main causes for residual stresses in the parts
produced. It can be concluded that the residual stresses are mainly induced during the
selective laser melting process by either thermal stresses or phase transformation. These
results contribute to improving the application of stainless steel 316L in additive

manufacturing of aerospace parts.
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Abstract:

In this study, the process-structure-property relationship for selective laser melting of Invar
36 and stainless steel 316L is discussed. Invar 36 and stainless steel 316L have been used
in various industrial applications for their unique properties, especially in the aerospace
industry. Invar 36 offers a very low coefficient of thermal expansion while stainless steel
316L offers high corrosion resistance. Since both materials are weldable, but hard to
machine, this study is aimed at finding the optimum laser process parameters for producing
dense components from both alloys. A full factorial design of experiments was formulated
in this paper to study a wide range of process parameters for both materials. The bulk
density, tensile mechanical properties, fractography, material composition, and residual
stresses of the parts produced were investigated. An optimum process window has been
suggested based on experimental work. The induced residual stresses were categorized into
two categories: microscopic residual stresses and macroscopic residual stresses. The
microscopic residual stresses were measured using X-ray diffraction method and the
macroscopic residual stresses were measured using cantilever deflection method and finite
element simulations. The paper proposes two laser energy densities for each material:
brittle-ductile transition energy density, Er, and critical laser energy density, Ec. Below the
brittle-ductile transition energy density, the parts exhibited void formation, low density,
and brittle fracture. Above the critical energy density, the parts showed vaporization of
some alloying elements that have low boiling temperatures. Stable melting ranges were
found to occur between these two laser energy densities: 52.1-86.8 J/mm? for Invar 36 and

62.5-104.2 J/mm? for stainless steel 316L.

108



Ph.D. Thesis - M. Yakout Mohamed

Keywords:

Residual stress; Tensile-test; Invar 36; Steel 316L; Fractography; Metal vaporization.

Acronyms:
AM
SLM

SS 316L
CTE
v-Fe
OFAT
SEM
DOE
CMM
XRD
EDM

FE

MS1
EDX

ANOVA

Notations:
Ev
Ec
Ev

P

Additive manufacturing
Selective laser melting

Stainless steel 316L

Coefficient of thermal expansion
Single phase austenite structure
One-factor-at-a-time

Scanning electron microscopy
Design of experiments
Coordinate measuring machine
X-ray diffraction

Electrical discharge machining
Finite element

Maraging steel

Energy dispersive X-ray spectroscopy

Analysis of variance

Volumetric laser energy density (J/mm?3)
Critical laser energy density (J/mm?q)
Brittle-ductile transition energy density (J/mm?q)

Laser power (W)

109

McMaster University - Mechanical Engineering



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

v Average scanning speed (mm/s)

d Point distance (mm)

0 Exposure time (s)
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4.1 Introduction

Recently, additive manufacturing (AM) processes have been used in the aerospace industry
for producing complex designs from various weldable metals and composite materials.
Selective laser melting (SLM), as a powder-bed process, is capable of fulfilling the
aerospace industry requirements and produce functional parts, layer-by-layer, via metal
powder melting. SLM of Invar 36 and stainless steel 316L (SS 316L) were investigated in
this paper. Both materials have a single-phase austenite (y-Fe) crystal structure. The nickel
concentration is different in both alloys: 36% in Invar 36 and 10-14% in SS 316L which
makes Invar 36 unique with its very low coefficient of thermal expansion (CTE). However,
SS 316L have 16-18% chromium that gives the alloy a corrosion resistance property.
Compositional changes in these materials affect their performance during application.
DebRoy, et al. [1] reviewed various alloys and processes in metal AM. They explained the
weldability of various metals, and they summarized some of the defects and stress risers in
AM. Yakout, et al. [2] found that the SLM process parameters affect the density and
microstructure of Invar 36. They provided a preliminary study to understand the physical
mechanisms involved during the SLM of Invar 36 and Maraging steel. In another
publication, Yakout, et al. [3] studied the effect of the part location on the build plate on
the residual stress induced in SS 316L components. SLM parts have shown many defects
and stress risers including, internal voids, partially melted powder, internal cracks, changes
in chemical composition, and thermal stress as mentioned by DebRoy, et al. [1], Yakout,
et al. [2], and Yakout, et al. [3]. DebRoy, et al. [1] have suggested parametric studies to
better understand what happens during the SLM process and minimize these defects and
stress risers. The open literature provides several studies on SS 316L and fewer studies on

Invar 36. Qiu, et al. [4] provided a preliminary study of the mechanical properties of Invar
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36 produced by SLM. Their study did not cover a wide range of process parameters and
did not cover the interactions between the process parameters. Harrison, et al. [5] followed
this work and provided CTE measurements and mechanical testing for Invar 36 parts
produced via SLM. Their work did not cover the influence of the SLM process parameters
on the mechanical properties of parts produced. Spierings and Levy [6] conducted a
comparison between SS 316L parts produced with different powder grades. They found
that powder agglomeration occurs when using very fine powder particles. Kamath, et al.
[7] conducted a density study on SS 316L parts produced at 400 W laser power, and they
found that increasing the laser scanning speed will cause an increase in the part density
until a peak density, then it decreases. They explained the keyhole pores that could be
introduced in the parts when using a very high energy density. However, they have not
studied other influencing factors such as mechanical properties and residual stresses. Table
4.1 summarizes the SLM process parameters that have been reported in the literature for
producing Invar 36 and SS 316L parts. It is not clear which of these process parameters
could be used to produce high quality parts. Previous attempts at optimizing SLM process
parameters for part production mainly focused on a one-factor-at-a-time (OFAT) design of
experiments and did not include the interactions between factors. Moreover, little insight
into the physical mechanisms involved during the SLM process was presented. In this
work, the process-structure-property relationships for both materials were studied through
experiments based on full factorial design. The SLM process parameters include laser
power, P in (W); average scanning speed, v in (mm/s); point distance, d in (mm); exposure
time, @ in (s); hatch spacing, h in (mm); layer thickness, t in (mm); stripe width, w in (mm);

stripe overlap, y in (mm); and beam offset, 6 in (mm) as shown in Figure 4.1. These
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parameters can be combined to calculate the volumetric laser energy density, E, in (J/mm?3),

using Equation (4.1).

P

E =
v (Vxhxt)’

(4.1)

Table 4.1: Process parameters reported in the literature for producing Invar 36 and SS

316L.
P (W) | v (mm/s) ‘ t (mm) ‘ h (mm) ‘ Ev (J/mm?) ‘ Reference
Invar 36

400 1800-4300 0.030 0.300 10-25 [4]

150-300 700-2200 0.040 0.080-0.320 23-93 [2]
300 2500 0.030 0.090 44 [8]

180-200 333-1000 0.020 0.090 100-333 [5]

Stainless steel 316L

150-400 500-1800 0.030 0.150 28-74 [7]
190 800 0.050 0.150 32 [9]

50-100 300-1250 0.030 0.070-0.140 32-80 [10]
104 175-800 0.030-0.045 0.130 33-107 [6, 11]
100 175-380 0.060 0.126 35-76 [12]

85-105 300 0.020-0.060 0.112-0.125 38-156 [13]
200 1600 0.050 0.060 42 [14]
50 100-300 0.050 0.080 42-125 [15]
200 750 0.050 0.110 48 [3, 16]
105 380 0.020-0.040 0.125 55-111 [17]
87 150 0.075 0.130 59 [18]

100-200 200-220 0.050 0.124 81-150 [19]
50 120 0.040 0.120 87 [20]
100 300 0.030 0.081-0.126 88-137 [21]
100 300 0.030 0.112-0.125 89-99 [22]
380 625-3000 0.050 0.025-0.120 99-109 [23]

100-150 700 0.020 0.050-0.070 102-214 [24]
190 800 0.020 0.100 119 [25]
50 100 0.050 0.070 143 [26]
200 400 0.040 0.080 156 [27]
50 100 0.050 0.060 167 [28]
180 900 0.020 0.060 167 [29]
50 100 0.040 0.070 179 [30]
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Figure 4.1: lllustration of selective laser melting process parameters [2].

4.2 Materials and methods

4.2.1 Feedstock materials and SLM apparatus

Invar 36 powder provided by Sandvik Osprey LTD and SS 316L powder provided by
Carpenter Technology LTD were used in this study. The powders were manufactured via
the gas atomization process and sieved using a 200-mesh sieve (75 um) before melting.
Prior to SLM, the powder size distribution was determined using a Malvern Mastersizer
2000 instrument via the laser diffraction method and the powder morphology was
measured using a scanning electron microscopy (SEM). The particle size of both materials
was approximately identical within the repeatability standard deviation (+x1%) of the

measurement. No significant morphological changes between both powders were observed
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as shown in Figure 4.2. The test samples in this study were produced using an EOSINT

M280 SLM machine, equipped with a 400 W ytterbium fiber laser. The following

conditions were maintained constant during this study: 0.04 mm layer thickness, 10 mm

stripe width, 0.08 mm stripe overlap, 67° scanning rotation between subsequent layers, and

a stripe scanning strategy. The contouring, up-skin, and down-skin parameters were

deactivated so that only the hatching parameters were considered. The laser power,

scanning speed, and hatch spacing were considered three independent variables at three

levels in a full factorial design of experiments (DOE), as proposed in Table 4.2.
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Figure 4.2: (a, ¢) Differential and cumulative powder size distribution and (b, d)

morphology of powders used in this study: (a, b) Invar 36 and (c, d) SS 316L.
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Table 4.2: SLM process parameters used in this study (DOE matrix based on full factorial
design).

No | P (W) | v(mm/s) | h (mm) | Ev (J/mm?3) | No | P (W) | v (mm/s) | h (mm) | Ev (J/mm?®)
1 200 600 0.08 104.2** | 15| 250 800 0.12 65.1

2 200 600 0.10 83.3 16 | 250 1000 0.08 78.1%
3 200 600 0.12 69.4 17 | 250 1000 0.10 62.5
4 200 800 0.08 78.1% 18 | 250 1000 0.12 52.1*
5 200 800 0.10 62.5 19 | 300 600 0.08 156.3
6 200 800 0.12 52.1* 20 | 300 600 0.10 125.0
7 200 1000 0.08 62.5 21 | 300 600 0.12 104.2 **
8 200 1000 0.10 50.0 22 | 300 800 0.08 117.2
9 200 1000 0.12 41.7 23 | 300 800 0.10 93.88§
10 | 250 600 0.08 130.2 24 | 300 800 0.12 78.1%
11 | 250 600 0.10 104.2** | 25| 300 1000 0.08 9388
12 | 250 600 0.12 86.8 26 | 300 1000 0.10 75.0
13 | 250 800 0.08 97.7 27 | 300 1000 0.12 62.5
14 | 250 800 0.10 78.1%

* + 1 § ** indicate groups that have the same laser energy densities

Each run of this DOE was used to produce: (i) four cubes with an edge length of
10 mm, (ii) three vertical cylinders with 94 mm length and 16 mm diameter, and (iii) one
cantilever beam shown in Figure 4.3 (i.e. a total of 108 cubes, 81 vertical cylinders, and 27
beams were produced from each material). The samples were produced directly on the
build plate and did not undergo any post-processing procedures. Prior to manufacturing,
the parts were carefully located on the build plate to maintain an even heat distribution.
The variations expected in part quality due to part location on the build plate were
investigated in previous research work [3]. However, the parts location on the build plate
was not considered a major factor in the current study because the thermal history expected
during the SLM process was taken into consideration during locating the samples on the
build plate. The cubes and cylinders were removed using a band saw, with coolant applied

to prevent overheating of the samples.
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Figure 4.3: lllustration of the (a) SLM cantilever showing the coordinate measuring
machine (CMM) measurement locations in one side of the cantilever “red points” and (b)

deflected cantilever after residual stress relief.

4.2.2 Density measurement

The density of the cubes was measured at room temperature and atmosphere pressure using
the Archimedes method. Each sample was weighed directly on the scale (W) as well as
immersed in a distilled water (W,). The water density (pw) is 1 g/cm?, Invar 36 bulk density
is 8.05 g/cm?, and SS 316L bulk density is 8.00 g/cm? at room temperature. The resolution
of the scale was +0.01 g, and accordingly the error in weight was (AW: = AW, =0.01 g).
The density (p), relative density (o), density error (Ap) of each sample can be calculated
using Equation (4.2). The density error (Ap) was determined by propagation of error as

mentioned in reference [2].

2 2
W, . p AW, Y[ (A +(aw,)
- =Lt Ap= .
P=PX g A= do=p (Wl J + (4.2)

4.2.3 Tensile testing

The cylinders were machined to the standard specimen size of the tensile-test samples (16

mm gauge length and 4 mm gauge diameter) according to the ASTM F3122-14 and
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E8/E8M-16a standards [31, 32]. Tensile tests were carried out at room temperature, and
the engineering stress-strain curve was plotted for each sample. The ultimate tensile
strength (ou), 0.2% offset yield strength (oy), modulus of elasticity “Young’s modulus”
(E), and percent elongation “engineering strain at fracture” (&) were determined and
recorded. The estimated modulus of resilience (ug) and modulus of toughness (ur) were

calculated using Equation (4.3) as mentioned by Budynas, et al. [33].

o o, +0, o,+0,) 1
) U2 U2 )TE @9

4.2.4 Microscopic residual stress measurement

IR

Ug

The microscopic residual stress, induced in one cube from each run of experiment, was
analyzed via X-ray diffraction (XRD) method, which determines the stress tensor based on
lattice strain measurements. The constants of the XRD measurements are shown in Table
4.3 for both materials. Different XRD frames were collected using a CoKoa (wavelength
1.79026 A) radiation source at five different rotation angles (Phi = 0°, 70°, 140°, 210°, and
280°), four different tilting angles (Psi = 10°, 25°, 40°, and 55°), detector angle (57.4°),
and X-ray angle (59.4°). The microscopic residual stress was measured on the top and
lateral surfaces of each cube, where the top surface measurements represent the horizontal
residual stress, along the scanning and hatch directions, and the lateral surface
measurements represent the vertical residual stress, along the build and layer directions,
respectively. Figure 4.4a shows both top and lateral surface measurements, and Figure 4.4b
shows the relative position between the sample, X-ray source, and detector. Figure 4.5a
shows the directions of the maximum and minimum principal stresses from the top surface

measurements. It was observed that the maximum principal stress from the top surface
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measurements (on1) lies along the laser scanning direction and the minimum principal
stress from the top surface measurements (on2) lies along the hatch direction. Gusarov, et
al. [34] found that the residual stresses in the scanning direction is almost twice the residual
stresses in the transverse direction. Cheng, et al. [35] conducted a similar study via finite
element analysis that determined the directional stress components. Figure 4.5b shows the
directions of the maximum and minimum principal stresses from the lateral surface
measurements. It was observed that the maximum principal stress from the lateral surface
measurements (ov1) lies approximately along the build direction and the minimum
principal stress from the lateral surface measurements (oi2) lies along the layer direction
as investigated before by Liu, et al. [27]. Thus, om, onz, ov1, and oy, represent the maximum
horizontal stress along the scanning direction, minimum horizontal stress along the hatch
direction, maximum vertical stress along the build direction, and minimum residual stress

along the layer direction “perpendicular to the build direction”, respectively.

Rotation angle
(Plli| angle)

ol

.......

K /
(b)

Figure 4.4: lllustration of the (a) measured points along the top and lateral surfaces and

(b) relative position between the X-ray source, detector and sample.
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Figure 4.5: Directions of maximum and minimum residual stresses from the (a) top and

(b) lateral surfaces measurements.

Table 4.3: Constants used in the determination of residual stresses using the XRD method.

. Poisson Young’s

1
Material | hkl1 | 26 (degree) S1 > S2 ratio modulus
Invar36 | 311 | 111.347° | -2.057 x10° | 9.149 x 10°® 0.290 141 GPa
SS316L | 311 | 111.245° | -1.295x10° | 6.477 x 10 0.250 193 GPa

4.2.5 Macroscopic residual stress measurement

The macroscopic residual stress was estimated via the cantilever method (see Figure 4.3).
This method has been reported in the literature for residual stress measurements. Liu, et al.
[27] used this method to validate the XRD results of both horizontal and vertical residual
stress measurements, while Wang, et al. [36] developed a finite element model to estimate
the part deflection after removing the part supports. Zaeh and Branner [37] used SLM
process to produce classical cantilever beams for residual stress estimation. The results of
the cantilever method agreed with the XRD results as mentioned by Vrancken [38]. After
producing 27 cantilevers on the same build plate, the supports were cut from the build plate
using wire electrical discharge machining (EDM) and the cantilevers were left attached to

the build plate by the middle web. It was assumed that wire EDM minimizes the risk of
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introducing additional residual stresses on the samples. After wire EDM, it was observed
that the cantilevers manifested convex deflection as shown in Figure 4.3b. This deflection,
attributed to the residual stress relief, was measured along the length of each cantilever
using a coordinate measuring machine (CMM), with a scale value of 0.1 um. The
measurements were taken along the length of the cantilever every 0.75 mm, resulting in 40
measurement locations along the 50 mm length. Three measurements were taken along the
width of the cantilever and averaged to minimize the effect of surface roughness as shown
in Figure 4.3a. The measured points were plotted in XY plane in which the maximum
deflection, AH in (mm), and minimum height, H in (mm) were measured for each
cantilever. A finite element (FE) model was developed using ANSY'S software to estimate
the residual stress that result in this deflection in the cantilever. This estimated stress
represents the macroscopic relieved residual stress. Table 4.4 lists the material properties
used in the FE model, in which Maraging steel (MS1) is used as the build plate material.
A static structural modeling approach was used, and the materials were assumed to be
isotropic. A steady state adiabatic analysis of the mechanical deflection was considered.
The numerical model was validated, and the mesh/grid independence was achieved. Figure
4.6 shows the shape, size and configuration of the mesh convergence. The support was cut
from the build plate and the measured deflections were applied in the FE model. The
directional and principal residual stress profiles for both Invar 36 and SS 316L were
predicted. Figure 4.7 shows an example of stress profiles of a SS 316L cantilever due to a
0.3 mm cantilever deflection. These stress profiles represent the residual stress that caused
the deflection in the cantilever after cutting the supports. The numerical model was used to
estimate the residual stress that was induced in each cantilever deflection during the SLM

process. The simulation results were recorded and compared with the XRD experimental
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results. The X-direction stress represents the longitudinal horizontal stress, oim, Y-
direction stress represents the lateral horizontal stress, a2, and Z-direction stress represents
the vertical stress, or. It was found that the longitudinal horizontal stress (Figure 4.7¢) is
much higher than the lateral horizontal stress (Figure 4.7d). The XRD microscopic results
showed that the residual stress along the scanning direction is much higher than that along
the hatch direction, and the values of the XRD results and FE results were comparable. It
was also found that the horizontal stresses (Figure 4.7¢, d) are higher than the vertical stress

(Figure 4.7b), which also match the XRD results along the build direction.

Disparate mesh (coarsened in 71053 nodes
large areas and fined in stress X 34349 clements

Build
< direction

PP Lateral Longitudinal

0.00 5000 100.00 (mm) =¥ horizontal borizontal
— direction direction

25.00 75.00

Figure 4.6: Mesh shape, size and configuration of the numerical model in this study.
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Figure 4.7: Estimation of relieved residual stress via finite element method: (a) cantilever
deflection distribution (CMM results), as well as residual stress distribution along (b) Z-
direction, (c) X-direction, and (d) Y-direction.
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Table 4.4: Materials properties used in the finite element model as provided in the ASTM
standards [39-41].

Yield Ultimate | Poisson | Young’s
strength | strength ratio modulus

Invar 36 | 8.05g/cm® | 1.3x10%°C*at93°C |276 MPa| 448 MPa | 0.290 | 141 GPa
SS316L | 8.00 g/cm® | 16x106°Cat 100 °C | 290 MPa | 560 MPa | 0.250 | 193 GPa
MS1 8.00 g/cm® | 10.1x10%°Ctat 21 °C | 758 MPa | 1034 MPa | 0.300 | 190 GPa

Material Density Thermal expansion

4.2.6 Fractography analysis

SEM and energy dispersive X-ray spectroscopy (EDX) methods were used to analyze the
fractography and material composition of the tensile-test samples. The fractography
analysis identified the fracture mechanism during the tensile test; ductile fracture or brittle

fracture.

4.3 Results and discussion

4.3.1 Part density

The relative density and the corresponding propagated uncertainty of each cube were
calculated using the Archimedes principal “Equation (4.2)”. The relative density and the
corresponding measurement uncertainty, error bars, of each sample is plotted against the
laser energy density that has been used to produce that sample as shown in Figure 4.8a and
b. The graphs indicate a strong relationship between the relative density and laser energy
density. The laser energy density is function of laser power, average scanning speed, and
hatch spacing which are all considered variable parameters in this study. Two statistical
models were developed to study the relationship between the laser process parameters and
part density. The first model studies the part density as a function of individual laser
parameters, while the second model studied the part density as a function of the laser energy

density.
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Figure 4.8: Relative density as a function of laser energy density for the production of (a)
Invar 36, (b) SS 316L samples by selective laser melting.

4.3.1.1 Part density as a function of the laser process parameters

A regression model that examines the three-way interaction of the independent variables
(P, v, h) was developed using Minitab software to study the effect of both individual
process parameters and interactions between process parameters on the relative density as

described in Equation (4.4).
P = Pyt BP+ BN+ B+ PP + BV + fih® + BoPV+ fyPh+ Brvh + fPvh +e (44)

The model included independent variables (P, v, h), quadratic variables (P?, v2, h?),
two-way interactions (Pxv, Pxh, vxh), and three-way interaction (Pxvxh). The null
hypotheses (Ho1, Hoz, Hos, and Hos) assumed that there is no significant relationship
between the response and independent variables, quadratic variables, two-way interactions,
and three-way interaction, respectively. The alternative hypothesis (Ha.) assumed that there
is significant relationship between the response and any of the variables. The null
hypotheses were rejected when the confidence level was less than 95% (p-value > a, in
which the significant level o = 0.05). Hence, the insignificant parameters were removed
by a stepwise backward elimination of terms that had confidence level less than 95%. The

overall significance of the regression model was tested by F- and t-tests. It can be said that
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the regression model is statistically significant when F-value of the accepted terms is
greater than a predefined critical value (Fq, p-1, n-p1) and t-value of the accepted terms is
greater than a predefined critical value (taz, np-1). Table 4.5 shows the regression analysis
results for Invar 36 and SS 316L density. Since p-value is less than the specified
significance level, F-value is greater than the critical F-statistic, and t-value is greater than
the critical t-statistic, then the null hypothesis is rejected, and the model is defined as a
statistically significant model. Figure 4.9 shows the influence of laser power, scanning
speed, and hatch spacing on the relative density of both Invar 36 and SS 316L. The red
areas in the contour plots represent relative densities less than 50% as predicted from the

statistical model, but this is not practically applicable except for lattice structures.
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Figure 4.9: Contour plots for the relative density of (a) Invar 36 and (b) SS 316L. The
plots show the effect of laser power and scanning speed on the relative density at constant
hatch spacings of 0.08, 0.10, and 0.12 mm.
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Table 4.5: Regression model for Invar 36 and SS 316L density as a function of individual
process parameters.

Source efgerggm()f Contribution ?quurgrgz 'c\)/;es?qnu:lrjens] F-value | p-value | t-value | Remarks
Invar 36
Regression| 10 86.02% | 89.874 | 8.9874 | 59.69 | 0.000
P 1 167% | 8100 | 8.1001 | 53.80 | 0.000 | -7.33
v 1 293% | 2813 | 28128 | 18.68 | 0.000 | -4.32
h 1 0.99% | 2.008 | 2.0084 | 13.34 | 0.000 | -3.65
p2 1 161% | 1.679 | 16789 | 11.15 | 0.001 | -3.34 ® %
V2 1 3.92% | 4007 | 40975 | 27.21 [ 0000 | 5.22 | g T 3
h? 1 170% | 1776 | 17758 | 11.79 | 0.001 | -343 | © 5y
P xv 1 24.41% | 11.631 | 11.6308 | 77.25 | 0.000 | 879 | 3 5 §
P x h 1 1150% | 10.698 | 10.6981 | 71.05 | 0.000 | 8.43 T
vxh 1 30.66% | 2.837 | 2.8366 | 18.84 | 0.000 | 4.34
Pxvxh 1 6.62% | 6.921 | 69212 | 4597 | 0.000 | -6.78
Error 97 13.98% | 14.605 | 0.1506
Total 107 100.00%
SS 316L
Regression 10 92.52% |295.364 | 29.5364 |119.99 | 0.000
P 1 14.58% | 19.743 | 19.7430 | 80.20 | 0.000 | -8.96
v 1 24.05% | 19.311 | 19.3113 | 78.45 | 0.000 | -8.86
h 1 13.83% | 14.404 | 14.4039 | 58.51 | 0.000 | -7.65
p2 1 2.14% | 6.830 | 6.8304 | 27.75 | 0.000 | -5.27 2 o
V2 1 0.64% | 2.056 | 2.0564 | 8.35 | 0.005 | -2.80 | g T 3
h? 1 055% | 1752 | 17522 | 7.12 | 0.009 | -267 | S &%
P xv 1 9.05% | 37.134 | 37.1336 |150.85| 0.000 | 12.28 | 3 g §
P x h 1 511% | 35.969 | 35.9686 |146.12 | 0.000 | 12.09 Tl
vxh 1 13.78% | 17.2901 | 17.2912 | 70.24 | 0.000 | 8.38
Pxvxh 1 8.79% | 28.054 | 28.0542 |113.96 | 0.000 | -10.68
Error 97 7.48% | 23.878 | 0.2462
Total 107 100.00%

As shown in Figure 4.9, increasing the laser power at high scanning speed led to
an increase in the part density. This could be attributed to a reduction in the void formation
when increasing the laser power at high scanning speed. However, increasing the laser

power at low scanning speed led to a decrease in the part density when using small hatch

127



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

spacing, which is likely due to the mass loss and compositional changes that happen at very
high laser energy (high laser power, low scanning speed, and small hatch spacing). These
compositional changes during the SLM of Invar 36 and SS 316L were considered in
another work by the authors [42]. The analysis of variance (ANOVA) showed that the part
density significantly depends on the interactions between the three process parameters,

which are combined in the laser energy density formula.

4.3.1.2 Part density as a function of the laser energy

Another regression model that examines the effect of the independent variable, laser energy
density (Ev), was developed to find an empirical equation that could be used to optimize
“maximize” the density for both materials. The model included the independent variable
(Ev), quadratic variable (E,?), and cubic variable (E.®) as described in Equation (4.5). The
null hypotheses (Ho1, Hoz, and Hog) assumed that there is no significant relationship
between the response and independent variable (. = 0), quadratic variable (£ = 0), and
cubic variable (Su1 = 0), respectively. The alternative hypothesis (Ha) assumed that there
is significant relationship between the response and any of the variables (at least one of the
S, P, Pua # 0). Table 4.6 shows the regression analysis results for Invar 36 and SS 316L
density versus the laser energy density. The insignificant parameters (e.g. E/2 in the
regression model for SS 316L) were removed by a stepwise backward elimination of terms
that had confidence level less than 95%. The null hypothesis is rejected, and the model is

defined as statistically significant.

o, =B+ BE, + L, Ev2 + B Ev3 +€e (4.5)
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Table 4.6: Regression model for Invar 36 and SS 316L density as a function of laser energy
density.

Source efgerggm()f Contribution ssquurgr(ejz xes?qnuzlrjgs] F-value | p-value | t-value | Remarks
Invar 36
Regression 3 90.57% | 94.6276 | 31.5425 |332.99 | 0.000 o
Ev 1 0.26% 9.7785 | 9.7785 |103.23| 0.000 | 10.16 o = §
E.? 1 89.38% | 4.1629 | 4.1629 | 43.95 | 0.000 | -663 | 2 'L
E/? 1 0.93% 0.9755 | 0.9755 | 10.30 | 0.002 | 3.21 't's 2 i
Error 104 9.43% | 9.8513 | 0.0947 K
Total 107 100.00%
SS 316L
Regression 2 95.54% | 305.018 | 152.509 |1125.77| 0.000 8 x
Ev 1 35.26% | 276.342 | 276.342 |2039.87| 0.000 | 45.16 2 w0 7
E? 1 60.28% | 192.441 | 192.441 |1420.54| 0.000 | -37.69 fl’ %g
Error 105 4.46% 14.224 0.135 3 g8
Total 107 | 100.00% T

Table 4.7 and Table 4.8 compares the ANOVA results and lists the regression
equations from the first and second models for both materials. It was observed that the
second model gives lower standard deviation (S), higher coefficient of determination (R?),
and lower predicted residual error sum of squares (PRESS) for both materials. Four
samples were manufactured at laser power 250 W, scanning speed 800 mm/s, and hatch
spacing 0.10 mm from both materials for validation. Both models were used to predict the
relative density of the samples, and the predicted values were compared with the measured
densities as listed in Table 4.9. Compared with the measured densities, it was observed that
the first model overestimates the relative density and gives a positive error between 0.08%
to 0.56%, but the second model underestimates the relative density and gives an error
between -0.25% to 0.11%. The first model also leads to a variation in the relative density
of the groups that have the same laser energy but different combinations of process

parameters, but the second model predicts only one relative density at each laser energy
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density. The ANOVA results showed that the second model is better than the first model
for both materials, therefore the second model has been selected. It can be summarized that
increasing the laser energy density leads to an increase in the part density. This is attributed
to the reduction of the void formation when increasing the laser energy, in which the
amount of energy will be sufficient for full melting. The void formation at low energy
density was studied by Yakout, et al. [42]. At a critical value of the laser energy density
(Ec), the part reaches its maximum density as shown in Figure 4.8. Above that limit, the
part density decreases due to vaporization and microsegregation of some alloying elements.
The critical laser energy density was found to be 86.8 J/mm? for Invar 36 and 104.2 J/mm3
for SS 316L.

Table 4.7: Comparison between the ANOVA results from the two models for Invar 36 and
SS 316L.

S R? Adjusted R? Predicted R? PRESS
Invar 36
15t model 0.388034 86.02% 84.58% 82.82% 17.9510
2" model 0.307773 90.57% 90.30% 89.52% 10.9531
SS 316L
15t model 0.496150 92.52% 91.75% 90.59% 30.0442
2" model 0.368063 95.54% 95.46% 95.25% 15.1772

Table 4.8: Empirical “regression” equations from the two models for both Invar 36 and SS
316L.

Invar 36
1%t model pr% =137.01 - 0.2384 P — 0.04044 v — 296.7 h — 0.000106 P? — 0.000010 v —
680 h% + 0.000305 Pxv + 2.360 Pxh + 0.3771 vxh — 0.002325 Pxvxh
2" model pr % = 87.842 + 0.27800 E, - 0.001957 E,? + 0.000003 E,?
SS 316L
15t model pr% =181.85-0.3721 P —0.10600 v — 795.0 h — 0.000213 P? — 0.000007 v2 —
676 h? + 0.000546 Pxv + 4.328 Pxh + 0.9310 vxh — 0.004682 Pxvxh
2" model pr % = 86.206 + 0.17845 E, - 0.000005 E,?
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Table 4.9: Predicted densities compared with measured densities for validation.

Invar 36 SS 316L
4 Measured| 1% model 2" model 4 Measured| 1% model 2" model
density |density | error |density | error density | density | error | density | error

99.12% (99.23%| 0.11% | 99.05% | -0.07%
98.99% (99.23%| 0.24% |99.05% | 0.06%
99.10% [99.23%| 0.13% | 99.05% | -0.05%
99.15% (99.23% | 0.08% |99.05% | -0.10%

97.99% |98.21% | 0.22% | 97.76% |-0.23%
97.78% |98.21%|0.43% |97.76% |-0.02%
97.65% |98.21%0.56% |97.76%0.11%
98.01% |98.21% | 0.20% | 97.76% |-0.25%

AIWIN|F
AIWIN|F

4.3.2 Tensile mechanical properties

Figure 4.10 shows the stress-strain curves for Invar 36 and SS 316L parts manufactured at
various laser energy densities. It shows that Invar 36 components exhibited brittle fracture
when manufactured at laser energy of 41.7 J/mm? and ductile fracture when manufactured
at 52.1 J/mmd, Parts that were manufactured at 86.8 J/mm? had lower tensile strength but
higher elongation than those were manufactured at 52.1 JJmm?3. This is in contrast to parts
that were manufactured at 156.3 J/mm3, which had higher tensile strength but lower
elongation than those were manufactured at 86.8 J/mm?3. SS 316L components showed a
similar behavior, albeit at different energy density levels. Figure 4.11 shows the ultimate
tensile strength and 0.2% offset yield strength and the corresponding measurement
uncertainties for Invar 36 and SS 316L. The uncertainty was defined by the standard
deviation of the results from three samples at each set of parameters. The elongation at
break, modulus of resilience, and modulus of toughness are shown in Figure 4.12 and
Figure 4.13. It was observed that the mechanical properties of the SLM parts strongly
depend on the laser energy densities that have been used to produce these parts. It was

concluded that:

1. For brittle parts for both materials: the tensile strength, yield strength, elongation,

toughness, and resilience increased when increasing the laser energy density until
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it reached to the ductile-transition laser energy density (52.1 J/mm? for invar 36
and 62.5 J/mm?3 for SS 316L).

2. For ductile parts for both materials: increasing the laser energy density led to a
decrease in the tensile strength, yield strength, and resilience, but an increase in
the elongation and toughness until the critical value of laser energy density. Above
that critical laser energy density, the tensile strength, yield strength, and resilience
started to increase while the elongation and toughness begin to decrease.

3. The mechanical properties of Invar 36 showed very sharp change of slope during
the brittle-ductile transition, compared with SS 316L. This sharp change of slope
could be attributed to differences in the residual stresses and CTE for both
materials. The residual stresses induced in both materials were compared in this

study, but the CTE measurements were considered in another study [42].
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Figure 4.10: Stress-strain curves for (a) Invar 36, (b) SS 316L parts manufactured at

various laser energy density levels.
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Figure 4.11: Ultimate tensile strength and yield strength of (a) Invar 36, (b) SS 316L parts

produced at various laser energy densities.
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Figure 4.12: Maximum elongation at break of (a) Invar 36, (b) SS 316L parts produced at

various laser energy densities.
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Figure 4.13: Approximate modulus of resilience and modulus of toughness of (a) Invar
36, (b) SS 316L parts produced at various laser energy densities.

From the tensile-test results, two laser energy density were introduced, brittle-
ductile transition energy density, Er, and critical laser energy density, Ec. The transition
laser energy density is the laser energy at which the material transforms from brittle to
ductile fracture. The critical laser energy density is the laser energy at which the part
density and toughness start to decrease. It was found that Et is 52.1 J/mm? for invar 36 and
62.5 J/mm? for SS 316L, while Ec is 86.8 J/mm? for Invar 36 and 104.2 J/mm? for SS 316L.
These two laser energy densities are material dependent, and they could be determined by
statistically designed experiments. By screening the data, it was noticed that the trend that
the mechanical properties took in the brittle fracture mode was different than the trend that
they took in the ductile fracture mode. Two data sets were analyzed to examines the effect
of the laser energy density on the mechanical properties: the first data set was for samples

that were manufactured below Er and the second data set was developed for samples that
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were manufactured above Er. The same regression model developed for the part density
analysis, Eq. (5), was applied on each data set. Two empirical models were examined for
each material: the first empirical model explains the mechanical properties changes during
the brittle fracture mode and the second empirical model optimizes the mechanical
properties during the ductile fracture mode for both materials. The regression analysis
results for Invar 36 and SS 316L mechanical properties are shown in the Appendix. Table
4.10 shows a summary of the empirical “regression” models describing the mechanical
properties for both materials based on laser energy density. For each mechanical property,
the developed model (i.e. based on laser energy density) was compared with a model that
combine the individual parameters (i.e. laser power, scanning speed, and hatch spacing).
An ANOVA was conducted in which the regression models were tested for statistical
significance. It was found that the regression model with the best statistical significance
(i.e. high R? small S, and small PRESS) was that based on laser energy density. The
regression equations that were resulted from ANOVA are listed in Table 4.11. It was
observed from the regression analysis that both materials showed similar behaviors during
the tensile test. Both Invar 36 and SS 316L components manifested brittle fracture when
melted at laser energy density lower than E+. This was attributed to the formation of internal
voids and cracks at laser energy densities below Er. The parts manifested ductile fracture
when melted at laser energy density higher than Er. The ductile parts showed that
increasing the laser energy density caused a reduction in the tensile and yield strength and
an increase in the elongation and toughness. This was attributed to internal residual stresses
induced in the parts when manufactured at laser energy densities higher than Er. A tensile
residual stress most likely caused a reduction in the ultimate and yield strength. Parts that

were produced at Ec exhibited the lowest tensile strength but the highest toughness. Parts
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that were produced at laser energy densities higher than Ec showed a reduction in the

material toughness. This was attributed to changes in the material composition and unstable

keyholes occurred during the melting process when using laser energy densities higher than

Ec. These compositional changes are discussed in section 3.3.5.

Table 4.10: Summary of the ANOVA results for the tensile mechanical properties of Invar

36 and SS 316L.

S R? Adjusted R? | Predicted R? | PRESS
Invar 36
Ev < Et, where Er = 52.1 J/mm?®
Ultimate tensile strength 2.08309 | 96.98% 96.68% 96.01% 57.2963
0.2% offset yield strength | 1.48357 | 99.14% 99.06% 98.62% 35.3670
Elongation at break 1.48765 | 99.31% 99.24% 99.13% 27.9777
Modulus of resilience 3.57795 | 99.12% 99.03% 98.62% 200.468
Modulus of toughness 6.32522 | 99.26% 99.18% 99.06% 505.028
Invar 36
Ev > E7, where Et = 52.1 J/mm?
Ultimate tensile strength 2.65504 93.65% 93.38% 93.02% 550.317
0.2% offset yield strength | 2.64951 | 91.51% 91.15% 90.55% 555.132
Elongation at break 1.68894 | 83.09% 82.37% 80.88% 228.954
Modulus of resilience 6.25093 | 91.76% 91.41% 90.83% 3089.60
Modulus of toughness 6.51664 | 74.49% 73.42% 71.14% 3411.47
SS 316L
Ev < Et, where Et = 62.5 J/mm?®
Ultimate tensile strength 5.30730 | 95.80% 95.40% 94.65% 753.451
0.2% offset yield strength | 4.29652 | 91.07% 90.22% 88.79% 486.469
Elongation at break 3.35542 | 96.63% 96.31% 95.85% 291.875
Modulus of resilience 11.2668 90.45% 89.54% 88.07% 3332.19
Modulus of toughness 21.2584 | 96.50% 96.16% 95.66% 11753.1
SS 316L
Ev > Et, where Et = 62.5 J/mm?
Ultimate tensile strength 3.91619 | 97.25% 97.12% 96.83% 1148.66
0.2% offset yield strength | 3.93654 | 83.84% 83.09% 81.93% 1126.41
Elongation at break 3.04980 | 80.54% 79.64% 77.92% 685.880
Modulus of resilience 10.0793 | 83.93% 83.19% 82.02% 7388.62
Modulus of toughness 17.4631 | 68.04% 66.57% 63.67% 22533.7
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Table 4.11: Empirical “regression” equations for the tensile mechanical properties of both

Invar 36 and SS 316L.

Invar 36, where Et = 52.1 J/mm?

ou = 319.90 + 2.508 E,
oy = 176.64 + 3.3929 E,
& = -60.09 + 0.04061 E,2

Ur = 22.4 + 8.067 E,
Ur = -250.5 + 0.16613 E,2

ou=652.5 - 6.206 E, + 0.05225 E,? - 0.000137 E,?
oy =518.3-5.031 E, + 0.04222 E,? - 0.000112 E,?
& =-40.62 + 2.948 E, - 0.02715 E,? + 0.000076 E,?
Ur = 840.9 - 12.169 E, + 0.10240 E,? - 0.000273 E,*
ur =-45.0 +8.195 E, - 0.07796 E,? + 0.000224 E,?

SS 316L, where Et = 62.5 J/mm?

ou=-18.7+23.11 E,- 0.1876 E,2
oy=27.8+16.29 E, - 0.1378 E\?
& =-295.8 + 10.83 E, - 0.0803 E,?
Ur = -533 + 40.68 E, - 0.3435 E,2
ur =-1787 + 64.7 E, - 0.4752 E 2

oy =1233.8 - 15.067 E, + 0.12187 E\? - 0.000318 E,?
oy =748.4 - 6.752 E, + 0.05554 E,? - 0.000145 E.?
& =-136.7 + 5.901 E, - 0.05052 E,? + 0.000136 E.?
Ur = 1288.7 - 17.43 E, + 0.1436 E,? - 0.000376 E,?

ur = -488 + 26.14 E, - 0.2280 E,2 + 0.000621 E,?

4.3.3 Microscopic residual stress via XRD method

Most of the observed stresses in the top and lateral surfaces were tensile in both materials.

In Invar 36, the maximum principal stress in the horizontal direction ranged from 48.8 to

328.9 MPa and the minimum principal residual stress ranged from 11.3 to 209.2 MPa.

Moreover, the maximum principal stress in the vertical direction ranged from 59.4 to 157.8

MPa and the minimum principal residual stress ranged from -3.9 to 78.8 MPa. In SS 316L,

the maximum principal residual stress in the horizontal direction ranged from 73 to 444.7

MPa and the minimum principal stress ranged from -36.3 to 314.1 MPa. Also, the

maximum principal residual stress in the vertical direction ranged from 85.6 to 197.4 MPa
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and the minimum principal stress ranged from -3 to 90.6 MPa. Figure 4.14 shows the
principal stresses on both top and lateral surfaces for both materials. The analysis showed

that:

1. SS 316L samples showed higher residual stresses in both directions than Invar 36
samples that were manufactured at the same laser energy. Since all the observed
stresses were tensile, they are most likely caused by thermal stresses induced
during the melting and/or solidification process. This thermal stress is influenced
by modulus of elasticity, CTE, and temperature difference. Thus, the lower the
coefficient of thermal expansion the less the residual stress induced. However,
CTE might be influenced by the laser energy density, which is considered in
another study [42].

2. Both horizontal and vertical stresses increased when the laser energy density
increased. This was attributed to the fact that higher energy density could cause
higher temperature difference and consequently cause higher thermal stress. The
thermal history and temperature difference strongly affect the amount of residual
stress induced. The horizontal residual stresses induced in the parts, that were
produced at laser energy densities higher than Ec, exceeded the yield strength of
both materials (276 MPa for Invar 36 and 290 MPa for SS 316L). These parts
showed noticeable plastic deformations during the SLM process as shown in
Figure 4.15. Since the thermal stress exceeded the yield strength of the material, it
was expected that the material underwent plastic deformations during the process
as mentioned by Totten, et al. [43]. It was also observed that the plastic
deformation in Invar 36 was lower than that in SS 316L as Invar 36 has lower

residual stresses (as shown in Figure 4.14).
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3. Maximum horizontal stress was observed along the scanning direction and
minimum horizontal stress was observed along the hatch direction. Since the
scanning direction changes after each layer due to the (67° degree) rotation of the
scans between subsequent layers, the directions of the maximum and minimum
horizontal stresses change in each deposited layer. This led to large amount of
longitudinal and transverse macroscopic residual stresses in the longitudinal and

lateral horizontal directions.
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Figure 4.14: Horizontal and vertical principal residual stresses induced in (a) Invar 36 and

(b) SS 316L samples produced at various laser energy densities.
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Figure 4.15: Plastic deformation of (a) cantilevers, (b) tensile test samples, and (c) cubes
when melted at laser energy densities much higher than the critical laser energy density of

each material.
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By screening the data, it was found that the relationship between the residual stress
and the laser energy density is a second order polynomial relationship. A regression model
was developed to study the effect of the laser energy density on the residual stress as

described in Eq. (4.6).
O1y 012101, Oy = By + BE, + lBllEvz +€e (4.6)

The regression analysis results for the microscopic residual stresses in both Invar
36 and SS 316L parts is shown in the Appendix. The models were defined as statistically
significant and showed high R?, small S, and small PRESS as listed in Table 4.12. The
regression equations of microscopic residual stresses are listed Table 4.13. It was also
observed that the residual stresses induced in SS 316L samples are approximately twice
the residual stresses induced in invar 36 parts because of its highest CTE.

Table 4.12: Summary of the ANOVA results for the residual stress induced in Invar 36
and SS 316L.

| s | R® | Adjusted R? | Predicted R? | PRESS
Invar 36
Maximum horizontal stress | 24.8852 | 83.91% 82.57% 60.11% 36854.2
Minimum horizontal stress | 15.8926 | 90.17% 89.35% 86.49% 8327.96
Maximum vertical stress 9.11879 | 90.04% 89.21% 87.71% 2461.14
Minimum vertical stress 7.59393 | 90.26% 89.45% 85.90% 2003.10
SS 316L
Maximum horizontal stress | 23.3459 | 92.75% 92.15% 86.66% 24077.0
Minimum horizontal stress | 33.0690 | 82.90% 81.48% 61.42% 59216.9
Maximum vertical stress 13.0254 | 87.65% 86.62% 80.73% 6352.42
Minimum vertical stress 9.13009 | 88.74% 87.80% 86.89% 2328.56

Table 4.13: Empirical “regression” equations for the residual stress induced in both Invar
36 and SS 316L.

Invar 36 SS 316L
on =-95.1 +5.263 E, - 0.01789 E,2 on =-131.9 + 6.988 E, - 0.02209 E,?
on2 =-126.5 + 4.490 E, - 0.01534 E,? on2 =-230.7 + 6.99 E, - 0.02431 E\2
o = -23.5 +2.220 E, - 0.00684 E,? o =-9.1+2319 E, - 0.00594 E?
o =-82.0 + 2.116 E, - 0.00714 E\2 ov2 = -77.1 + 2.086 E, - 0.00645 E.2
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4.3.4 Macroscopic residual stress via cantilever method

The deformation of each T-shape cantilever was measured using CMM. This deformation
was most likely attributed to the relaxation of the residual stresses induced in the parts
during the SLM process. Figure 4.16 shows the measured points along the length of the
cantilever and the fitted parabolic curves for Invar 36 and SS 316L samples produced at
the critical laser energy density. Although the critical laser energy density has the same
effect on the part, both materials showed varied deflections due to their different CTE. The
minimum height and average deflection of each cantilever were extracted from the
parabolic curve. The minimum height was used to characterize the dimensional error in the
cantilever and the average deflection was used to characterize the macroscopic residual
stress using the FE model discussed in Section 4.2.5. It was observed that the dimensional
errors and residual stresses induced in the SS 316L samples were higher than those induced
in the Invar 36 samples, which agreed with the XRD microscopic residual stress.
Yadroitsava and Yadroitsev [30] developed a similar finite element model to predict the
residual stresses induced in titanium samples. Their simulation results agreed with the XRD
measurements. They also studied the residual stress induced in SS 316L cubes and titanium
samples produced at a laser energy density of 179 J/mm? (higher than the maximum laser
energy density in this study) via XRD method. They found that the residual stress was
between 300-700 MPa along the scanning direction at different locations. In the current
study, the maximum observed horizontal residual stress was 444.7 MPa along the scanning
direction in samples produced at 156.3 J/mm?3. Using the developed models for SS 316L in
the current study (Table 4.13 and Table 4.15), a laser energy density of 179 J/mm? is
expected to produce 411 MPa maximum microscopic residual stress and 631 MPa

maximum macroscopic residual stress (both values are within the range of their XRD
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measurements that were between 300-700 MPa). In their study, they did not measure the
macroscopic residual stress in SS 316L, which is the scope of the current paper. Their study
also based on a very high energy density and did not cover other influencing factors (i.e.
mechanical properties, material composition, etc.). It was observed that the cantilever
deflection is influenced by the laser energy density that was used to manufacture the
cantilever. Figure 4.17 shows the deflection of cantilevers that were manufactured at
different laser energy densities from both materials. The nominal height of the cantilever
was 10 mm. The parts that were manufactured at low energy densities showed fewer
dimensional errors in the measured height as compared to the nominal height. By
increasing the laser energy density, it was found that the height of the cantilever decreased.
This was most likely attributed to the bending deflection that the cantilever exhibited at
higher energy densities, and this was clearly visible after the wire EDM. The tensile
residual stresses induced in both sides of cantilever were relieved after the wire EDM and
caused tension in both sides and compression in the cantilever center. It was also observed

that the cantilever deflection increased when increasing the laser energy density.

"
b

AL5d
g

Height from the build plate (mm)

o Invar 36 at E, 9.8 1 Deflected cantilever “}'“‘"“"" JAH
86.8 J/mm? — _:’:\'ﬁ:mm .
A SS 316L at E, 9.7 1 L[ ™)
=104.2 J/mm? llluild plate ]
T T 1 1 y 4
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Distance from the center of the cantilever (mm)

Figure 4.16: Deflections of Invar 36 and SS 316L cantilevers produced at the critical
energy density (86.8 J/mm? for Invar 36 and 104.2 J/mm? for SS 316L).
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Figure 4.17: The height of the cantilever from the build plate and the cantilever deflection

from the center of the cantilever for (a) Invar 36 and (b) SS 316L samples produced at

various laser energy densities.

Figure 4.18 and Figure 4.19 show the deflection (AH), minimum height (H), and

dimensional height error (en) for cantilevers manufactured at different laser energy

densities from both materials. The uncertainties were calculated from the standard

deviation of the three measurements taken at each point across the width of the cantilever.
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Figure 4.18: Average cantilever deflection for (a) Invar 36 and (b) SS 316L.
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Figure 4.19: Minimum cantilever height and dimensional height error for (a) Invar 36 and
(b) SS 316L.

These data measurements were imported into the FE model to predict the resultant
stresses. The deformations were imported in the boundary conditions and the resultant
stress tensors were determined. These stress tensors represent the residual stresses that were
induced in the parts during the SLM process and were relieved after the support removal.
The longitudinal horizontal, lateral horizontal, and vertical stresses (o1, oz, and o,
respectively) were determined for each sample and plotted against the laser energy density
that was used to produce that sample as shown in Figure 4.20. By screening the data, it was
observed that the relationship of minimum height, average deflection, and macroscopic
residual stress with the laser energy density is a second order polynomial equation. The
same model that was developed for the microscopic residual stress data was used. It was
found that the minimum height decreases as well as the deflection and residual stresses

increase when increasing the laser energy density. The regression analysis results for the
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cantilever deflection and the estimated residual stresses are shown in the Appendix. Table
4.14 summarizes the S, R?, and PRESS values for each model, which all were considered
statistically significant. Table 4.15 summarizes the regression equations that could be used
to predict the expected deflection and residual stresses at each laser energy density level.
The macroscopic residual stresses (Figure 4.20) resulted from the numerical model agreed
with the microscopic residual stress (Figure 4.14) resulted from the XRD measurements.
Table 4.16 shows a comparison between the XRD residual stresses and FE relieved stresses
for both materials. The numerical results showed good agreement with the XRD
experimental results, however the numerical model underpredicts the experimental
measurements. The variation was most likely attributed to the diffraction errors in the XRD
technique and the excessive surface roughness in the parts.

Table 4.14: Summary of the ANOVA results for the cantilever deflection and macroscopic
residual stress induced in Invar 36 and SS 316L.

S R? Adjusted R? | Predicted R?| PRESS
Invar 36
Maximum height 0.0093178 | 92.01% 91.69% 90.77% | 0.0025077
Average deflection 0.0087387 | 91.86% 91.54% 90.42% | 0.0022483
Longitudinal horizontal stress | 11.2999 91.86% 91.54% 90.42% 3759.31
Lateral horizontal stress 4.38856 91.86% 91.54% 90.42% 567.028
Vertical stress 5.91128 | 91.86% 91.54% 90.42% 1028.78
SS 316L
Maximum height 0.0186470 | 93.75% 93.23% 92.43% | 0.0101001
Average deflection 0.0169626 | 93.40% 92.85% 91.09% | 0.0093232
Longitudinal horizontal stress | 28.8752 93.40% 92.85% 91.09% 27016.4
Lateral horizontal stress 9.43106 93.40% 92.85% 91.09% 2882.03
Vertical stress 14.4868 93.40% 92.85% 91.09% 6800.21
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Figure 4.20: Simulation results for the relieved residual stress via cantilever deflection for

(@) Invar 36 and (b) SS 316L.

Table 4.15: Empirical “regression” equations for the macroscopic residual stress induced

in both Invar 36 and SS 316L.
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H =10.0153 - 0.000006 E,?
AH =0.04400 + 0.001055 Ey
om1 = 56.92 + 1.3641 Ey
omz2 = 22.10 + 0.5298 Ey
o =29.77 +0.7136 Ey

H =9.9192 + 0.003277 E, - 0.000030 E,?
AH =-0.0400 + 0.003726 E, - 0.000008 E,?
o1 = -68.2 + 6.34 E, - 0.01357 E,?
oz = -22.3 + 2.071 E, - 0.00443 E,?
own =-34.2 + 3.182 E, - 0.00681 E,?

Table 4.16: Comparison between the experimental and numerical residual stress results.

Invar 36 SS 316L
XRD residual FE relieved XRD residual FE relieved
stress stress stress stress
Longitudinal 48.8 t0 328.9 117.5to0 276.4 73 to 444.7 192.1to 574.3
horizontal stress MPa MPa MPa MPa
Lateral horizontal 11.3t0 209.2 61.4t0 144.6 -36.3t0 314.1 96.4 to 288.1
stress MPa MPa MPa MPa
Vertical stress 59.4 to 157.8 45.6 to 107.3 85.6 t0 197.4 62.7 to 187.6
MPa MPa MPa MPa

4.3.5 Fractography and material composition analyses

The fractography analysis of the tensile-test samples revealed that the parts produced at a

laser energy density less than Er (52.1 J/mm? for invar 36, and 62.5 J/mm? for SS 316L)
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undergo brittle fracture (see Figure 4.21a) likely due to the formation of voids and internal
cracks. Parts that were produced at Er and above undergo ductile fracture as shown in
Figure 4.21. Table 4.17 lists the material compositions of Invar 36 and SS 316L tensile-
test samples produced at various laser energy densities, compared with the typical chemical
composition of the wrought material. At laser energy densities higher than Ec (86.8 J/mm?3
for Invar 36 and 104.2 J/mm? for SS 316L), the EDX analysis showed vaporization and
microsegregation of some alloying elements. The scale value of the EDX measurements
was +0.01 wt.%. The scanning rate was adjusted very low and many frames were collected
(2000 frames were taken) to allow accurate measurements. The vaporization phenomenon
was explained elsewhere in the work done by He, et al. [44], who studied the effect of the
laser welding on the material composition. Yakout, et al. [2] also explained the soot
formation that happens during the laser melting of nickel-based alloys. It was observed that
using laser energy densities higher than Ec caused a reduction in the nickel, manganese,
and chromium concentrations, and accordingly caused an increase in the silicon, iron, and
molybdenum concentrations. This was attributed to the vaporization of nickel, manganese,
and chromium during the melting process, as they have low boiling temperatures compared
with other elements (2913 °C for nickel, 2061 °C for manganese, and 2671 °C for
chromium). The concentrations of the elements that have higher boiling temperatures were
increased (e.g. molybdenum’s boiling temperature is 4639 °C). The increase in the ultimate
tensile strength and the reduction in the elongation that were noticed above Ec were most

likely attributed to the changes occurred in the material composition.
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Figure 4.21: Fractography of Invar 36 and stainless steel 316L samples produced at laser
energy density of (a) 41.7 JJmm? with more voids present “brittle fracture”, (b) 62.5 J/mm?
with less voids present “the beginning of ductile fracture”, and (c) 156.3 J/mm? with over

melting and mass loss.

Table 4.17: Material composition of Invar 36 and SS 316L tensile-test samples compared
with the wrought material (wt.%) and powder composition.

Element Fe Ni Mn Si Total
Wrought Invar 36 Bal. 35.5-36.5 <0.5 <0.25
Virgin powder 63.97 35.62 0.23 0.18 100.00
Recycled powder 63.55 36.05 0.21 0.19 100.00
At41.7 Jimm?® 63.35 36.20 0.24 0.21 100.00
At 86.8 J/mm?® 63.95 35.29 0.19 0.57 100.00
At 156.3 J/mm?® 66.33 3241 0.15 1.11 100.00
Element Fe Cr Ni Mo Mn Si Total
Wrought SS 316L Bal. 16-18 10-14 2-3 <2 <1
Virgin powder 67.59 17.13 10.69 1.62 1.84 1.13 100.00
Recycled powder 67.54 17.12 10.52 1.79 1.81 1.22 100.00
At 41.7 Jimm?® 66.87 17.66 10.23 2.24 1.61 1.39 100.00
At 104.2 J/mm?® 66.81 17.53 10.08 2.43 1.60 1.55 100.00
At 156.3 J/mm?® 68.22 17.07 8.62 2.64 1.49 1.96 100.00
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4.3.6 Optimum SLM process parameters for Invar 36 and SS 316L

The density measurements, tensile-test results, residual stress measurements, and
microstructure analysis were used to find the optimum SLM process parameters. In this
study, two laser energy densities were introduced: Er and Ec. Below Er, the fractography
analysis showed footprints of internal voids (Figure 4.21a) and the tensile test showed
brittle fracture. The parts that were manufactured below Et showed low toughness, low
density, and low residual stresses. Parts that were produced between Er and Ec showed
stable melting, high density, high toughness, but moderate residual stress. The tensile-test
results of these parts showed ductile fracture regime. Above Ec, alloying elements that
have lower boiling temperatures were vaporized, ejected from the melt pool, and converted
into soot. This vaporization phenomenon affected the material composition (see Table
4.17) and consequently the mechanical properties of the parts produced. These parts
showed lower densities, lower toughness, and extensive residual stresses. Some parts
showed plastic deformation as the internal residual stresses were higher than the yield
strength of the material. Therefore, it can be summarized that the melting process is
discontinuous below Er, continuous between Et and Ec, and unstable above Ec as shown
in Figure 4.22. The low and high boundaries of laser energy density were determined from
preliminary experiments by the authors. The recoater arm started to bump over the edge of
an improperly melted layer and caused vibration when using laser energy densities higher
than 156.3 J/mm?3 for both materials. It was also observed that powder particles do not bond
properly when using laser energy densities lower than 41.7 J/mm?3, Therefore, the melting
process is considered unstable above the high boundary and insufficient below the low
boundary of laser energy density. It was found that the SLM process shows stables melting

when using any combinations of process parameters that could give an energy density
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between 52.1 J/mm?® and 86.8 J/mm? for Invar 36 and between 62.5 J/mm?® and 104.2 J/mm?
for SS 316L. Figure 4.22 shows the process map of laser power and scanning speed for
both materials at hatch spacings of 0.08 mm, 0.10 mm, and 0.12 mm. Using any laser
energy within the above-mentioned range would provide stable melting process as well as
continuous beads and melting tracks. This, consequently, would provide high dense parts
with high toughness and less residual stresses. Using energy densities above Ec would
cause changes in the material composition, and it is expected that these parts will have CTE
different than that of the wrought material, particularly for Invar. The CTE and magnetic

properties of the two materials are described in another publication by the authors [42].
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Figure 4.22: SLM process map for (a) Invar 36 and (b) SS 316L, showing the process
parameters that could provide stable melting.
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4.4 Conclusions

The current study deals with selective laser melting of Invar 36 and stainless steel 316L.
Both materials are good candidates for welding and melting processes. Density
measurements, tensile testing, internal microstructures, material compositions, and induced

residual stresses were studied. The results showed that:

1. Using energy densities below the brittle-ductile transition energy density, Er,
caused brittle fracture in the parts produced due to void formation. The
fractography of these parts showed voids footprints. The brittle-ductile transition
energy density is 52.1 J/mm?3 for Invar 36 and 62.5 J/mm? for stainless steel 316L.

2. Between Er and the critical energy density, Ec, the parts showed stable melting,
continuous beads, and homogeneous melt tracks. These parts had the highest density
and toughness, but medium residual stresses due to thermal history. The critical
energy density is 86.8 J/mm? for Invar 36 and 104.2 J/mm?3 for stainless steel 316L.

3. Above Ec, the chemical compositions of the parts produced showed less
concentration for some of the alloying elements that have low boiling
temperatures. These alloying elements were vaporized during the melting process.
Therefore, the mechanical properties of these parts were altered due to changes in
the chemical composition. These parts showed less toughness, density, and very
high internal residual stresses.

It was concluded that the process parameters of selective laser melting should be optimized
for various alloys and careful considerations should be taken during the design stage. The
paper explained the physics of void formation and vaporization phenomena as well as their
relationship with the process parameters and their influence on the part characteristics and
quality. The effect of the laser process parameters on other influencing factors is considered

for future work.
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Abstract:

This paper presents an experimental study on the metallurgical issues associated with
selective laser melting of Invar 36 and stainless steel 316L and the resulting coefficient of
thermal expansion. Invar 36 has been used in aircraft control systems, electronic devices,
optical instruments, and medical instruments that are exposed to significant temperature
changes. Stainless steel 316L is commonly used for applications that require high corrosion
resistance in the aerospace, medical, and nuclear industries. Both Invar 36 and stainless
steel 316L are weldable austenitic face-centered cubic crystal structures, but stainless steel
316L may experience chromium evaporation and Invar 36 may experience weld cracking
during the welding process. Various laser process parameters were tested based on a full
factorial design of experiments. The microstructure, material composition, coefficient of
thermal expansion, and magnetic dipole moment were measured for both materials. It was
found that there exists a critical laser energy density for each material, Ec, for which
selective laser melting process is optimal for material properties. The critical laser energy
density provides enough energy to induce stable melting, homogeneous microstructure and
chemical composition, resulting in thermal expansion and magnetic properties in line with
that expected for the wrought material. Below the critical energy, a lack of fusion due to
insufficient melt tracks and discontinuous beads was observed. The melt track was also
unstable above the critical energy due to vaporization and microsegregation of alloying
elements. Both cases can generate stress risers and part flaws during manufacturing. These
flaws could be avoided by finding the critical laser energy needed for each material. The
critical laser energy density was determined to be 86.8 J/mm? for Invar 36 and 104.2 J/mm?3

for stainless steel 316L.
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5.1 Introduction

Due to their unique properties, Invar 36 (UNS K93600) [1] and stainless steel 316L (UNS
S$31603) [2] have gained notable popularity in the aerospace industry. Invar 36 offers very low
coefficient of thermal expansion (CTE) and ferromagnetic properties for applications up to
its Curie temperature (279 °C) due to its 36% nickel content. Therefore, it has been used in
applications that require high dimensional stability (e.g. precision measuring instruments,
aerospace control devices, waveguide tubes, telescopes, ring laser gyroscopes, etc.) [1, 3-6].
Stainless steel 316L offers good corrosion resistance because of its chromium, nickel and
molybdenum contents. Thus it has been used in applications that might be exposed to high
corrosion rates (e.g. exhaust components, aircraft structures, helicopter blades, sandwich
structures, etc.) [2, 7]. Although both alloys exhibit a single-phase austenite (y-Fe) that have a
face-centered cubic (FCC) crystal structure, they offer different mechanical, chemical, and
magnetic characteristics due to the variations in their chemical compositions. For instance,
Invar 36 exhibits ferromagnetic behavior below the Curie temperature and a paramagnetic
behavior above this temperature, but stainless steel 316L is nonmagnetic unless it is cold
hardened, where it becomes paramagnetic due to the martensitic phase transformation [1, 2, 8].
Austenitic alloys are relatively difficult-to-cut due to their high work hardening, high ductility,
low heat conductivity and high built up edge formation, however they have good weldability [9-
14]. Thus, both alloys are good candidates for metal additive manufacturing (AM). Selective
laser melting (SLM) is one of the most powerful AM processes as it can produce functional
components composed of a wide range of weldable materials for many industries, including the
aerospace industry [15-17]. It is a powder-bed process in which a metal powder is evenly
distributed on a build plate forming a layer that is melted according to a predefined computer

aided design (CAD) using a focused laser beam as shown in Figure 5.1a. Parts produced via
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SLM have been known to have defects and stress risers including, but not limited to, internal
voids, partially melted/unmelted powder, macro/micro cracks, changes in chemical
composition, and thermal stress. Accordingly, parametric studies have been suggested in the
literature to better understand what happens during the SLM process and minimize these defects
and stress risers [3, 7, 18-25]. The SLM process parameters include laser power, P in (W);
average scanning speed, v in (mm/s); hatch spacing, h in (mm); layer thickness, t in (mm); stripe
width, w in (mm); and stripe overlap, y in (mm) as shown in Figure 5.1b. The volumetric laser
energy density, Ey in (J/mm?®) combines the most effective parameters that affect the material
properties as described by Equation (5.1). It has been reported in the literature that Invar 36 parts
were produced using process parameters that give laser energy densities between 10 to 333
J/mm?3, and stainless steel 316L were produced using parameters that give laser energy densities
between 28 to 214 J/mm?, as listed in Table 5.1. However, it is not clear which of these process
parameters could be used to produce high quality parts. Previous attempts at optimizing laser
energy for part production, mainly focused on a one-factor-at-a-time (OFAT) and did not include
the effect of material composition. Therefore, little insight into the physical mechanisms in
defining optimal laser energy was presented [3-6, 26-52]. Qiu et al. [5] studied the CTE of Invar
36 parts produced using the SLM process and postprocessed using hot isostatic pressing. The
authors showed that the hot isostatic pressing process caused a reduction in the CTE of the
additively manufactured parts. However, their study is based on a sample size of three samples
manufactured at laser energy density of 25 J/mm?. A full range of process parameters windows
needs to be studied. Harrison et al. [4] reported that the CTE of the SLM Invar 36 is lower than
that of wrought Invar 36. The authors found that the CTE of Invar 36 increases when an
annealing postprocessing procedure is performed. In this work, the process-structure-property

relationships for both materials were studied through experiments based on full factorial design.
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Figure 5.1: lllustration of (a) selective laser melting machine and (b) selective laser
melting process parameters [3, 7, 16]. These process parameters were used for calculating

the laser energy density E, during this study.

5.2 Experimental procedures

5.2.1 Feedstock materials

Two gas-atomized powders, Invar 36 (Sandvik Osprey LTD) and stainless steel 316L
(Carpenter Technology LTD), in the size range of 15-45 um were used. ASTM F3049-14
[53] standard stated that “determining the properties of the feedstock powder used in these
processes is a necessary condition for industry's confidence in powder selection and ability
to produce consistent components with known and predictable properties”. Hence, the
powder size distribution (PSD) of both virgin (as received) and recycled (as sieved)
powders were measured using Malvern Mastersizer 2000 via the laser diffraction method
according to ASTM B822-17 [54] and ASTM F3049-14 [53]. The powder morphology and
chemical composition were identified using scanning electron microscopy (SEM) and

energy dispersive X-ray spectroscopy (EDX) methods.
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Table 5.1: Process parameters reported in the literature for producing Invar 36 and

stainless steel 316L.

Heat source

Processing parameters

AM platform Allo P v t h Ev Ref.

(laser type) y (W) | (mmls) (mm) (mm)  |(I/mm?)

EOS M280 Invar 36 Current
(Yb-fiber laser) | 58 g1l |200-300 600-1000|  0.040 |0.080-0.120 | 42-156 | i o
Concept Laser M2

(Y AG) Invar 36 | 400 [1800-4300| 0.030 0300 | 1025 | [5]

EOS M290 Invar 36 |150-300| 700-2200| 0.040 |0.080-0.320| 23-93 | [3]
(Yb-fiber laser)

Phenix PXM

(YD fiber laser) | Mvar36 | 300 | 2500 | 0030 0.090 44 | [6]
Renishaw AM125 | | .\ 36 |180-200|333-1000| 0.020 | 0090 [100-333| [4]
(Yb-fiber laser)
Concept Laser M2

Y AQ) SS 316L |150-400(500-1800 | 0.030 0.150 | 28-74 | [35]

HRPM-IIA

(Yb-fiber laser) | SS316L | 190 | 800 0.050 0.150 32 | [36]
SLM Solutions 125HL| o5 3161 | 50100 300-1250| 0.030 |0.070-0.140| 32-80 | [29]
(Yb-fiber laser)
Concept Laser M1

MY AG) SS316L | 104 | 175-800 [0.030-0.045 0.130 | 33-107 |[26, 27]
Concept Laser M3

NYAG) SS316L | 100 | 175-380 | 0.060 0.126 | 35-76 |[37,38]

EOS M280

(Yb-fiber laser) | SS316L | 150 | 1200 | 0.030 0.100 42 | [50]
Concept Laser M2

NYAG) ss316L | 200 | 1600 | 0.050 0.060 42 | [39]
SLM-Realizer 100

(Yb-fiber taser) | SS316L | 50 | 100300 | 0.050 0.080 | 42-125| [40]
Renishaw AM250

(Vb-fiber laser) | SS316L | 200 | 750 0.050 0.110 48 | [7,32]
Concept Laser M3

Y AG) SS316L | 105 | 380 [0.020-0.040, 0.125 |55-111| [41]
SLM-Realizer 250

(Yb-fiber laser) | SS316L | 87 150 0.075 0.130 50 | [42]
SLM-Realizer 250 | oo 516) 1100-200| 200-220 | 0050 | 0124 |81-150| [43]
(Yb-fiber laser)

Phenix PM100

Nofiber lasery | SS316L | 50 120 0.040 0.120 87 | [44]

in-house SLM

(NAVAG) ss316L | 100 | 300 0.030 |0.112-0.125| 89-99 | [46]
SLM Solutions 250HL| o5 316) | 389 |625-3000 0.050 [0.025-0.120|99-109| [28]
(Yb-fiber laser)
SISMAMYSINTI00 | g5 316 |100-150 700 | 0020 |0.050-0.070|102-214| [47]
(Yb-fiber laser)

DiMetal-100

(Ybofiber laser) | SS316L | 200 | 400 0.040 0.080 | 156 | [49]

HRPM-IIA

(Ybofiber laser) | SS316L | 180 | 900 0.020 0.060 | 167 | [52]
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5.2.2 Selective laser melting processing

An EOSINT M280 SLM machine, equipped with a 400 W ytterbium fiber laser and
nitrogen air flow, was used to produce the test samples. Full factorial design of experiments
(DOE) with three factors (P, v, h) at three levels was developed as listed in Table 5.2. The
layer thickness, stripe width, stripe overlap, and scanning rotation between subsequent
layers were maintained constant at 0.04 mm, 10 mm, 0.08 mm, and 67° respectively, and
a stripe scanning strategy [7] was used. The contouring, up-skin, and down-skin parameters
were deactivated during the process so that only the hatching parameters were considered
in the current study. The focal plane of the laser was maintained at zero position, in which
the surface being melted was in the focal plane as shown in Figure 5.1a. The DOE generates
a matrix of 27 experimental runs with a wide range of laser energy density from 41.7 to
156.3 J/mm?®. Each run of experiment was used to produce two cubes with an edge length
of 10 mm from each material, in which a total of 54 cubes were produced from each
material. The samples were fabricated directly on the build plate and did not undergo any
post-processing procedures. The cubes were removed using a band saw with coolant

applied to prevent overheating of the samples.

5.2.3 Microstructural analysis and phase identification

SEM and EDX methods were used to analyze the surface morphology and material composition
of the parts produced. The surface morphology analysis identified the surface defects and the
part deterioration. The analysis was performed on one cube from each run of experiments (27
cubes from each material) and included both top and lateral surfaces of each sample. The
material phase of these samples was identified via X-ray diffraction (XRD) method based on
lattice strain measurements. The lattice deformation was obtained using a CoKa (wavelength

1.79026 A) radiation source, detector angle was 57.4°, and X-ray angles was 59.4°.
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Table 5.2: SLM process parameters used in this study (DOE matrix based on full factorial
design).

No | P (W) | v(mm/s) | h (mm) | Ev (J/mm?3) | No | P (W) | v (mm/s) | h (mm) | Ev (J/mm?®)
1 200 600 0.08 104.2** | 15| 250 800 0.12 65.1

2 200 600 0.10 83.3 16 | 250 1000 0.08 78.1%
3 200 600 0.12 69.4 17 | 250 1000 0.10 62.5
4 200 800 0.08 78.1% 18 | 250 1000 0.12 52.1*
5 200 800 0.10 62.5 19 | 300 600 0.08 156.3
6 200 800 0.12 52.1* 20 | 300 600 0.10 125.0
7 200 1000 0.08 62.5 21 | 300 600 0.12 104.2 **
8 200 1000 0.10 50.0 22 | 300 800 0.08 117.2
9 200 1000 0.12 41.7 23 | 300 800 0.10 93.88§
10 | 250 600 0.08 130.2 24 | 300 800 0.12 78.1%
11 | 250 600 0.10 104.2** | 25| 300 1000 0.08 9388
12 | 250 600 0.12 86.8 26 | 300 1000 0.10 75.0
13 | 250 800 0.08 97.7 27 | 300 1000 0.12 62.5
14 | 250 800 0.10 78.1%

* + 1 § ** indicate groups that have the same laser energy densities

5.2.4 Magnetic and thermal testing

The magnetic dipole moment (j) of each sample was measured using Lake Shore 480
fluxmeter. In parallel to this, the second cube from each run of experiment was machined
to the standard size of the CTE samples provided in the ASTM E831-14 standard (4 mm
diameter and 10 mm length) [55, 56]. The BAHR quenching dilatometer DIL 805A/D was
used to perform the CTE measurements. The initial length of the samples (Lo) was
measured using a Mitutoyo micrometer with a scale value of +1 pm. The samples were
heated via induction copper coil and the corresponding linear deflection (AL) was measured
by a linear voltage displacement transducer (LVDT) through quartz push rods attached to
the sample end. Simultaneously, the instantaneous temperature (T;) was measured by a 0.1
mm diameter K-type thermocouple spot-welded to the sample. The samples were heated
in inert helium atmosphere from room temperature (T, = 21°C) to 1000 °C with a 0.1 °C/s

heating rate and allowed to cool to room temperature. The thermal expansion, gr in (um/m),
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coefficient of thermal expansion “CTE”, «in (10 °C™?), temperature difference over which
AL is measured, AT in (°C), and average temperature, T, in (°C), were calculated as

described by Equation (5.2).

AL &r AL
o= = , Where &, =| —
L, xAT T L,

T.,+T

i+l i

2

(5.2)

AT =(T,,-T,), and T, =

5.3 Experimental results

5.3.1 Powder characterization

Figure 5.2a and b show the differential and cumulative PSD for both virgin and recycled
powders. It was observed that the PSD curves overlap within the repeatability standard
deviation (£1%), implying that the particle sizes for both materials were approximately
identical. Table 5.3 lists the powder diameter (D) at three cumulative volumes of particles
(p = 10%, 50%, 90%). It was noted that 10-90% of both virgin and recycled Invar 36 powder
were approximately between 17 pm to 49 pum, while 10-90% of virgin stainless steel 316L
powder was approximately between 18 um to 47 pum. In addition, 10-90% of recycled
stainless steel 316L powder was approximately between 17 um to 52 um. No large particles
were observed, implying that the large agglomerated particles were sieved successfully. It is
worth noting that both virgin and recycled powders were sieved before the SLM process via
a 200-mesh sieve (75 um). Figure 5.3 shows the microstructure of the virgin (as received)
and recycled (as sieved) Invar 36 and stainless steel 316L powders. The analysis showed
minimal difference between the virgin and recycled powders. The morphology of the virgin

powders showed nearly identical spherical particles, while the recycled powders showed
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agglomerated spherical particles within the size range of the typical powder (15-45 um). No

significant morphological changes between the virgin and recycled powders were observed.
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Figure 5.2: (a) Differential and (b) cumulative powder size distribution for both Invar 36

and stainless steel 316L powders.

Table 5.3: Powder diameter at cumulative volume percent of particles 10%, 50%, and 90%
for both materials.

Virgin powder size Recycled powder size
Powder (as received prior to SLM) (as sieved following SLM)
Dio(um) | Dso(um) | Dgo (pm) D1o (pm) Dso (um) | Do (um)
Invar 36 173+£02 | 29.3+03 | 489+03 | 16.7+04 | 28.8+0.2 | 492+0.9
Steel 316L | 18.3+0.3 | 29.1+05 | 465+06 | 174+03 | 29.3+05 | 522+0.5

(a) Virgin

b roe mover 0 Bhrt e

Magnification 2000x

(b) Recycled

(c) Virgin

(d) Recycled

Figure 5.3: Microstructures of (a, b) virgin and recycled Invar 36 and (c, d) virgin and

recycled stainless steel 316L powders.
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5.3.2 Microstructural characterization

Invar 36 parts that were produced at a laser energy density of 41.7 J/mm® showed
discontinuous beads that consequently formed voids, cracks, denudations, and balling
phenomenon. These parts were also found to have unmelted powder particles adhering to
the surface and cracks between subsequent layers as shown in Figure 5.4a and e. Therefore,
parts that were produced at laser energy densities between 41.7 J/mm?® and 52.1 J/mm?3
exhibited fewer voids and semi-continuous melt tracks. Parts that were produced at 86.8
Jimm? showed continuous melt tracks with no voids and balling formations. This
microstructure showed stable melting with no cracks as shown in Figure 5.4c and g. Parts
that were produced at 156.3 J/mm? exhibited keyhole pores and spatters (i.e. droplets of
molten metal) as shown in Figure 5.4d and h. This could be attributed to the vaporization
and ejection of some elements from the melting pool during the SLM process. Similarly,
stainless steel 316L parts that were produced between 41.7 J/mm? and 62.5 J/mm? showed
either discontinuous or semi-continuous beads. These parts were found to have voids,
cracks, balling, denudations and unmelted powder particles adhering to the surface as
shown in Figure 5.5a, b, e, and f. At a laser energy density of 104.2 J/mm?3, stainless steel
parts showed continuous melt tracks with no voids and balling formations as shown in
Figure 5.5¢c and g. These parts showed the highest measured density with stable melting
characteristics. Similar to Invar 36 parts, stainless steel parts that were produced at 156.3
J/imm?3 showed keyhole pores and metal spatters as shown in Figure 5.5d and h. A critical
laser energy density (Ec) was defined for each material, in which the material undergoes
unstable melting when exposed to laser energy densities above this critical energy density.
The melting process is stable only when using the critical energy density (Ec = 86.8 J/mm?

for Invar 36 and Ec = 104.2 J/mm? for stainless steel 316L).
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156.3 J/mm?. 100x and 500x magnifications were used.
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5.3.3 Material composition

Table 5.4 and Table 5.5 list the material compositions of Invar 36 and stainless steel 316L
samples produced at various laser energy densities, compared with the typical chemical
composition of the wrought material. The scale value of the EDX measurements was +0.01 wt%.
The scanning rate was adjusted very low and many frames were collected (20 frames, resolution
of 2048 x 2048 pixels/frame, and scanning rate of 10° ps/pixel) to allow accurate measurements.
The material composition of the parts that were produced at energy densities below Ec did not
show that much difference from the wrought material. However, the parts that were produced at
energy densities above Ec showed significant change in the concentration of some alloying
elements. In Invar 36, it was observed that using laser energy densities higher than Ec caused a
reduction in the nickel and manganese concentrations, and accordingly caused an increase in the
silicon and iron concentrations. Similarly, the concentration of nickel, manganese, and
chromium decreased, as well as the concentration of silicon, iron, and molybdenum increased

in stainless steel 316L when using laser energy densities higher than Ec for stainless steel 316L.

Table 5.4: Material composition of Invar 36 parts (wt.%).

Element Wrc_)ught Powder SLM Invar 36 cubes
material [57] | Virgin | Recycled | 41.7 J/mm?® | 52.1 J/mm? | 86.8 J/mm?® [156.3 J/mm®
Fe Balance 63.97 63.55 63.92 63.85 63.45 64.82
Ni 35.5-36.5 | 35.62 36.05 35.66 35.21 35.11 33.34
Mn <0.5 0.23 0.21 0.22 0.20 0.20 0.17
Si <0.25 0.18 0.19 0.20 0.74 1.24 1.67
Total 100.00 | 100.00 100.00 100.00 100.00 100.00

Table 5.5: Material composition of stain

less steel 316L parts (wt.%).

Element Wrought Powder SLM stainless steel 316L cubes
material [55] | Virgin | Recycled | 41.7 J/mm® | 62.5 J/mm® |104.2 J/mm3|156.3 J/mm?

Fe Balance 67.59 67.54 67.74 67.87 67.88 68.21
Cr 16-18 17.13 17.12 17.10 17.09 17.11 17.05
Ni 10-14 10.69 10.52 10.10 9.98 9.69 8.66
Mo 2-3 1.62 1.79 1.74 1.90 2.30 2.79
Mn <2 1.84 1.81 1.86 1.74 1.39 1.35
Si <1 1.13 1.22 1.46 1.42 1.63 1.94

Total 100.00 | 100.00 100.00 100.00 100.00 100.00
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5.3.4 Crystallographic characterization

Figure 5.6a and b show the XRD diffractograms of Invar 36 and stainless steel 316L
samples that were produced at various laser energy densities. The results matched the
typical austenitic steel (y-Fe) structure shown in Figure 5.6¢ and no other phases were
observed. However, significant differences in the intensities of both (1 1 1) and (2 0 0)
planes were observed. Using high laser energy density caused an increase in the intensity
of (2 0 0) plane and a reduction in the intensity of (1 1 1) plane. This could be attributed to
either the microsegregation of some precipitates during the parts solidification when using
very high laser energy density [58-64] or that (2 0 0) plane is the preferred growth direction
during solidification of cubic materials. Some studies in the literature have reported that
residual stresses due to phase transformation could be induced in the alloys that experience
a martensitic transformation [7, 65, 66], but some other studies have reported residual
stresses due to thermal stresses [67]. The residual stress measurements for Invar 36 and

stainless steel 316L are considered in another work by the authors [68].
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Figure 5.6: XRD diffractograms of (a) SLM Invar 36 samples, (b) SLM stainless steel

316L samples, and (c) typical austenite crystal.
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5.3.5 Coefficient of thermal expansion

Figure 5.7 shows the dilatometer experimental results (i.e. thermal expansion and average
linear CTE) for Invar 36 and stainless steel 316L parts produced at the critical laser energy
density. The SLM parts showed linear CTE analogous to the wrought material, no significant
changes were observed. The results were almost identical to those reported in the literature
[4, 5]. The Invar effect occurs when the nickel content in the alloy is maintained at 36%,
which manifests the lowest CTE compared with any other iron-nickel based alloy [69]. The
CTE of Invar 36 is much lower than that of stainless steel 316L as shown in Figure 5.7. The
CTE of Invar 36 starts to drastically increase after the Curie temperature (Tc = 279 °C), but
it is still lower than steels and other iron-based alloys. It was observed that the laser process
parameters affect the CTE of the material, especially at low temperatures. For Invar 36, parts
that were manufactured at 41.7 J/mm? and 156.3 J/mm? showed lower thermal expansion
than parts that were manufactured at Ec (86.8 JJmm?) at low temperatures as shown in Figure
5.8. Similarly, stainless steel 316L parts that were manufactured at Ec (104.2 J/mm?) showed
higher thermal expansion than parts that were manufactured at 41.7 J/mm? and 156.3 J/mm?
at low temperatures. Figure 5.9 shows the thermal expansion of SLM parts at 50 °C as a
function of laser energy density. It was observed that increasing the laser energy density
resulted in an increase in the thermal expansion until a peak was reached, after which it
decreased. This peak energy density matches the critical energy density for each material. It
was reported in the literature [5] that the SLM process does not affect the CTE of Invar 36,
for a sample size of three samples manufactured with different orientations at laser energy
density of 25 J/mm3, The work done in reference [5] did not include samples manufactured
at laser energy densities higher than 25 J/mm? and therefore it is likely that all of the test data

was below the critical laser energy density for their material. Another study [4] reported that
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the CTE of the SLM Invar 36 is lower than that of wrought Invar 36. The authors concluded
that an annealing procedure after the SLM process caused an increase in the CTE, however
the authors in reference [5] showed that the hot isostatic pressing process caused a reduction
in the CTE. Neither study covered the influence of the process parameters on the CTE.
However, reference [4] mentioned that the CTE of an alloy is very sensitive to compositional
changes in the alloy. In this study, it was observed that the trend of Invar 36 thermal
expansion changed after the Curie temperature, which could be attributed to changes in the
material magnetic properties after the Curie temperature. Thus, the range used in the
statistical analysis was from room temperature to Curie temperature (279 °C). The
relationship between the instantaneous temperature, Ti, and thermal expansion, er, is
considered to be a second order polynomial within the range from room temperature to Curie
temperature as shown in Figure 5.7a. Equation (3) represents the empirical relationship
between the thermal expansion and temperature, in which constants a, b, and ¢ are material
dependent. Since the SLM process parameters affect the material properties, so it was
expected that these constants would depend on the SLM process parameters. A three-way
interaction regression model that examines the effect of SLM process parameters on the
thermal expansion was developed using Minitab software. The model included independent
variables (P, v, h), quadratic variables and two-way interactions (P?, v, h?, Pxv, Pxh, vxh),
three-way interaction (Pxvxh), temperature variables (T, T2), and interaction terms (PxT,
vXT, hxT, PxyxT, PxhxT, vxhxT). Table 5.6 shows the results of the regression models
where, S is the standard deviation, R? is the coefficient of determination, and PRESS is the
predicted residual error sum of squares. These models were accepted as statistically
significant. Table 5.7 shows the regression equations of the thermal expansion for both

materials.
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Figure 5.7: (a) thermal expansion and (b) average coefficient of thermal expansion for Invar

36 and stainless steel 316L samples manufactured at the critical laser energy density (Ec).
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Table 5.6: Regression model for Invar 36 and stainless steel 316L thermal expansions.

Degree of Sum of | Mean sum

Source f Contribution F-value | p-value |t-value | Remarks
reedom squares | of squares
Invar 36
Regression 9 99.38% 1758838 | 195426 |1737.99| 0.000 | -3.11
P 1 0.00% 21 805 7.16 0.009 | 2.68
v 1 0.00% 29 1165 10.36 | 0.002 | 3.22
T? 1 96.89% 1714838 | 205158 |1824.54| 0.000 | 42.71 ®© o
P2 1 0.04% 754 754 6.70 0.011 | -2.59 | e @
V2 1 0.07% 1233 1233 10.96 | 0.001 | -331 | 2 "o
PxT 1 0.95% 16825 34996 311.24 | 0.000 |-17.64| u §
PxvxT 1 0.04% 753 17477 | 155.43 | 0.000 [12.47| © £ &
PxhxT 1 0.02% 402 22389 | 199.11 | 0.000 |14.11| <~
vxhxT 1 1.36% 23983 23983 213.29 | 0.000 [-14.60
Error 98 0.62% 11019 112
Total 107 100.00% | 1769857

S =10.6040, R? = 99.38%, Adjusted R? = 99.32%, Predicted R? = 99.24%, PRESS = 13464.8
Stainless steel 3161

Regression| 14 99.99% 108703202 7764514 |83444.06] 0.000
T 1 99.92% |108620843| 64100 | 688.88 | 0.000 | 26.25
P 1 0.00% 1899 1566 16.82 | 0.000 | -4.10
v 1 0.00% 4445 3542 38.06 | 0.000 | -6.17
h 1 0.00% 1597 949 10.20 | 0.002 | -3.19
T2 1 0.06% 63693 63693 | 684.50 | 0.000 | 26.16
P2 1 0.00% 507 507 5.44 | 0.022 | -2.33 8o
h? 1 0.00% 415 415 446 | 0037 | -2.11 | g 7
PxT 1 0.00% 27 486 522 | 0025 |-228|c g
hxT 1 0.00% 0 525 564 | 0.020 | -2.37 | 3 g
PxvV 1 0.00% 2055 4329 46.53 | 0.000 | 6.82 S =
Pxh 1 0.00% 1646 2596 27.90 | 0.000 | 5.28
v x h 1 0.00% 2023 2626 28.22 | 0.000 | 5.31
PxhxT 1 0.00% 537 537 577 | 0.018 | 2.40
Pxvxh 1 0.00% 3512 3512 37.75 | 0.000 | -6.14
Error 93 0.01% 8654 93
Total 107 100.00% |108711856

S = 9.64627, R? = 99.99%, Adjusted R? = 99.99%, Predicted R? = 99.99%, PRESS = 11785.3
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Table 5.7: Empirical “regression” equations for thermal expansion of both Invar 36 and
stainless steel 316L parts.

Invar 36 (Tc = 279 °C)

er = (0.015196) T? + (- 0.012794 P + 0.000008 Pxv + 0.06248 Pxh - 0.01895
vxh) T + (-200.4 + 1.167 P + 0.2826 v - 0.002242 P? - 0.000179 v?)

To S T S TC
Te =279 °C a=0.015196
b =-0.012794 P + 0.000008 Pxv + 0.06248 Pxh - 0.01895 vxh
¢ =-200.4 +1.167 P + 0.2826 v - 0.002242 P2 - 0.000179 v?2
Stainless steel 316L
er = (0.009714) T? + (16.954 - 0.00577 P - 14.98 h + 0.0599 Pxh) T + (452 -
3.557 P - 1.350 v - 6925 h - 0.001838 P2 - 10399 h? + 0.005893 Pxv +
40.28 Pxh + 11.47 vxh - 0.05238 Pxvxh)
To < T < TC
Te =279 °C a=0.009714

b =16.954 - 0.00577 P - 14.98 h + 0.0599 Pxh
c=452-3.557 P -1.350 v - 6925 h - 0.001838 P? - 10399 h? + 0.005893 Pxv
+40.28 Pxh + 11.47 vxh - 0.05238 Pxvxh

Invar 36 sometimes shows negative CTE below Curie temperature due to

interaction between lattice vibration and magnetic degree of freedom. Both void formation

and compositional changes affect the CTE of Invar 36 [70]. It was found that parts that

have internal voids and/or parts that exhibit alloying element vaporization might have

negative CTE as shown in Figure 5.9. This is not the case in stainless steel 316L parts that

have very high CTE compared with Invar 36. The study showed that Invar 36 parts

produced by SLM process have significant dependency on the laser energy density

variation than stainless steel 316L parts. Figure 5.10 shows the effects of hatch spacing,

scanning speed, and laser power on the thermal expansion of both materials at 200 °C

(below the Curie temperature). It can be concluded that:
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1. Atlow laser power (laser energy density below Ec), increasing the scanning speed
and/or hatch spacing led to a decrease in the laser energy density and consequently
a decrease in the thermal expansion. This could be attributed to the void formation
at high scanning speed and large hatch spacing. These results conformed with the
microstructure analysis that showed voids below the critical energy density (see
Figure 5.4a, e, and Figure 5.53, €).

2. Athigh laser power (laser energy density above Ec), decreasing the scanning speed
and/or hatch spacing led to an increase in the laser energy density and consequently
a decrease in the thermal expansion. This could be attributed to the mass loss and
composition change occurred above the critical energy density. These results
conformed with the composition analysis that showed reduction in some elements

concentration (Table 5.5 and Table 5.6).
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Figure 5.10: Contour plots for the thermal expansion of (2) Invar 36 and (b) stainless steel
316L samples at temperature of 200 °C. The plots show the effect of laser power and

scanning speed on thermal expansion at hatch spacings of 0.08, 0.10, and 0.12 mm.
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5.3.6 Magnetic dipole moment

Introducing pores into the microstructure causes a transgranular fracture through the grain
boundaries and consequently an increase in the magnetic properties of the material due to weak
grain boundaries [71, 72]. Any compositional change could also affect the magnetic properties of
the material [73-76]. Increasing silicon concentration is one of the compositional changes that
could increase the magnetic moment [77]. Table 5.8 lists the magnetic dipole moment in the Invar
36 and stainless steel 316L samples that were produced at various laser energy densities. It was
found that increasing the laser energy density caused a reduction in the magnetic dipole moment
until the critical energy density is reached, after which the magnetic dipole moment started to
increase. Below the critical energy density, increasing the laser energy density caused a reduction
in the void formation and consequently caused a reduction in the magnetic dipole moment. Above
the critical energy density, increasing the laser energy density caused an increase in the silicon
concentration (i.e. microsegregation of some alloying elements) and consequently an increase in
the magnetic dipole moment. The magnetic properties of the material are affected by either void
formation in the microstructure (i.e. grain boundaries) [71, 72] or changes in the material
composition [73-76]. Stainless steel 316L is nonmagnetic material (low magnetic dipole moment)
and Invar 36 is ferromagnetic material that demagnetize above the Curie temperature. For
ferromagnetic metals, the coefficient of thermal expansion increases, and magnetization
decreases as temperature increases [78]. It was found that SLM parts that were produced at laser
energy densities below Ec have low coefficient of thermal expansion and high magnetic
properties due to void formation. In addition, parts that were produced at laser energy densities
above Ec have also low coefficient of thermal expansion and high magnetic properties due to
changes in the material composition. Only parts that were produced at the critical energy density

showed the highest coefficient of thermal expansion and the lowest magnetic dipole moment.
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Table 5.8: Magnetic dipole moment of Invar 36 and stainless steel 316L samples.

Invar 36 Stainless steel 316L
Produced at | Magnetic dipole moment, | Produced at | Magnetic dipole moment,
Ev j (Wb.cm) Ev j (Wb.cm)
41.7 JImm? 34.9285 41.7 J/mm3 0.1542
52.1 J/mm?® 31.4332 52.1 J/mm?® 0.1199
86.8 J/mm? 23.5939 104.2 J/mm?® 0.1079
156.3 J/mm?® 28.1234 156.3 J/mm?® 0.1448

5.4 Discussion

SLM parts can exhibit stress risers and number of dislocations as compared with other
traditional manufacturing methods as shown in Figure 5.11. The SLM process generates
highly localized changes in both heating rate during the powder melting and cooling rate
during the part solidification process. These thermal changes could cause void formation,
changes in the composition, and variations in the thermal expansion [3, 7, 18-21, 79-81].
These three mechanisms significantly affect the mechanical properties and material properties
of the parts produced [49, 50, 82-88]. The laser process parameters should be optimized in an
early stage during manufacturing to avoid these stress risers for better manufacturing quality.
Furthermore, how the laser energy correlate to the physics of these three mechanisms was

discussed in this paper by means of experimental observations and statistical analyses.

5.4.1 Void formation

It was observed that using laser energy density lower than the critical energy density (Ec) can
cause the formation of voids, partially melted/unmelted powder particles, cracks between
subsequent layers, powder denudations, and balling phenomenon. Figure 5.12a shows the
different types of voids and cracks; keyhole pores formed due to high penetration of laser in
the deposited layer, gas pores formed due to entrapped gas either inside powder particles or

inside the melt pool, lack-of-fusion pores formed due to improper connection between melt

180



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

pools, balling phenomenon happens due to discontinuous or semi-continuous beads (melt

tracks), cracks between subsequent layers due to improper amount of heat [21, 89-91].

Void formation is not exclusively restricted to low laser energy; rather, it is widely
dependent on the stability of the melt track. VVoids could be formed from either gas pores,
lack-of fusion pores, or keyhole induced porosity [3, 19, 21, 39]. At laser energy densities
lower than Ec, the voids could be either gas pores or lack-of fusion pores. The gas pores
are almost spherical in shape and formed due to entrapped gases either inside the powder
particles during the powder atomization process or inside the melting pool during the SLM
process. The lack-of-fusion pores are formed due to inadequate penetration of the melt pool
into a previously deposited layer. At laser energy densities higher than Ec, the keyhole

pores could be formed due to entrapped alloy vapors inside the melting pool [21].
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Figure 5.11: lllustration of SLM melt pool formation highlighting the expected defects.
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Balling phenomenon is described by the Plateau-Rayleigh capillary instability [21,
36, 66], which occurs when the melt track tends to break up into spherical balls and
becomes discontinuous. Using laser energy density lower than Ec could lead to balling

phenomenon due to surface tension accompanied with decreased wettability.

Powder denudation is the apparent clearing of powder particles around the melt
track. It usually accompanied with elongated pores due to surface tension. The powder
denudation causes an accumulation of surface roughness between layers. When the laser
energy is not sufficient to rapidly fully melt the powder particles, wetting occurs and the
surface tension acts to pull melted particles into the melt pool. This phenomenon is reported
in the literature as powder denudation and is commonly known in laser welding process
[92-95]. Some of the pores showed in the microstructure analysis were accompanied with

powder denudations.

5.4.2 Vaporization phenomenon

From the microstructure analysis, it was observed that using laser energy densities higher
than Ec caused footprints of spilled over molten metal. This molten metal on the surface
supports the conclusion that the layers were over melted. If the laser energy density
exceeded Ec during the melting of a certain layer, the layer would be over melted, and the
molten metal would spill over the sides, leaving marks on the preceding layers as shown
in Figure 5.4d and Figure 5.5d. This high amount of energy density caused: (i) vaporization
of some elements that converted into soot goes to the filter, (ii) ejection of molten particles
that converted into droplet spatters on the surface, and (iii) ejection of unmelted powder
particles that converted into powder spatters stuck on the surface as shown in Figure 5.12b.
The vaporization and microsegregation of alloying elements affected the chemical

composition of the parts produced as discussed earlier in section 5.3.3. Table 5.9 shows the
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melting and boiling temperatures, linear thermal expansion, and functionality of the
dominant alloying elements in Invar 36 and stainless steel 316L. It can be summarized that
manganese improves the hardness and tensile strength but reduces the weldability and
ductility of the material, chromium improves the hardenability and corrosion resistance and
reduces plasticity, nickel improves toughness and corrosion resistance and stabilizes
austenite in the material, silicon tends to increase strength and hardness but reduces
ductility, and molybdenum increases hardness and strength [96, 97]. It was observed that
the concentrations of manganese, chromium, and nickel, elements that have the lowest
boiling temperatures, decreased, as well as the concentrations of molybdenum, silicon, and
iron, elements that have the highest boiling temperatures, increased when using laser
energy densities higher than Ec for both materials. Iron, manganese, chromium, and nickel
are the main alloying elements that vaporized in steel alloys [98]. Although iron has lower
boiling point than nickel, but iron was preserved while nickel was vaporized at high energy
density. This could be attributed to that iron is the base alloying element in both alloys (62-
69% Fe in stainless steel 316L and 63-64% Fe in Invar 36).
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Figure 5.12: Physics of (a) void formation and (b) particles vaporization.
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Table 5.9: Material properties of alloying elements [96, 97].

Element |« (/°C) at 25 °C| Tm (°C) | Ty (°C)|Hardness| Tensile strength | Yield | Ductility|Corrosion
Mn 21.7x10° 1246 | 2061 + + + -
Cr 4.9 x 10° 1907 | 2671 + + +
Ni 13.4 x 10 1455 | 2913 + + + + +
Fe 11.8x10° | 1538 | 2861 + + + +
Si 0.0 1414 | 3265 + + + -
Mo 4.8 x 10° 2622 | 4639 + + - +

() is the coefficient of thermal expansion, (Tm) is melting temperature, (Tb) is the boiling
temperature, (+) means that the alloying element improves this property, and (=) means that it
reduces this property

5.4.3 Thermal expansion variation

This mechanism is a consequence of the other two mechanisms because thermal expansion
mainly depends on temperature, material composition, porosity/part density,
crystallographic direction, grain growth, and phase transitions [99]. It was observed that
increasing the laser energy density caused an increase in the thermal expansion below Ec
and a decrease in thermal expansion above Ec. The void formation at energy densities
lower than Ec caused a reduction in the thermal expansion of these parts [66, 99-101].
Alternatively, the vaporization of manganese and nickel (that have very high CTE as listed
in Table 5.9) and the more concentration of molybdenum and silicon (that have very low
CTE), that happened when using energy densities higher than Ec, caused a reduction in the
thermal expansion of the parts produced. Magnetic dipole moments and magnetizations
mainly depend on material composition, Curie temperature, crystal structure, and thermal
expansion [63, 101]. Consequently, increasing the thermal expansion below Ec was
accompanied by a reduction in the magnetic dipole moment and vice versa above Ec. It
can be concluded that any compositional change and void formation could affect the
thermal expansion and the magnetic properties of the material, and consequently could
affect the mechanical properties of the parts produced [69]. This paper does not include the

effect of the heat treatment, as it mainly studies the influence of the processing conditions
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on the CTE and magnetic properties of Invar 36 and stainless steel 316L parts produced by
SLM process. The effect of heat treatment on the thermal and magnetic properties of parts

produced at the critical laser energy density is recommended for future work.

5.5 Conclusions

Invar 36 and stainless steel 316L powders, size 15-45 um, were used to produce samples

according to a full factorial design of experiments. The analyses showed that:

1. A ccritical energy density, Ec, exists for each material. This critical energy density
was found to be 86.8 J/mm? for Invar 36 and 104.2 J/mm? for stainless steel 316L.

2. Using laser energy densities lower than Ec caused void formation due to either
gas pores or balling phenomenon or discontinuous melt tracks. These voids
caused a reduction in the coefficient of thermal expansion and an increase in the
magnetic dipole moment. By increasing the laser energy, the amount of voids
decreases, and consequently the coefficient of thermal expansion increases along
with a reduction in the magnetic dipole moment.

3. Vaporization and microsegregation of some alloying elements is expected when
using laser energy densities higher than Ec. This vaporization caused a reduction
in the manganese, chromium, and nickel concentrations accompanied with
increased concentrations of molybdenum, silicon, and iron. Since silicon and
molybdenum have very low thermal expansion, a reduction in the coefficient of

thermal expansion of the SLM parts was measured.

Itis concluded that any combination of process parameters that can generate the critical energy
density would provide a stable melting. The effect of this critical energy density on other

influencing factors (i.e. residual stress and mechanical strength) is considered for future work.
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Abstract:

Selective laser melting of Ti-6Al-4V is associated with residual stress generation, thermal
expansion, and metallurgical changes due to high heating and cooling rates. These
manufacturing flaws affect the microstructure and mechanical properties of the parts
produced. In this work, process mapping is presented for producing Ti-6Al-4V using the
selective laser melting process. Combinations of process parameters that lead to stable
melting are statistically identified. These process maps represent the density, coefficient of
thermal expansion, and deflection of parts produced in terms of laser process parameters.
As a result, an optimum process window to minimize manufacturing flaws and provide
stable melting is presented. The effect of selective laser melting process parameters on the
coefficient of thermal expansion of the as-deposited Ti-6Al-4V parts is investigated. A
critical laser energy density of 86.8 J/mm?3, Ec, is introduced based on the stability of the
melting process. Stable melting of Ti-6Al-4V occurs at any combination of process
parameters that generates laser energy density at Ec. This stable melting provides
homogeneous microstructure, high density of 99.9%, and a thermal expansion coefficient
in line with that of the wrought material. The induced residual stresses and part deflections
at the optimal conditions are studied. Above Ec, high tensile residual stresses are observed
due to variations in the coefficient of thermal expansion, temperature differential, and

material composition. Lack of fusion and void formation occur below Ec.

Keywords:
Selective laser melting; Ti-6Al-4V; Stable melting; Metallurgical changes; Thermal

expansion.
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Highlights:
e Stress risers in selective laser melting of Ti-6Al-4V.
o Coefficient of thermal expansion of additive manufacturing parts is important.
o Density, part deflection, thermal expansion, residual stresses were characterized.

e  Optimum process maps for Ti-6Al-4V were determined based on stable melting.

o Critical laser energy density, Ec, for Ti-6Al-4V.
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6.1 Introduction

Ti-6Al-4V (UNS R56400) is commonly used in several applications in the aerospace,
automotive, and biomedical industries due to its high strength-to-weight ratio, outstanding
corrosion resistance, and excellent mechanical properties [1]. Often the shapes of
components in these industries are complex and thus selective laser melting (SLM) can be
implemented to manufacture these complex shapes using Ti-6Al-4V. Several studies are
available in the open literature for SLM of Ti-6Al-4V [2-17]. Most of these studies focused
on the metallurgical issues associated with SLM of Ti-6Al-4V and post processing of
Ti-6Al-4V parts. Consequently, several recommended SLM process parameters have been
reported in the literature for Ti-6Al-4V including, but not limited to, the process parameters
illustrated in Table 6.1.

Table 6.1: Process parameters reported in the literature for selective laser melting of
Ti-6Al-4V.

Reference Laser power, | Scanning speed, | Layer thickness, |Hatch spacing, L_aserenergy
P (W) v (mm/s) t (mm) h (mm) density, Ey (J/mmd)
[5] 40-160 360-1200 0.030 0.100 11-148
[4] 175-375 686-1029 0.030-0.090 0.120-0.180 34-68
[2] 75 150-1000 0.025 0.077 39-260
[6] 400 40-100 0.200 0.500 40-100
[7] 150 1200 0.030 0.100 42
[8] 117-170 225-1250 0.030 0.100-0.180 45-96
[9] 175 200-1100 0.030 0.100 53-292
[12] 110 200 0.050 0.100 110
[13] 200 227 0.050 0.100 176
[17] 175 600 0.03 0.04 243

The SLM process is associated with void formation, crack initiation,
microsegregation, residual stresses, changes in the material composition, delamination, and
phase transformation. These manufacturing flaws lead to degradations in the mechanical
properties and fatigue performance of the parts produced [18-25]. Song et al. [12] studied

the effect of the scanning speed on the density and microhardness of Ti-6Al-4V parts.
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Kasperovich et al. [9] studied the influence of the processing parameters, particularly the
laser energy density, on the porosity distribution in the parts produced. Some studies were
reported in the open literature for characterizing the morphology, metallurgical issues, and
phase transformations associated with SLM of Ti-6Al-4V [6, 17, 22, 26, 27]. These studies
aimed at improving the performance and mechanical properties of Ti-6Al-4V parts using
post-processing methods. In addition, residual stresses induced in Ti-6Al-4V parts

produced via SLM are reported in the literature [7, 16, 28].

The coefficient of thermal expansion (CTE) is an important thermal property of
the material that affects the generation of tensile residual stresses in laser-based
manufacturing processes [29, 30]. Induced thermal stresses depend on the CTE and the
temperature differential in the material as described in Equation (6.1). A material with low
CTE will likely generate low thermal stresses, and consequently, low residual stresses
during the SLM process [29, 31]. Since the wrought Ti-6Al-4V has a high CTE (8.6
um/m.°C), high residual stresses are likely generated during the SLM process. Ali et al.
[16] studied the development of residual stresses in SLM of Ti-6Al-4V by numerical
simulations and the influence of various process parameters on the induced residual
stresses. They found that the laser process variables affect the induced residual stresses.
The open literature lacks information on the influence of the SLM process parameters on
the CTE of Ti-6Al-4V. Since any variation in the thermal expansion of the parts produced
could affect the resulting residual stresses [32], this paper contributes to the understanding
of the relationship between the CTE and residual stresses development in SLM of
Ti-6Al-4V. Test coupons were produced at various process parameters based on full
factorial design of experiments (DOE). The density, thermal expansion, residual stresses,

and microstructure were measured. Statistical analysis was used to optimize the SLM
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process parameters for Ti-6Al-4V and provide process maps for stable melting,
homogeneous microstructure, and fewer manufacturing flaws. The process maps were
compared with those obtained by Wang et al. [22] for ductility and density of parts
produced using SLM process, as well as those obtained by Beuth et al. [33] and Seifi et al.
[34] for density and melt pool physics of parts produced using electron beam melting
(EBM) process. Compared to the SLM process, the EBM process uses a beam of high
electrons power (e.g., 3000 W) [35]. In the current study, the relationship between the
microstructure, thermal expansion, residual stresses, and density of the parts produced at

several combinations of SLM process parameters was investigated.
or =aE(T-T,) (6.1)

where ot is thermal stress in (MPa), « is coefficient of thermal expansion at temperature T

in (m/m.°C), E is modulus of elasticity in (MPa), and T is reference temperature in (°C).

6.2 Experimental work

6.2.1 Feedstock, test samples, and methods

The feedstock material was Ti-6Al-4V Grade 23 powder in the size range of 15-45 pum
supplied by Renishaw Canada. The powder morphology was inspected via scanning
electron microscopy (SEM) in which no morphological deteriorations were observed as
shown in Figure 6.1. In this study, laser power, P, average scanning speed, v, and hatch
spacing, h were considered process variables as listed in Table 6.2. The scanning speed, v,
was varied by varying the exposure time, ¢, in Equation (6.2). The point distance, d, and
time delay, 84, were maintained constant at 60 um and 10 ps, respectively. The volumetric

laser energy density, E, in (J/mm3), was calculated using Equation (6.2).
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E, = % wherev=—— (6.2)

where v is average scanning speed in (mm/s), d is point distance in (um), @ is exposure
time in (us), 4 is time delay between exposures of adjacent points in (us), P is laser power
in (W), h is hatch spacing in (mm), t is layer thickness in (mm), and E, is volumetric laser

energy density in (J/mm?3).

[SEM MV 30 00 kV WD: 13 52 mm i)
fiedd: 1083 ym  Del: SE 20 pm

Magnification 500x Magnification 2000x

SEMMHV: 3000kV WD 1352 mm | PP SrEearer | VEGAW TESC,
fleld 4334 pm  Det SE

Figure 6.1: Morphology of Ti-6Al-4V Grade 23 powder used in this study.

Table 6.2: Laser process parameters used in this study.

No |P (W)[@ (us)|v (mm/s) |h (mm) |Ev (I/mm3)| No |P (W) |8 (us) [v (mm/s)|h (mm) |Ev (J/mm?)
11200 90 600 0.08 104.2" |16] 250 | 50 1000 0.08 78.1%

21200 | 90 600 0.10 83.3 17| 250 | 50 1000 0.10 6257

31200 | 90 600 0.12 69.4 18| 250 | 50 1000 0.12 52.1*

4 | 200 | 65 800 0.08 78.1* [19] 300 | 90 600 0.08 156.3

51200 | 65 800 0.10 625% |20 300 | 90 600 0.10 125.0

6

7

8

200 | 65 800 0.12 52.1* 121|300 | 90 600 0.12 104.2"
200 | 50 1000 0.08 625% 22| 300 | 65 800 0.08 117.2
200 | 50 1000 0.10 50.0 23| 300 | 65 800 0.10 93.8&
9 | 200 | 50 1000 0.12 41.7 24| 300 | 65 800 0.12 78.1~%
10] 250 | 90 600 0.08 130.2 |25 300 | 50 1000 | 0.08 93.8&
11] 250 | 90 600 0.10 104.2" |26 300 | 50 1000 | 0.10 75.0
12] 250 | 90 600 0.12 86.8 27| 300 | 50 1000 | 0.12 62.5%
13] 250 | 65 800 0.08 97.7
141 250 | 65 800 0.10 78.1~%
15] 250 | 65 800 0.12 65.1

* X # + & indicate groups that have the
same laser energy densities
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The laser energy density has been reported in the literature as a process mapping
tool for SLM of various alloys [1, 2, 36-38]. Mahmoudi et al. [39] found that the linear
energy density in (JJmm), Plv, is a better design parameter for identifying the material
printability and volumetric energy density in (J/mm?3) is for studying the transformation
behavior of the material. Volumetric laser energy density is an important design tool but
not sufficient for optimization [40]. To be used in the optimization process, the volumetric
energy density equation, Equation (6.2), has to be modified to include the scanning
parameters (e.g., scanning pattern and material properties) [41]. The contouring, up-skin,
and down-skin parameters were deactivated in the current study to minimize the effect of
the scanning parameters. Bertoli et al. [42] studied the limitation of the volumetric laser
energy density and they concluded that it can serve as a broad guideline for parameter
selection and to provide useful information on the effects of power, speed, layer thickness,
and beam size combinations. However, the volumetric laser energy density does not
capture melt pool physics and track morphology. Wang et al. [38] explained the
dimensionless volumetric laser energy density, E,", required to melt the powder that
include the material properties and the material absorptivity. The dimensionless laser
power, P", dimensionless scanning speed, v*, dimensionless layer thickness, t*, and

dimensionless hatch spacing, h*, were determined using Equation (6.3).

E* :%, Where P* =

AxP *:VXQ)’ h*:D, t* 2t (63)
v xh xt

.V
goxkx(Tm—To) D Q@ Q

where A is surface absorptivity, P is laser power in (W), ¢ is beam radius in (m), k is
thermal conductivity in (W/m.K), Tn is melting temperature in (K), T, is ambient
temperature in (K), v is scanning speed in (m/s), D is material diffusivity in (m?/s), tis layer

thickness in (m), and h is hatch spacing in (m).
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The layer thickness, t, stripe width, w, stripe overlap, y, and scanning rotation
between subsequent layers were maintained constant at 0.04 mm, 10 mm, 0.08 mm, and
67°, respectively. Each run of experiment was used to produce the test coupons; one
cantilever and four cubes as shown in Figure 6.2. Test coupons were manufactured using
a Renishaw AM400 machine equipped with a 400 W ytterbium fiber laser and argon gas
flow. In the current study, maps of process parameter combinations were determined with
more methods than just using the laser energy density as an optimization tool. An
optimization map of laser individual process parameters was determined. A parametric
study was performed to find an optimum threshold of laser energy density based on the
optimization results. These process maps optimize the laser power and scanning speed at
each hatch spacing to achieve parts with high density, low thermal expansion, high

cantilever height, and small cantilever deflection. The optimization process was based on:

1. Relative density higher than 99%.
2. Thermal expansion lower than 795 pum/m at 100 °C.
3. Cantilever height more than 10 mm.

4. Cantilever deflection less than 0.48 mm.

v b

-

Deflected beam AH

|

A
All dimensions are in mm b \ /\
— CMM measurement lines {_"\__,0 \// ]

Figure 6.2: Dimensions of test coupons: (a) cantilevers, and (b) cubes.
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These optimization criteria can vary by application, however the optimization

procedure focused on achieving properties close to the wrought material [43].

6.2.2 Density measurement
The density of the cubes was measured at ambient temperature and pressure using the
Archimedes principle [2, 37]. The density of a metal block can be calculated using its weight

in air and its apparent weight when immersed in distilled water, as described in Equation (6.4).

2,
» P Yo =——%, Ap=px
W, -W, Phulk

where pis part density in (g/cm?®), o is relative density in %, Apis density error in (g/cmd),
W; is weight in the air in (gram), W- is apparent weight in the water in (gram), pw is water
density (1 g/cm3), poui is Ti-6Al-4V bulk density (4.42 g/cm?®). The resolution of the scale

was £0.01 g (AW; = AW, = 0.01 g).

6.2.3 Thermal expansion measurement

One cube from each run of experiment was machined to the standard size of the CTE samples
(4 mm diameter and 10 mm length) [31, 44, 45] and a BAHR dilatometer (DIL 805A/D) was
used to measure the CTE of each sample. The sample was heated using an induction Cu coil
in vacuum atmosphere from room temperature (T, = 21°C) to 1000 °C with a 0.1 °C/s heating
rate and naturally cooled down to room temperature. The change in length (AL) was
measured by a linear voltage displacement transducer (LVDT) through quartz push rods
attached to the sample end and the instantaneous temperature (T;) was measured by a 0.1 mm
diameter S-type Platinum Rhodium thermocouple spot-welded to the sample. The CTE, «in

(10 °C1), and thermal expansion, er in (um/m), were measured using Equation (6.5).

204



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

a= AL :(g—TJ where g, = Ab (6.5)
L, xAT AT L,

where AL is change in length in (um), AT is temperature difference over which AL is

measured in (°C), Lo is initial length in (m), and &r is thermal expansion in (um/m).

6.2.4 Part deflection characterization

The wire electrical discharge machining (EDM) was used to cut the supports of the
cantilevers from the build plate, leaving the cantilevers attached to the build plate by the
middle web. A coordinate measuring machine (CMM) was used to measure the height of
40 measurement locations along the 50 mm length of the top surface of the part, as shown
in Figure 6.2a. The height of each measurement location was taken as the average of three
measurements along the width of the cantilever to minimize the effect of surface roughness.

The cantilever deflection, AH in (mm), and minimum height, H in (mm), were recorded.

6.2.5 Residual stress characterization

Based on the density results, the part with the closest density to wrought material was
selected for residual stress analysis, in addition to one cube of a lower energy density (41.7
Jimm?) and one cube of a higher energy density (156.3 J/mm?®). Depth residual stress
profiles were measured at both top and side surfaces using the X-ray diffraction (XRD)
method, as shown in Figure 6.2b. The lattice deformation at each depth was obtained using
22 different tilting angles (up to 25°), a Bragg angle of 142° for the crystallographic plane
(2 1 3), and a CuKo (wavelength 1.541838 A) radiation source. The top surface
measurements represent the profiles of the longitudinal and transverse horizontal residual

stresses, ox and oy, in the vertical (build) direction. The side surface measurements
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represent the profiles of the vertical and horizontal residual stresses, o, and oy, in the

horizontal (layer) direction.

6.2.6 Metallurgical analysis

The residual stress samples were mounted in bakelite, polished, and chemically etched for
approximately 15-20 seconds. The etchant formula was a solution of 5 ml (6.25%) of
hydrogen fluoride (HF), 25 ml (31.25%) of nitric acid (HNO3), and 50 ml (62.50%) of
distillated water (H-O). The etched sections were examined using an optical microscope

(OM).
6.3 Results and analysis

6.3.1 Part density

The density measurements showed that the laser energy density had a strong influence on
the relative density of Ti-6Al-4V parts as shown in Figure 6.3. A regression model that
examines the influence of three independent variables (P, v, h) on part density (pr) was
developed using Minitab software. The model included independent variables (P, v, h),
quadratic variables (P?, v2, h?), two-way interactions (Pxv, Pxh, vxh), and three-way
interaction (Pxvxh). The insignificant parameters were removed by a stepwise backward
elimination of terms with less than 95% confidence interval. The overall significance of
the regression model was tested by p-value, F-test, and t-test. Figure 6.4 shows the
relationship between the relative density of Ti-6Al-4V and the various interactions between
laser process parameters. It was found that parts produced using any combination of
process parameters that gives an energy density of 86.8 J/mm? have the highest part density

(99.9%).
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Figure 6.3: Relative density of Ti-6Al-4V as a function of laser energy density.
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Figure 6.4: Effect of laser power and scanning speed on the relative density of Ti-6Al-4V
at hatch spacing of (a) 0.08 mm, (b) 0.10 mm, and (c) 0.12 mm.

6.3.2 Thermal expansion

Thermal expansion and average linear CTE of SLM parts produced at various laser energy
densities are shown in Figure 6.5a and b. It was observed that the laser process parameters
significantly affect the CTE of the material. Figure 6.6a shows the thermal expansion curve

of the part produced at laser energy density of 86.8 J/mm?, as this part showed the highest
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bulk density and stable melting. Martensite starts to form at temperature of Ty = 650 °C
and the alpha phase (a) transforms to the beta phase (B) at temperature of Tg = 900 °C.
After solidification, Ti-6Al-4V forms a+f dual-phase, in which the dual phase distribution
is affected by the laser processing conditions used during SLM [3]. Consequently, the CTE
curve of Ti-6Al-4V parts produced using SLM is affected by the laser processing
conditions. Figure 6.5b and Figure 6.6b shows the CTE and thermal expansion curves of
three samples produced at laser energy densities of 41.7 J/mm?, 86.8 J/mm?3, and 156.3
Jimméd, It was observed that parts produced at laser energy densities below 86.8 J/mm?®
exhibited less thermal expansion than those produced at laser energy densities above 86.8
Jimm3. This is likely attributed to void formation at lower laser energy densities [46].
Figure 6.7a and b shows the thermal expansion of SLM parts as a function of laser energy
density at 100 °C and 200 °C, respectively. It was observed that increasing the laser energy
density caused an increase in the thermal expansion until 86.8 J/mm?, at which point the
curve approximately flattened. This peak energy density is defined as the critical laser
energy density, Ec = 86.8 JJmm?. The critical laser energy density is used to produce parts
of high density and thermal expansion in line with that of the wrought material [31]. Below
Ec, the parts displayed lower densities and lower thermal expansion due to void formation
and crack initiation. Above Ec, the part density was seen to decrease where thermal
expansion values levelled off. Phase transformations and keyhole formations are expected
above Ec. The critical laser energy density, Ec, was explained by the authors for Invar 36

and stainless steel 316L [31, 37].
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of Ti-6Al-4V parts manufactured at various laser energy densities.
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The statistical model developed for density analysis was used to determine the
relationship between thermal expansions at 50 °C, 100 °C, 150 °C, and 200 °C and laser
process parameters. The model included independent variables, quadratic and interactions
variables, and 3-way interaction. A stepwise backward elimination method was used to
eliminate the insignificant terms with less than 95% confidence interval. Contour plots
were used to identify the interactions between the process parameters and thermal
expansion. Figure 6.8 shows the effects of hatch spacing, scanning speed, and laser power
on the part thermal expansion at 100 °C. It was observed that either increasing the laser
power or reducing the laser scanning speed led to an increase in the thermal expansion at
low temperature (from room temperature to 200 °C), which means that decreasing the laser
energy density led to a reduction in the thermal expansion. However, decreasing the laser
energy density led also to a reduction in the part density and an increase rate of void
formation. Accordingly, an optimum range of process parameters that produce dense parts

with low thermal expansion was determined in this study.
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Figure 6.8: Effect of laser power, scanning speed, and hatch spacing on the thermal
expansion of Ti-6Al-4V at 100 °C.
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6.3.3 Part deflection

The deformation of each cantilever was measured using a CMM. Figure 6.9a shows the
measured points along the length of the cantilever and the fitted parabolic curve for the
cantilever that was produced at the critical laser energy density. Fitted parabolic curves of
cantilevers produced at various laser energy densities are shown in Figure 6.9b. The
minimum height and average deflection of each cantilever were extracted from the
parabolic curve and plotted against the laser energy density as shown in Figure 6.10. The
nominal height of the cantilever was 10 mm. The height of the cantilevers that were
manufactured below the critical laser energy density were higher than this nominal height.
By increasing the laser energy density, it was found that the height of the cantilever
decreased and the cantilever deflection increased. This is likely attributed to the bending
deflection that the cantilever exhibited at higher energy densities. The same statistical
model developed for density analysis and thermal expansion was used for cantilever
deflection and cantilever height. Figure 6.11 and Figure 6.12 show the effect of the laser

process parameters on the cantilever height and cantilever deflection, respectively.
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Figure 6.9: Deflection of cantilevers produced (a) at the critical laser energy density, and

(b) at various laser energy densities.
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6.3.4 Residual stress

Most of the observed stresses in the top and lateral surfaces were tensile residual stresses
in 1 mm depth. Figure 6.13 shows the longitudinal and transverse horizontal residual stress
profiles, ox and ay, along the vertical (build) direction. These residual stress profiles showed
the variation in the horizontal residual stresses in the top 25 layers (layer thickness of 0.04
mm). Figure 6.14 shows the vertical and horizontal residual stress profiles, o, and ox ", along
the horizontal (layer) direction. These profiles showed the variation in the horizontal and
vertical residual stresses for approximately 8-12 scan tracks in the same layer (hatch
spacing of 0.08-0.12 mm). The part produced above Ec showed peak horizontal tensile
stresses (ox = +528 £ 12 MPa and oy = +445 + 10 MPa) at 0.4 mm below the top surface.
Then, the horizontal residual stresses shifted from high tensile stress to approximately zero
stress at a location of 1 mm below the top surface (ox = +20 £ 21 MPa and oy = +50 + 23
MPa). These high tensile stresses are likely attributed to phase transformation (p transus)
that occur when using very high laser energy density. However, the part produced below
Ec showed peak tensile stresses (ox = +510 + 64 MPa and oy = +448 + 30 MPa) at the top
surface and remained in high tension (ox = +264 + 22 MPa and gy = +237 + 22 MPa) at 1
mm below the top surface. These retained high tension zones are likely attributed to the
void formation that occur when using very low laser energy density. At Ec, low tensile
stress values (ox = +205 *+ 26 MPa and oy = +51 + 26 MPa) were seen at the top surface,
and these values increased to almost double (ox = +409 + 26 MPa and gy = +334 £ 21 MPa)
at locations 1 mm below the top surface. These low tensile regions at the surface are
attributed to the stable melting that occurs when using critical laser energy density. The
vertical residual stresses were +409 + 10 MPa, +606 + 15 MPa, and +926 + 14 MPa at the

very near subsurface of parts produced below Ec, at Ec, and above Ec, respectively. In the
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same layer, these high vertical tensile stresses started to shift to compressive stresses after

a few scan tracks. Similarly, the horizontal residual stresses started with high tensile values

at the very near subsurface and shifted to compressive stresses after a few scan tracks from

the edge. These stresses are attributed to the temperature gradient between subsequent

layers which is higher at the edges (surrounded by loose powder) compared to the region

from a few scan tracks (surrounded by molten metal) to the center of the layer.
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in the build direction of Ti-6Al-4V samples produced at various laser energy densities.
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6.3.5 Internal microstructures

Figure 6.15 shows optical micrographs of the top cross-sections of three samples produced
at 41.7 J/mm?d, 86.8 J/mm?, and 156.3 J/mm?3. The SLM parts usually have prior columnar
grain boundary and acicular o/a" microstructures [3, 27, 47, 48]. Voids and discontinuous
beads were observed in the sample that was produced at 41.7 J/mm?. This sample showed
prior columnar B grain boundary and mainly o needles, as shown in Figure 6.15. Large o'
plates and elongated primary a-grains were observed in the sample that was produced above
Ec at 156.3 J/mm?3. The sample that was produced at Ec = 86.8 J/mm? showed continuous
melt tracks with no voids and large o' plates. This microstructure showed stable melting
with mainly primary a-grains in columnar B grain boundary. The vertical cross-section of

this sample illustrates the melt pool lines with equiaxed a-grains, Figure 6.15.

Evy=41.7 J/mm3 Ey=Ec=86.8 JJmm3 =156.3 J/mm?

Magnification 200x

Samples produced at the critical laser energy density Ev = Ec = 86.8 J/mm?
Top cross section Middle cross section Vertical cross section

Figure 6.15: Micrographs of etched cross-sections of samples produced at different laser

Magnification 100x

energy densities.
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6.4 Discussion

6.4.1 Process-Property relationship

The contour plots and statistical analysis of the metallurgical properties: density (Figure
6.4), thermal expansion (Figure 6.8), cantilever height (Figure 6.11), and cantilever
deflection (Figure 6.12) were used to determine process maps for Ti-6Al-4V. These

optimum process maps were determined as discussed in Section 6.2.1.

Minitab software was used to determine the regression models of each response
factor: part density, thermal expansion at 100 °C, cantilever height, and cantilever
deflection. These regression models were used to determine the process maps shown in
Figure 6.16. The highlighted ranges show the optimum combinations of laser power and
scanning speed at hatch spacings of 0.08 mm, 0.10 mm, and 0.12 mm. This optimal range
provides higher part density of 99%, thermal expansion lower than 795 um/m at 100 °C,
and part deflection less than 0.48 mm. It was found that the optimum range of process
parameters at hatch spacing of 0.08 mm provides laser energy densities between 70.8-86.5
Jimm3. In addition, the optimum range at hatch spacing of 0.10 mm provides laser energy
densities between 68-86.1 J/mm?, while the optimum range at hatch spacing of 0.12 mm
provides laser energy densities between 65-85 J/mm?3. This laser energy density range does
not exceed Ec for Ti-6Al-4V, i.e. 86.8 JJmm?, as shown in Figure 6.16d. The optimum
range shown in Figure 6.16 was compared with the optimum range obtained by Wang et
al. [22] for ductility and density of parts produced using the SLM process. The optimal
range of SLM process parameters was compared with the optimal range of EBM process
parameters obtained by Beuth et al. [33] and Seifi et al. [34] as shown in Figure 6.17. It
was observed that the optimal range of process parameters obtained by Wang et al. [22] at

layer thickness of 25 um and hatch spacing of 0.08 mm was similar to those obtained in
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the current study. Figure 6.17 shows the process maps of laser power and scanning speed
obtained in the current study at a layer thickness of 40 um and a hatch spacing of 0.08 mm,
0.10 mm, and 0.12 mm. Compared to SLM, the EBM of Ti-6Al-4V uses higher power
density but lower scanning speed to achieve stable melting for a single bead [49]. The

optimum EBM process parameters range presented in Figure 6.17 could change when using

full hatch scanning instead of only one single bead.
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Figure 6.16: Relationship between laser processing parameters and Ti-6Al-4V cantilever
deflection.
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Figure 6.17: Relationship between laser processing parameters and Ti-6Al-4V cantilever

deflection.
6.4.2 Process-Structure relationship

The residual stress analysis showed that:

e The vertical residual stress induced in parts that were produced above Ec exceeded
the yield strength of the material, i.e. 795 MPa for Ti-6Al-4V Grade 23. These
parts showed noticeable plastic deformation during the SLM process. This
explains the large cantilever deflection that was found in parts produced above the

critical energy density.
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e The vertical and horizontal residual stress profiles in the layer direction are
influenced by the dimension of the scan track (hatch spacing), but the horizontal
residual stress profiles in the build direction are influenced by void formation and
phase transformation.

o Residual stress profiles in SLM parts are strongly affected by the process
parameters that were used to produce these parts.

o Increasing the laser energy density caused an increase in the vertical and horizontal
residual stresses along the layer direction. This is most likely attributed to the
temperature gradients between subsequent layers that increase by increasing the
laser energy density.

e The vertical residual stress is almost twice the horizontal residual stress in SLM
Ti-6Al-4V parts produced. The temperature gradient in the vertical direction,
between unmelted and melted layers, is much higher than the temperature gradient

in the horizontal direction, between scan tracks in the same layer.

Residual stresses are induced in SLM Ti-6Al-4V via two main mechanisms: (1) thermal
stress due to temperature gradient, and (2) phase transformation due to solidification. The
former mechanism is the main driving mechanism behind the formation of large residual
stresses in the vertical direction as a result of the high temperature gradients between
subsequent layers. The latter mechanism affects the induced residual stress, mainly in the
horizontal direction, when using high energy densities. Above the critical laser energy
density, the body-centered cubic B phase transforms into hexagonal martensite o’. The
martensitic phase contains a high density of dislocations. This martensitic transformation
leads to an increase in the residual stress and a reduction in the part ductility as explained

in [4, 11, 50].
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6.5 Conclusions

The relationships between density, thermal expansion, and deflection for Ti-6Al-4V parts
produced using selective laser melting are discussed in this paper. It was found that
increasing the laser energy density leads to an increase in the part density and thermal
expansion up to a maximum point after which they decrease. The peak values occurred at
the critical laser energy density, Ec. The part density decreases as phase transformation
occurred and unstable melting existed above the critical laser energy density. Below the
critical laser energy, the reduction in the part density was attributed to void formation.
Thermal expansion of Ti-6Al-4V increased by increasing the laser energy density until it
reached to a maximum limit at Ec. This maximum limit of thermal expansion is comparable
with the thermal expansion of the wrought material. In addition, high residual stresses and
large part distortions were found above the critical laser energy density. Based on statistical
analyses, an optimum range of process parameters was established for Ti-6Al-4V. This
optimum range provides laser energy densities between 65-86.8 J/mm?. The critical laser
energy density, Ec, was found to be 86.8 J/mm?® for Ti-6Al-4V. Martensitic phase
transformation was not observed, and less residual stress was induced when producing
Ti-6Al-4V parts at process conditions that generate laser energy densities below the critical

laser energy density.
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Abstract:

Purpose — Residual stresses are induced during selective laser melting (SLM) due to rapid
melting, solidification, and build plate removal. In this paper, the thermal cycle, residual
stresses, and part distortions are examined for selected aerospace materials (i.e. Ti-6Al-4V,

stainless steel 316L, and Invar 36) using a thermo-mechanical finite element model.

Design/methodology/approach —The model predicts the residual stress and part distortion
after build plate removal. The residual stress field is validated using X-ray diffraction
method and the part distortion is validated using dimensional measurements. Additionally,
real-time measurements were taken using pyrometer and high-speed camera during the

SLM process.

Findings — The trends found in the numerical results agree with those found
experimentally. Invar 36 had the lowest tensile residual stresses due to its lowest coefficient
of thermal expansion. The residual stresses of stainless steel 316L were lower than those

of Ti-6Al-4V due to its higher thermal diffusivity.

Research limitations/implications — The model predicts residual stresses at the optimal
SLM process parameters. However, using any other process conditions could cause void
formation and/or alloying element vaporization which would require the inclusion of melt

pool physics in the model.

Originality/value — The paper explains the influence of the coefficient of thermal

expansion and thermal diffusivity on the induced thermal stresses. The methodology can
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be used to predict the dimensional distortions and residual stresses in complex designs of

any of the three materials under optimal SLM process parameters.
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diffusivity, Aerospace industry, Melting.

Acknowledgment:

This work was supported by the Natural Sciences and Engineering Research Council of
Canada (NSERC), Grant: RGPIN-2016-06268. The authors also thank Mr. Roman Duplak

of SimuTech Group Inc. for supporting this project.

227



Ph.D. Thesis - M. Yakout Mohamed McMaster University - Mechanical Engineering

7.1 Introduction

Selective laser melting (SLM), a powder-bed additive manufacturing (AM) process, is
associated with void formation, crack propagation, alloying elements vaporization, and high
temperature gradients. The mechanical, optical, and electrical properties of various AM
materials, as well as the expected defects including porosity, cracking, distortion,
delamination, and degradation of surface finish have been reported in the open literature [1,
2]. SLM induces residual stresses and part flaws, that consequently affect the mechanical
properties and fatigue performance of parts produced [3-5]. This paper contributes to the
understanding of the physical mechanisms of residual stresses formation in Ti-6Al-4V,
stainless steel 316L, and Invar 36 parts produced using SLM. These three alloys are widely
used in the aerospace and biomedical industries because of their unique properties. Ti-6Al-4V
offers high strength-to-weight ratio and is biocompatible, stainless steel 316L offers corrosion
resistance and high strength, and Invar 36 is a ferromagnetic alloy that has a very low
coefficient of thermal expansion for applications below its Curie temperature (279 °C). Ti-
6Al-4V, stainless steel 316L, and Invar 36 produced using SLM can develop tensile residual
stresses up to 920 MPa [5, 6], 450 MPa [7], and 350 MPa [7], respectively. Induced thermal
stresses depend on the coefficient of thermal expansion and the temperature differential in the
material as described in Equation (7.1). Consequently, the lower a material’s coefficient of
thermal expansion, the lower the thermal stresses induced, and therefore lower residual
stresses will develop [8]. SLM parts are deformed by thermal stresses due to rapid heating and
cooling. These thermal stresses induce tensile residual stresses in the parts [9]. SLM parts
should be post processed to minimize residual stresses as the generation of residual stresses is
inevitable in the SLM process [10]. Finite element (FE) models are used when designing for

additive manufacturing to predict residual stresses and part flaws [11].
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or = E(T-Ty) (7.1)

where o is thermal stress in (MPa), T is temperature in (K), ar is coefficient of thermal
expansion at temperature T in (m/m.°C), E is modulus of elasticity in (MPa). Subscript ret

represents reference.

In this paper, residual stresses and dimensional distortions of Ti-6Al-4V, stainless
steel 316L, and Invar 36 are investigated experimentally and numerically. An X-ray
diffraction (XRD) instrument and a coordinate measuring machine (CMM) are used for
residual stress and dimensional distortion measurements, respectively. ANSYS© 19.2
Workbench Additive, coupled thermal-mechanical FE module, is used to predict residual
stresses and part distortions during SLM as described in Figure 7.1. The main contribution
of the present study is to analyse and quantify the residual stresses induced in Ti-6Al-4V,
stainless steel 316L, and Invar 36 during the SLM process and investigate their relationship

with the material thermal properties.

4 T = melt 1- Build 1- Build 2- Cooldown
temperature 2- Cooldown 3- Base removal
B~ o)
5 qed”\ ..
= o™ Radiation : :
% Fixed substrate Fixed substrate
5 = ,
g- g‘\ Fixed web
S At E He 3 (attached to
substrate
T, = ambient temperature _ ) )
> e Part distortion
Time, t e Residual stress

(a) Transient thermal analysis (b) Static structural analysis

Figure 7.1: Schematic of (a) transient thermal, (b) static structural models.
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7.2 Methodology

7.2.1 Test parts and experiments

A cantilever beam, Figure 7.2a, was designed to measure the dimensional distortions, and
a cube, Figure 7.2b, was designed to measure the residual stress evolution. The cantilever
beam method is commonly used [12-14] to assess distortions of SLM parts. Table 7.1
shows the optimal SLM process conditions for Ti-6Al-4V, stainless steel 316L, and Invar
36 parts for minimal defect evolution as reported in the literature [7, 15, 16]. These optimal
process conditions provide stable melting and can be used to produce dense parts with high
mechanical properties and minimal defects. Figure 7.5 shows the influence of the laser
energy density on the relative density of parts produced. Voids and internal cracks are
formed below these optimal conditions and alloying elements vaporize above these optimal
conditions [7, 17, 18]. Gas-atomized powders in the size range of 15-45 um, were
processed at these optimal conditions. The main process parameters are listed in Table 7.1.
A stripe scanning strategy was used, with stripe width, stripe overlap, scanning rotation
between subsequent layers of 10 mm, 0.08 mm, and 67°, respectively. No contouring was
used. Parts produced using these process conditions do not manifest any void formation,
significant changes in the material composition, or phase transformation [7, 15, 16, 19].
Ti-6Al-4V parts were produced on titanium build plate using a Renishaw AM400 machine
equipped with argon gas flow. Invar 36 and stainless steel 316L parts were produced on
18Ni-500 build plates using an EOSINT M280 machine equipped with nitrogen gas flow.
Wire electrical discharge machining (EDM) was used to cut the part from the build plate

whereby the middle web was left attached as shown in Figure 7.4.
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Figure 7.2: Dimensions of (a) cantilever beams and (b) cubes for residual stress measurements.
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Figure 7.3: Relative density as a function of laser energy density for (a) Invar 36 [7, 17],
(b) stainless steel 316L [7, 17, 20], and (c) Ti-6AIl-4V [18].
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Table 7.1: SLM process conditions for Ti-6Al-4V, stainless steel 316L, and Invar 36.

Process parameter (unit) Ti-6Al-4V Steel 316L Invar 36

Laser power P (W) 250 250 250
Scanning speed v (mm/s) 600 600 600

Hatch spacing h (mm) 0.12 0.10 0.12

Layer thickness t (mm) 0.04 0.04 0.04

Laser energy density Ey (J/mmd) 86.8 104.2 86.8
Dwell time tp (s) 10 10 10
Preheat temperature T, (°C) 40 40 40

CMM

easu rements

S

Figure 7.4: CMM measurements highlighting EDM cut planes.

7.2.2 Model development and boundary conditions

The SLM process was modelled using an orthogonal Cartesian mesh consisting of
superlayers, which are an average of multiple scan layers. The model does not explicitly
consider the melt pool physics, rather each element was added at the melt temperature, (T|ew
element = Tm), With zero strain and the thermal stress accumulated as the part was cooled down
and reheated again. If the effect of scanning strategy is to be determined, melt pool physics
should be explicitly modelled. For example, the microscale scan model of Li et al. [21]
considered the moving laser heat source as a Gaussian heat flux. In the current study, the FE
model included; (i) macroscale approach to predict the part distortion due to the removal of
the build plate, and (ii) mesoscale approach to predict the residual stress evolution due to
heating and cooling. As such, the thermal stresses predicted by the model accurately reflect
parts made with optimal SLM process conditions that do not overheat or underheat the part.
The FE model coupled a transient thermal analysis with static structural analysis in a multi-

staged approach as shown in Figure 7.1. The sequence includes a build step where elements
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are added, a dwell step between the end of one layer to the start of the subsequent layer, and
a cooldown step during which the laser was off, where the part cooled down to ambient
temperature. The final step of the static structural analysis was the removal of the build-plate
according to Figure 7.4. The transient thermal model was governed by the 3D Fourier heat
conduction equations as described in Equation (7.2). The model assumed homogenous and
isotropic material properties that vary with temperature. The part size was 66 mm x 10 mm
x 10 mm. The bottom of the build plate was set to have a constant temperature boundary
condition of 40°C (T|,=0 = 40 °C). The sides of the part are given a Neumann zero heat flux
boundary condition as heat loss to the loose powder bed on the sides of the part was assumed
negligible. Heat is lost via convection and radiation to the inert gas environment, Equation
(7.3), and correlations were used to determine these heat transfer coefficients [22], Equations
(7.4), (7.5), and (7.6). During the build step, the part was cooled via forced convection and
radiation to the 40°C chamber gas, which flowed at 5.5 m/s [23] . During the cooldown step,
the part was cooled via natural convection and radiation to the stagnant chamber gas. The
surface temperature used for the correlations was an average bulk temperature over the build
time estimated by averaging the heat content in the plate and the part using the rule of
mixtures. All gas properties were evaluated at the film temperature, Trim. The emissivity of
the parts was assumed to be 0.2 [22]. Table 7.2 summarises the values that were used to
calculate the heat transfer coefficients during both build and cooldown steps for each
material. The stress distribution was determined in the static structural model using Equations
(7.7) and (7.8). Plastic deformation was modelled using the bilinear isotropic hardening
approach. The bottom of the build plate was set as a fixed boundary condition during the
build step. However, only the web of the cantilever was set as a fixed boundary condition, to

mimic the experimental setup during the build plate removal step.
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az z=layer height

where Cp is specific heat capacity in (J/kg.K), k is thermal conductivity in (W/m.K), pis
bulk density in (kg/m?), T is temperature in (K), tis time in (s), h is heat transfer coefficient
in (W/m?K). Directions X, y, z are scanning and build directions. Subscripts ¢, r, s, cn

represent convection, radiation, surface, and chamber, respectively.
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where P, is Prandtl number, R, is Reynolds number, R, is Rayleigh number, e is emissivity,
U is velocity in (m/s), n is kinematic viscosity in (m?%s), « is coefficient of thermal
expansion in (m/m.°C), g is standard acceleration due to gravity (9.81 m/s?), Cy is Stefan-

Boltzmann constant (5.67 x 108 W/m?.K#).
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where ¢ is normal strain, yis shear strain, o is normal stress in (MPa), zis shear stress in
(MPa), E is modulus of elasticity in (MPa), G is modulus of rigidity in (MPa), vis Poisson’s

ratio. Superscript P represents plastic deformation.

Table 7.2: Build conditions used to calculate heat transfer coefficients.

Property (unit) Ti-6Al-4V Steel 316L Invar 36
Tm (°C) 1605 1375 1427
Build plate Ti-6Al-4V 18Ni-500 18Ni-500
Gas Argon Nitrogen Nitrogen
Ts (°C) 295 280 298
Ten (°C) 40 40 40
Tiim 168 160 169
hr (W/m.K) 2.25 2.04 2.29
Uch (M/s) 5.5 5.5 5.5
7cn (M2/s) 0.00002851 0.00003075 0.00003184
P, 0.6655 0.7241 0.7277
Re 48229 44715 43185
Nelouitd (W/m.K) 12.38 17.35 17.37
Ra 9086981 8127456 8025262
helcootdown (W/M.K) 5.77 7.93 8.05
hlbuia (W/m.K) 14.63 19.39 19.66
N|cooldown (W/mM.K) 8.02 9.97 10.34

Mesh sensitivity analysis was performed, and mesh independence was achieved at
a mesh size of 0.34 mm for part and supports, and a 5 mm for build plate. The superlayer

in the model represents 8.5 build layers (layer thickness of 0.04 mm).

7.3 Results

7.3.1 Thermal cycle

Figure 7.5a shows the temperature history during the build and cooldown steps for Ti-6Al-
4V. During the build of each superlayer, material is added at the melt temperature, Tr, as
shown in Figure 7.5b. When all layers are built, the part cools to thermal equilibrium, Toom.
Stainless steel 316L and Invar 36 showed similar thermal cycles bounded by their melt

temperatures. A high-temperature fiber-optic infrared pyrometer (Fluke Endurance®) was
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used to determine the temperature history of Ti-6Al-4V. The repeatability error of the
pyrometer was +1 °C and the pyrometer’s accuracy was +0.3% of the measured
temperature +2°C bias. The operating range of the pyrometer was set between 1000 °C and
3200 °C. Figure 7.6a shows the temperature profile of the first three layers measured during
the SLM of Ti-6Al-4V. It was found that the temperature reaches to 2300 °C in the first
layer and drops to 2100 °C in the third layer, showing temperatures higher than the melting
temperature, T, = 1605 °C. The temperature measurements showed that these SLM process
conditions generates enough heat to fully melt the parts. The shape of the melt pool was

also inspected using a high-speed camera system (Photron FASTCAM MC2.1) as shown

in Figure 7.6b.
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Figure 7.5: (a) Thermal cycles, (b) temperature profile of Ti-6Al-4V.
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Figure 7.6: (a) Ti-6Al-4V thermal cycles using two-colour pyrometer, (b) melt pool shape
visualization.
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7.3.2 Dimensional distortion

The dimensional deflection that occurred after wire EDM was measured using a CMM,
with a resolution of 0.1 pm. The measurements were taken every 0.75 mm, resulting in 40
measurement locations along the 50 mm length (direction x) as shown in Figure 7.4. Three
measurements were taken along the width of the cantilever (direction y) and averaged to
minimize the effect of surface roughness. Figure 7.7a and b show the cantilever deflections
measured experimentally and predicted by the model, respectively. The cantilevers were
deflected downward in a convex shape as a result of stress relaxation after removing the
build plate. More detail on the predicted deflection shapes can be seen in Figure 7.8b-d,
and these shapes agree well with the experimental observations. Figure 7.8a shows that the
model underpredicts the experimental deflections. This variation could be attributed to
factors that were not considered in the model such as melt pool physics, changes in material
composition, and phase transformation. The model was able to illustrate the relative
differences in the deflection trends observed for the three materials. Both experimental
and numerical results showed that the deformation due to residual stress of Ti-6Al-4V
cantilever was more than twice that of stainless steel 316L. Invar 36 cantilever had the

lowest deformation, and accordingly the lowest residual stresses.
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Figure 7.7: Average deflections on the top surfaces of the cantilevers: (a) measured by
using CMM, (b) predicted by using the ANSY S© model.
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Figure 7.8: (a) Comparison between the numerical and experimental deflections, in which
maximum deflection represents the edges of the top surface and minimum deflection
represents the centre of the top surface; (b-d) directional deformation profiles (z-axis) of
Ti-6Al-4V, stainless steel 316L, and Invar 36 cantilevers predicted by using the ANSYS©
model.

7.3.3 Residual stress evolution

The directional residual stress was measured on the cubes using the XRD method, which
determines the stress tensor based on lattice strain measurements. The measurements were
taken on the top and lateral surfaces of each cube as shown in Figure 7.2b. Two directional
stresses were measured in ten sub-surfaces for each point. The top surface measurements
represent the horizontal residual stresses (ox, o), and the lateral surface measurement

represents the vertical residual stress (o). Figure 7.9a shows the evolution of residual
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stresses as measured using the XRD method and Figure 7.9b shows the evolution of
residual stresses as predicted using the ANSYS© model. The trends seen in the numerical
results agreed with the experimental results, but the prediction accuracy for the simulations
was found to be better for the vertical residual stresses rather than the horizontal residual
stresses. As XRD method is affected by surface roughness, this could be attributed to the
roughness of the top surface [4]. The vertical residual stress profile showed high tensile
stress at the lateral surface, transitioning to compressive stresses at a depth of
approximately 1 mm as shown in Figure 7.9¢c. Similarly, the horizontal residual stresses
are tensile at the top surface and transition to compression after approximately 25 layers or
1 mm from the top surface. This could be attributed to the high temperature differences at
the surfaces that were surrounded by loose powders. It was found that residual stresses
induced in Ti-6Al-4V samples were higher than those induced in stainless steel 316L
samples. Invar 36 samples had the lowest stress values. This can be attributed to its lower

coefficient of thermal expansion.

7.4 Discussion and conclusions

A comparison between Ti-6Al-4V, stainless steel 316L, and Invar 36 in selective laser
melting was investigated. The comparison included residual stresses and part distortions
using both analytical and experimental findings. Invar 36 had the lowest dimensional
distortions and tensile residual stresses of the three materials. The dimensional distortions
and residual stresses of stainless steel 316L were lower than those of Ti-6Al-4V. The model
can be used to predict the dimensional distortions and residual stresses in complex designs
of any of the three materials under optimal SLM process parameters, which could not be

measured experimentally.
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Figure 7.9: (a-b) Experimental and numerical evolutions of longitudinal horizontal, lateral
horizontal, and vertical residual stresses (ox, oy, 0z), (C) residual stress profiles of Ti-6Al-
4V.

A key research objective of this paper was to investigate, contrast, and assess the
mechanisms of residual stresses induced during selective laser melting. Two main
properties affect the thermal stresses: (i) coefficient of thermal expansion, CTE and (ii)
thermal diffusivity, Dr. Table 7.3 shows the thermal properties of the three alloys. The

thermal diffusivity of the material, Equation (7.9), is important. The higher the thermal
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diffusivity, the quicker the heat moves through the material reducing its thermal stresses,
Equation (7.2). It is a material property which governs how quickly heat conducts through

the material, and thus how temperature uniformity is established.

(7.9)

where Dr is thermal diffusivity in (m?/s), p is bulk density in (kg/m®), Ce is specific heat

capacity in (J/kg.K), k is thermal conductivity in (W/m.K).

Table 7.3: Thermal properties at room temperature.

Property (unit) Ti-6Al-4V Steel 316L Invar 36
Linear CTE, a7 (um/m.°C) 8.6 16 1.3
Thermal diffusivity, Dt (mm?/s) 2.9 35 2.5

Invar 36 has a much lower CTE which resulted in the lowest thermal stresses, and thus
residual stresses. Although the CTE of stainless steel 316L is higher than that of Ti-6Al-
4V, they are of the same order of magnitude and stainless steel 316L exhibited lower
stresses than Ti-6Al-4V. This is likely due to the higher thermal diffusivity of stainless
steel 316L which allows for the heat to dissipate faster through the material ensuring a
lower temperature differential in the part, and consequently lower thermal stress. This
analysis concerns dimensional distortions and residual stresses of the three materials when
produced at the optimal process parameters. Producing these materials at any other process
conditions could cause void formation, spatter generation, or evaporative compositional
change which would require the inclusion of melt pool physics in the numerical modelling

[24].
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Chapter 8

Conclusions and Closing Remarks

Since its discovery in 1920, Invar 36 has gained considerable popularity in the aerospace
industry because of its low coefficient of thermal expansion. It is a 36% nickel-iron alloy
that has been used for applications that require high dimensional stability when the
temperature changes, such as in radio and electronic devices, aircraft control systems,
optical devices, etc. Stainless steel 316L has an advantage over other stainless steels
because it contains nickel and molybdenum elements that increase its corrosion resistance.
Furthermore, the relatively low carbon percentage enhances its welding characteristics. For
example, turbine blades have been produced using materials that have high temperature

resistance, corrosion resistance, fatigue strength, tensile strength, and bending strength.

This thesis contributes to the process-structure-property relationships in selective
laser melting of Invar 36, stainless steel 316L, and Ti-6Al-4V. Both Invar 36 and stainless
steel 316L materials have a single-phase austenite (y-Fe) crystal structure, but Ti-6Al-4V
have columnar B grain boundary and acicular a/a’ microstructures. While wrought Invar
36 has low coefficient of thermal expansion (1.3 um/m.°C) and low thermal diffusivity
(2.5 mm?/s), stainless steel 316L has high coefficient of thermal expansion (16 um/m.°C)
and high thermal diffusivity (3.5 mm?/s). Although Ti-6Al-4V has a high coefficient of

thermal expansion (8.6 um/m.°C), its thermal diffusivity (2.9 mm?/s) is low compared to
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stainless steel 316L. Accordingly, the three alloys were chosen in this study. By studying
the selective laser melting of Invar 36, stainless steel 316L, Ti-6Al-4V at various process

parameters based on full factorial design of experiments, it was found that:

1. Abrittle-ductile transition energy density, Er, exists for each material (52.1 J/mm?
for Invar 36, 62.5 J/mm? for stainless steel 316L, and 65 J/mm? for Ti-6Al-4V).

2. Acritical energy density, Ec, exists for each material (86.8 J/mm? for Invar 36, 104.2
Jimm? for stainless steel 316L, and 86.8 J/mm? for Ti-6Al-4V).

3. Below Er, brittle fracture was observed in the parts because of void formation due
to either gas pores or balling phenomenon or discontinuous melt tracks. These
voids caused a reduction in the coefficient of thermal expansion and an increase
in the magnetic dipole moment. The part density increases when the laser energy
density increases, until reaching a certain limit associated with melting (Ec).

4. Between Er and Ec, the parts showed stable melting, continuous beads, and
homogeneous melt tracks. These parts had the highest density and toughness, but
medium residual stresses due to thermal history.

5. Above Ec, the chemical compositions of the Invar 36 and stainless steel 316L
parts showed vaporization of some of the alloying elements that have low boiling
temperatures. This vaporization caused a reduction in the manganese, chromium,
and nickel concentrations accompanied with increased concentrations of
molybdenum, silicon, and iron. Since silicon and molybdenum have very low
thermal expansion, a reduction in the coefficient of thermal expansion of the SLM
parts was measured. These parts showed less toughness, density, and very high
internal residual stresses. No vaporization was observed in the Ti-6Al-4V parts.
In addition, high residual stresses and large part distortions were found above the

critical laser energy density.
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It was concluded that any combination of process parameters that can generate the critical
energy density would provide a stable melting. The residual stresses were mainly induced
during the selective laser melting process by either thermal stresses or phase
transformation. An optimum range of process parameters was established for each of the
three materials. Martensitic phase transformation was not observed, and less residual stress
was induced when producing parts at process conditions that generate laser energy
densities below the critical laser energy density. A comparison between Invar 36, stainless

steel 316L, and Ti-6Al-4V in selective laser melting was investigated.

Two main properties affect the thermal stresses: (i) coefficient of thermal
expansion, CTE and (ii) thermal diffusivity. The thermal stresses increase by increasing
the CTE of the material. However, the higher the thermal diffusivity, the quicker the heat
moves through the material reducing its thermal stresses. It is a material property which
governs how quickly heat conducts through the material, and thus how temperature

uniformity is established.

Invar 36 has a much lower CTE which resulted in the lowest thermal stresses, and
thus residual stresses. Although the CTE of stainless steel 316L is higher than that of Ti-
6Al-4V, they are of the same order of magnitude and stainless steel 316L exhibited lower
stresses than Ti-6Al-4V. This is likely due to the higher thermal diffusivity of stainless
steel 316L which allows for the heat to dissipate faster through the material ensuring a
lower temperature differential in the part, and consequently lower thermal stress. This
analysis concerns dimensional distortions and residual stresses of the three materials when

produced at the optimal process parameters.

During the selective laser melting of stainless steel 316L at the same process

parameters but at different location on the build plate, it was found that:
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1. Atthe center of the build plate, some alloying elements microsegregated and some
particles were ejected from the melting pool and converted into soot. This may
occur at the center of the build plate due to the built-up energy originating from
the surrounding parts. This built-up energy also caused a martensitic
transformation in the parts produced, which induced a high amount of residual
stresses.

2. At the side of the build plate, the wettability of the molten metal decreases,
resulting in the occurrence of a balling phenomenon on the surface. The balling
phenomenon has two effects: (i) the molten metal will not be able to complete the
scan track with full melting and (ii) the profile error will be affected, causing
geometrical distortions in the parts.

3. The temperature gradient during the melting process will cause thermal stresses
during the process. These thermal stresses are one of the main causes for residual

stresses in the parts produced.

In addition, a coupled thermal-mechanical finite element module (i.e., ANSYS© 19.2
Workbench Additive) was used to predict residual stresses and part distortions during
selective laser melting of these three alloys. The model does not count for void formation,
spatter generation, or evaporative compositional change which would require the inclusion
of melt pool physics in the numerical modelling. This part is considered for future work.
In this study, a pyrometer and high-speed camera were used to identify the thermal cycles
during the process. However, the online monitoring and control of process parameters
during the selective laser melting process of aerospace alloys is also considered for future

work.
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