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Abstract

MODELING, FABRICATION, AND CHARACTERIZATION OF POROUS INCONEL 718
STRUCTURES USING SELECTIVE LASER MELTING PROCESS

Srihari Srivathsan, M.S
The University of Texas at Arlington, 2020
Supervising Professor: Dr. Amir Ameri
Bio-inspired cellular structures are of great interest these days for many applications, from engineering
research to industries. Honeycomb, Body-Centered Cubic with/without Z-struts (BCC-Z/ BCC), Face
Centered Cubic with/without Z-struts (FCC-Z/ FCC), and Triply Periodic Minimal Surface (TPMS) such
as Gyroid, Diamond, and Schwartz lattices are the most common bio-inspired lattice structures. These
structures can be tailored based on their structural organization resulting in superior materials with
lightweight properties, adequate strength, and low stiffness. Thankfully, additive manufacturing (AM) has
made the fabrication of these complex cellular materials realistic. However, the use of AM could lead to
several defects, such as damaged cell walls, irregular thickness, flawed joints, partially missing layers, and
improper elastic/plastic behavior. The critical aspect is to try and reduce the manufacturing defects that can
help evaluate the overall performance of lattice structures. The primary goal is to discover the characteristics
of each morphology type, pore size, porosity percentage by assessing their fabrication quality,
microstructure, and mechanical behavior. To these ends, cellular structures of different volume fraction,
pore shape, and unit cell size are designed and manufactured using selective laser melting (SLM), the most
common AM process. The produced samples are characterized through optical microscopy, scanning
electron microscopy (SEM), and x-ray powder diffraction (XRD). Finally, a comprehensive report on
optimal porosity design is provided after studying the fundamental parameters from the design, fabrication,
and testing phases. The knowledge obtained in this research will enable the production of lightweight

metallic devices with custom spatially designed properties by additive manufacturing.
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Chapter 1. Introduction
1.1. Motivation

The third decade of the 21% century has given rise to the use of a sophisticated lightweight and
energy-absorbing porous structures, including lattices, honeycomb, and triply periodic minimal surface
(TPMS) structures [1]. Selective Laser Melting (SLM) as the most common additive manufacturing (AM)
technology has made it possible to fabricate complex structures with exact dimensions. The structural
properties of porous materials such as pore size distribution, pore shape, and specific surface areas play a
vital role in the quality and mechanical behavior of these structures. They can be optimized to obtain the
required properties [2]. Thus, this study involves the evaluation of porous structures fabricated using SLM

as well as investigation of the influence of unit cell geometry.

1.2. Objectives

The objective of this thesis is to develop models that can demonstrate the mechanical properties of
architectured IN718 materials processed on an EOS M290 metal 3d printer. The other aim is to observe the
deformation mechanisms governing the mechanical behavior of 3D printed metallic structures. The result
of this project enables the development of lightweight structures that will potentially open new research

areas on manufacturing various consumer products with 3D architectures.

1.3. Approach

In the present study, first, the investigation of structural properties of porous materials such as
porosity type, porosity level, and pore size were carried out. Then, the influence of each parameter on
hardness, mechanical response, microstructure, and composition has been studied. Several experiments
were performed on porous SLM Inconel 718 (IN718) superalloys: i) Failure tests: to examine, ductility
yield strength and critical stresses of samples; ii) Microstructure analysis: to investigate microstructure
properties of the porous Inconel 718 super alloys before and after failure; iii) Finite element analysis: to
predict the behavior of porous parts under loading conditions; and iv) Compositional, roughness, and

hardness testing: to reveal the effect of the structural properties on the performance of the porous parts.



Finally, it was shown that functional Inconel 718 parts with variable porosity and desirable mechanical

properties could be fabricated.

1.4. Outline

Chapter 1 is about the motivation, objectives, and contribution of this research work. Chapter 2
details state of the art in SLM of Inconel 718, lattice structures, and optimization techniques. Chapter 3
explains the lattice design, material preparation, manufacturing process, and experimentations conducted
in this study. Chapter 4 interprets the results and observations in microstructure, mechanical behavior, finite
element analysis, composition, hardness, and roughness. Chapter 5 illustrates the significant contributions

of this work and propose other possible areas where the results of this research can be used.

1.5. Contribution

The contribution of this research will be an understanding of the needed structural properties of
architectured materials for high-end applications where high strength, lightweight, and shock-absorbing
properties are required. Moreover, the influence of the structural properties of porous materials on the

microstructure and mechanical behavior will be revealed.



Chapter 2. Background and Literature Review
2.1. History and Applications of Inconel 718 Superalloy

Generally, a metallic material that deals mostly with high temperatures and heavy loading
conditions without any deterioration in its mechanical and chemical properties is termed as a “Superalloy”
[3]. In 1906, Monel was the first one who developed a corrosion-resistant nickel superalloy. Later, in the
1940s, Wiggin Alloys in Hereford, England, developed Inconel superalloys to be used in jet engines. In
1959, the International Nickel company developed Inconel 718 superalloy after several attempts to build a
robust solution- strengthened, non-age hardenable alloy [4]. Inconel 718 superalloy has a high level of
nickel content (50-55%) that enables its applications in harsh conditions such as elevated temperatures,
oxidation, and corrosion [5-9]. Oxidation resistance, high-temperature performances, good creep and
fatigue properties, and high hardness are amongst the positive features of this superalloy [10]. The
combination of these properties enabled the utilization of Inconel 718 superalloy in military engines in the
early 1960s. In the later stages of the decade, this alloy was also used in applications such as gas turbines
because of its high performance, price, and presence of low cobalt and high iron content [4, 11]. Later, per
API standards, Inconel 718 supper alloy received significant attention as a material for nuclear, oil, and gas

industries, such as drilling tools, downhole equipment, and surface wellheads [12-15].

2.2. Chemical Composition

The Unified Numbering System (UNS) identifier of Inconel 718 is known to be N07718. It is a
precipitation-hardening nickel-chromium alloy containing significant amounts of iron, columbium, and
molybdenum, along with lesser amounts of aluminum and titanium. Table 1 reports the chemistry of this

alloy.



Table 1. Composition of Inconel 718 [4, 11].

Element Composition (%0)
Carbon 0.08 max
Manganese 0.35 max
Silicon 0.35 max
Sulfur 0.015 max
Phosphorous 0.015 max
Chromium 17.00 to 21.00
Cobalt* 1.0 max
Molybdenum 2.80t0 3.30
Columbium + tantalum 4.75t0 5.50
Titanium 0.65t0 1.15
Aluminum 0.20to 0.80
Iron® Remainder
Copper 0.30 max
Nickel 50.00 to 55.00
Boron 0.006 max

A If determined

® Iron shall be determined arithmetically by difference

The microstructure and mechanical properties of Inconel 718 highly depends on the contents of 6,
v, and y" phases in Inconel 718 [16]. It can be found that there are small inclusions of NbC, TiC, and Ti
(CN) [16]. Apart from the presence of primary intermetallic compounds of 9, y', and y” phases. It is
explained as (i) y' having a composition Niz(Al, Ti) and a cubic (L12) crystal structure, (i) y” having a
composition NisNb and bct (D022) crystal structure, and (iii) 6 having a composition of NizNb and an
orthorhombic (DO0a) crystal structure. The existence of local Nb content and residual & particles might
influence the precipitation kinetics. The &-phase can contribute to grain growth control, but in its absence,

other precipitate particles, like carbides, could also provide grain growth inhibition [17].



2.3. Fabrication of Inconel 718
2.3.1. Conventional Manufacturing of Inconel 718

In the past, Inconel 718 superalloy has been developed and applied in the cast, wrought, and powder
metallurgy forms (Figure 1) [4]. Casting is the oldest manufacturing process in which molten liquid is
poured into a mold with a hollow cavity of the desired shape. After solidification, the part is ejected out of
the mold. Inconel 718 can be used in the process of die casting, but additional refinement and optimization
are mandatory. The die-cast Inconel 718 is known for its smooth fatigue properties [18]. Wrought refers to
“worked”. In this procedure, the hot metal is removed from the furnace and formed with a hammer until
the final form is achieved. This method was widely used in the 19th century. The process is a result of
plastic deformation in which the shape of the material is changed permanently. These days, this process is
mainly used for decorative applications. Even though the wrought process of Inconel 718 was a huge
success, there was still scope for improvement in temperature capability and its time-dependent fracture
behavior [4]. Powder metallurgy (PM) has been widely used to fabricate Inconel 718. They are applied in
turbine engines since the 1970s because of their superior mechanical properties and high-temperature
capability [19, 20]. The processing routes of PM superalloys are direct powder hot compaction (mostly by
Hot Isostatic Pressing) and hot working processes[3, 20]. The hot worked alloy possesses uniform
microstructure and better mechanical properties, but the process is known to be expensive. Compared to
wrought Inconel 718, the mechanical properties of the PM processed alloy using the new HIPing procedure

are excellent [21].



a) .

Powder Metallurgy Process

Figure 1. The schematic of a) casting, b) wrought, and ¢) powder metallurgy procedure.

2.3.2. Additive Manufacturing of Inconel 718

In recent years, laser-based additive manufacturing (LBAM) technologies have been widely used
to fabricate Inconel 718 alloys. LBAM can build complex Inconel 718 structures that possess high strength
without strain age cracking and can overcome the difficulties of conventional manufacturing. The LBAM
can be classified as Powder-bed fusion (PBF), or Powder-bed based technique. Flow-based or Direct
Energy Deposition, and Sheet Lamination. Powder-bed based is the most used technique among LBAM
because the parts fabricated using this process have better geometrical accuracy typically. Powder-bed
based is a fast process for functional, durable, and consumer parts. This process allows the fabrication of
high overhanging angles (0 to 45 degrees from horizontal plane), complex geometries, components with
high strength, stiffness, and chemical-resistance properties. Batch production of multiple parts, called
nesting, is also possible with powder-bed based processes. This process is a good substitute for the injection
molding technique as these parts have reliable mechanical properties. Below, the different types of powder-

bed based manufacturing are described:



Selective Laser Melting (SLM): SLM involves slicing the CAD file into several layers with a certain
thickness. Each layer is fabricated with the employment of appropriate combinations between the
processing parameters (e.g., Laser power, Hatch space, layer thickness, and scan speed) [22-27]. Based on
the specified thickness, a roller or blade deposits a powder layer. The thickness range is typically ranging
from 20 to 100 um [28-33]. This step is followed by the melting of powder with laser power depending on
the geometrical information of the sliced CAD file. The building piston moves down, and similarly, the
next layer is deposited after solidification. The final 3D part is obtained by the repetition of this process
(See Figure 2). After the procedure is completed, the supports and loose powders are removed [34-45]. The
chamber should be filled with argon gas to prevent oxidation. The properties of the final highly depend on
the process parameters. These parameters, such as laser power and scanning speed, should be selected
wisely as it dramatically affects the part’s properties such as porosity, hardness, and mechanical properties

[34, 46-53].

SLM helps to create fully functional parts from metals without using any intermediate binders or
additional post-processing steps after the primary process is completed. This process results in a
homogeneous distribution of alloying elements without the formation of oxides that has a significant impact
on the mechanical properties. The economic and efficient use of material with recycling is possible with
this process that helps the ability to use 100% percent material, which is the most significant advantage of
this method. SLM allows producing more efficient components as it provides unlimited geometrical design

freedom without any limitations. There are no toxic chemicals utilized in this process [54].

The cost of manufacturing is one of the disadvantages due to the expensive metal powders. There
is always a need for proper particle size and morphology. The long build times are associated with the
processing of these small material quantities per unit time. Periodic cellular lattice structures can save
expensive material quantity by reducing build time and energy consumption in the SLM process [55]. High

cooling rates are typical in SLM that results in high internal stresses and dislocation densities. The cooling



rates around 106 K/s are observed during the process [56]. Recycling affects the powder material properties

that, in turn, affect the mechanical behavior of the fabricated parts [55, 56].

r,: Laser beam radius
r : Melt zone radius

Mathematical model

Processing _._.." )
layer
Sintered |~ Molten material
layer . Heat conduction | Re-melted material
L [~ Solidified material
X

Figure 2. Schematic representation of the Selective Laser Melting (SLM) method [57].

Selective Laser Sintering (SLS): This technique is a PBF process that partially sinters the powder
material with a high laser power source. The significant difference between SLS and SLM is the level of
powder melting, which results in different material properties of the fabricated parts. Here, the laser is
aimed at points automatically in space defined by a 3D model. This binds the material together, and the
material is formed. SLS has been mainly used for rapid prototyping. It has been used for low volume
production of components and expanding for consumer-based products. The main disadvantage is the
presence of porous surfaces and the need for additional post-processing methods like cyanoacrylate coatings
or Hot isostatic pressing. The disadvantage of this method is the weak mechanical property exhibited by

the fabricated part. This also makes the part less dense [58].



Sintering

Powder Pores

particles

Figure 3. Selective Laser Sintering (SLS) Process method [59].

Direct Metal Laser Sintering: The DMLS process is one of the effective PBF techniques that
involve a single powder with two different grain sizes or two different grain types. This process begins with
the full sintering of each metal powder layer, starting from support structures next to the base plate followed
by the part. A recoater blade moves across the platform to deposit the next layer. This is followed every
time after a cross-sectional layer is built until the entire process is completed. The DMLS fabricated metal
parts are mostly without internal defects. This process provides the ability to get rid of balling phenomena.

The reason behind this is that the particle inside the metal is fused completely [60, 61].

Up to now, several groups have implemented AM to produce and evaluate Inconel 718 parts. Table
2 shows a list of current publications on AM technologies that have been used for processing Inconel 718.
The type of the machines, the laser power, the powder composition, as well as the substrate composition,

are summarized in Table 2.



Table 2. A list of current publications on SLM technologies that have been used for processing IN718.

AM Machine Laser Scanning Hatch Layer Powder Author
Technology Type Power Velocity Space Thickness size
(W)  (mm/s)  (pm) (pm)  (pm)
SLM - 110, 110, 600, 400, - - 15-45 Jiaetal. [62]
120, 130 400, 400
EBM Arcam® EBM S12 - - - 50 - Raghavan et
machine al.. [63]
SLM SLM 250HL machine 100 W 540 120 30 30 W.Tillmanne
tal. [64]
EBM ARCAM A2SEBM 594W 2200to 100, 37.5 - - Korner et
System 8800 al. [65]
EBM EBM 12 SYSTEM - 918 - 70 47 £23  Hinojos et
FROM ARCAM AB al.[66]
SLM Concept M2 machine  180-220 - - 30to 45 - Lambert,
Dennis M [67
DLD IPG Photonics 5 kW 5000 - - - - Y.N.Zhang et
system equipped with al. [68]
an ABB robot
SLM SLM 280HL 250, 700, 120,500 50,100 20to 60 V.A.Popovich
950 320 etal. [69
LAM - 550 - - - - Yuan Tian
etal. [70]
SLM DMP PROX300 450 1000to 50to 90 70 5t025 K.Moussaoui
1800 etal. [71
SLM EOS M270 200  800to - - 17 um Amato, K. N..
1200 al. [72]

2.3.3. Additive Manufacturing of Porous Inconel 718

The limitations of conventional manufacturing techniques made the realization of porous

topologies complex even though they were discovered more than a century ago. But now, due to the

advancements in manufacturing methods, the task became possible over a wide range of length scales [73].
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The methods of fabricating periodic porous structures involve liquid state, solid-state, and vapor deposition
methods. In these methods, the shape and size of the pores can be randomly adjusted by changing the

parameters of the processes, but only stochastic structures are possible.

LBAM is capable of manufacturing porous metals with definite shape and architecture [55]. SLM
is known for its accuracy and resolution among LBAM techniques; hence, they are a better option to print

porous structures. The manufacturability of porous parts, however, highly depends on the porosity type.

The nature of the gyroid unit cell can be described as circular and smooth struts along with a
spherical core. The inclination angle of circular and flat struts varies with the core, and the layers grow
gradually with changes in area and position. This helps one layer supporting the adjacent during the SLM
process, making the gyroid structures are self-supporting. This also makes the SLM process comfortable,
versatile, and opens the way for constructing advanced lattice unit cells on a large scale without the need

for support structures.

Compared to SLM, other LBAM methods show significant variances in mechanical properties and
microstructure of parts. It is possible to even improve the dimensional and mechanical properties of SLM
parts by choosing optimum process parameters. The most significant process parameters are laser power,
scan speed, hatch spacing, and layer thickness. Dimensional accuracy, microstructure, and mechanical

behavior can be controlled by energy density. The energy density can be calculated from Equation 1:

p Equation 1

Where,
E — Energy Density; P- Laser Power; v- Scan Speed; t- Layer Thickness; and h- Hatch spacing.
2.4. Cellular Structures
Light-weight metal cellular structures are unique as they can offer high strength, low mass, and
energy absorption characteristics along with excellent thermal and acoustic insulation properties [74]. The

classification of cellular structures is stochastic porous structures and periodic cellular structures. The

11



stochastic structures, in general, are randomly organized with open or closed voids. But, the periodic
structures are typical in nature structured with repeating unit cells. Examples of cellular structures are foam,

honeycomb, sponges, folded materials, and lattice structures.

The periodic structures show superior mechanical properties with adequate strength and stiffness.
In periodic cellular structures, the structural features can be easily controlled in a way to demonstrate better
load carrying capacities and higher surface area when compared with the stochastic structures [75]. This
feature makes periodic cellular patterns to be applied to metals yielding advanced multifunctional

performance in products that are used in aerospace, automobile, and medical applications [76, 77].

2.4.1. Periodic Cellular Structures - Lattice

The lattice structure falls under the category of cellular materials and is commonly used
interchangeably in the literature. Lattice structures are mainly characterized by open pores and built with
an organized structural orientation of unit cells. The arrangement of unit cells in a specific order can also
be stated as reticulated. The term ‘reticulated’ can be used for lattice arrangement. The deformation
behavior can be found in the form of stretching or bending, thereby stating the failure of any unit cell-based
geometry. Unlike stochastic meshes, the reticulated meshes were found to have better mechanical properties
when compared with each other. Thus, the unit cells proved satisfactory properties than the random
stochastic structures [78]. Mechanical properties are tailored by unit cell geometry and topology. In these

lattice structures, the unit cells are classified based on their formation or deformation behavior [79].

The examples of lattice structures are BCC, BCC-Z, FCC, FCC-Z, honeycomb, and sandwich
panels structures [80]. Lattice terminology is based on conventions in crystallography with additional
designation for vertical (Z) struts[81]. The BCC, BCC-Z, FCC, FCC-Z lattice structures comprising strut-
like members can be classified as stretching-dominated and bending-dominated structures [82]. Stretching-
dominated structures are known for stiffness and strength, while bending-dominated structures have a better

specific energy absorption behavior for a high-stress plateau under compression. The body-centered cubic

12



(BCC) is a typical type of bending-dominated structure, and this structure has received considerable
attention and been experimentally and theoretically analyzed for its individual mechanical and energy-
absorbing performances [83-86]. The BCC-Z and FCC-Z can be explained to be probably as under-stiff but
high compressive strength and stiffness along z-direction struts, according to Leary et al. [87]. The
honeycombs are also known as prismatic structures. They can handle definite flows or loads. However,
these structures fail due to thin walls that reduce lateral strength and stiffness. Sandwich panels are
considered to be an improvement of honeycombs that are made of two material sheets covering the cellular
structure. This design is explained to handle compression and tension while the honeycomb cells carry the

shear load.

2.4.2. Periodic Cellular Structures- Triply Periodic Minimal Surface (TPMS)

The triply periodic minimal surface (TPMS) geometry is one of the types that fall under R3 that is
known as the rank-3 lattice of translations. These geometries are symmetrical and crystallographic. The
examples of the symmetries are cubic, tetragonal, rhombohedral, and orthorhombic. The other types are
Monoclinic and triclinic but are hard to parametrize [88]. These structures are derived from natural
structures that can be observed in cell membranes [89], block copolymers [90], and equipotential surfaces
in crystals [91]. Schwarz was one of the first examples of TPMS described by Hermann Schwarz in 1865
[92]. Alan Schoen described 12 new TPMS based on skeleton graphs spanning crystallographic cells [93].
Even though Schoen’s structures were famous in science, there was no mathematical proof for it until H.
Karcher proved their existence in 1989 [94]. Using conjugate surfaces, many other surfaces were found.
Weierstrass represented more straightforward examples, but Discrete differential geometry was used for

the representation of these methods [95].

2.5. Mechanical Properties
Various aspects that affect the mechanical properties of porous structures are discussed in this
section. The mechanical properties of lattice structures, particularly, compressive strength and young’s

modulus highly depend on cell topology and porosity level [80, 87]. Mechanical properties are also affected
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by the loading response of struts present in the lattice, which are either stretch-dominated or bending-
dominated [80]. One should also consider process parameters and build orientation as they also deviate the

properties without the consideration of optimum values.

Leary et al.[87] evaluated the performance of lattice AISi12Mg parts such as FCC, FCC-Z, BCC,
BCCZ, and FBCCZ under quasi-static uniaxial compression. All the specimens showed a large ratio of
collapse stress to the plateau stress. They also concluded that the FBCCZ structure demonstrated stable
crushing behavior and excellent energy absorption characteristics after plotting energy absorption up to a
strain integration limit of 10%. S.J.Al-Saedi et al. [96] studied F,BCC SLM Aluminum lattices and
observed various collapse regions followed up with long plateau before the structure was fully crushed. The
elastic stage was relatively linearly proportional. In another study, Mazur et al. [97] conducted tests on
Ti6AI4V lattice specimens. They showcased that the specimens had comparatively high initial strength that

led to softening after the initial collapse.

Sing et al. [98] performed compression test on cellular Tidal6v structures fabricated with different
SLM processing parameters. It was shown that the elastic constant of the lattice structures varies between
1.36+0.11 GPa and 6.82+0.15 GPa. They also proved that the mechanical properties were affected by

laser power, scanning speed, and layer thickness.

Wauthle et al. [99] studied the static behavior of five titanium lattice structures processed with
different build direction. The diagonally oriented sample was inferior to that of horizontally and vertically
oriented samples. The latter two structures had near-identical properties. It was concluded that the
compressive strength and the stiffness of the diagonally oriented sample were, on average, 35% lower to

the vertically oriented sample, irrespective of heat treatment condition.

Maskery et al. [100] performed uniaxial compression tests on Al-Sil0-Mg BCC lattice structures
using an Instron 5969 universal testing machine. They observed a significant structural collapse at around

9% strain, where almost 95% of the structure's strength was lost. This was also followed by an initial period
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of linear elasticity and non-linear behavior, after which cell struts began to bend due to the applied
compressive load. A little bending occurred resulting in the struts experiencing brittle fracture [101] and
hence a diagonal (45°) shear bend [102, 103]. It was understood that the structure was subsequently

weakened and failed to recover its pre-collapse strength even as the strain increases up to 50%.

Xiao et al. [104] studied the performance of three types of lattice structures, namely FCC, VC, and
ECC structural lattice, fabricated with 316L Stainless steel. They observed that the structures experienced
plastic collapse following with a long yield plateau. At some points, the trusses combined and formed a
densified area that led to a sharp rise in the stress-strain curve. With higher porosity level, they also observed
a weaker lattice structure, less yield strength, plateau stress, inferior mechanical properties, and a lower

energy absorption capability.

2.6. Microstructure Analysis

SLM processed lattice parts are prone to some avoidable deficiencies that can be identified through
microstructure analysis. SLM-fabricated components are often exposed to geometric defects, due to various
factors such as suboptimal processing parameters [105], or even internal defects due to incomplete filling
by the laser beam. Residual stresses that are caused by thermal gradients also affect the components also
leads to geometric defects and deformation. The staircase effect, a general geometric error of AM processes,
occurs in SLM too. These defects not only affect manufacturability, dimensional accuracy, and surface
roughness of SLM lattice structures but also associated with mechanical and biological properties of
fabricated components. Microstructure analysis helps us to observe the manufacturing quality of struts after
fabrication and let us confirm the optimum build parameters. The rapid solidification in SLM, which is also
directional, affects local microstructure. For instance, directional solidification results in a preferred

crystallographic orientation that can impact the mechanical properties [99, 106].

Choy et al. [107] studied the struts of four different SLM-fabricated Ti6 lattice structures, which
consisted of two different orientations with cubic and honeycomb cellular units, respectively. In all
specimens, it was found that the morphologies of the top and side surfaces of the lattice struts were different.
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At the top surface, clear and continuous melting could be observed with powder adhesion at the edge of
along with side surfaces of the lattice struts. Powder adhesion at the bottom side of the horizontal struts was
higher than the diagonal struts. Finally, it was observed that the adhesion of powder greatly affected the
dimensional accuracy of the fabricated lattice structure. They also suggested that the differences between
the designed and measured strut diameters were comparatively less for larger struts, indicating that the
dimensional accuracies are lower if the strut size is smaller due to relatively higher degree of powder
adhesion. Yan et al. [55] reported the presence of bonded particles on the surfaces of struts, and related
them to the balling phenomenon or partial melting phenomenon of raw stainless-steel particles on the
boundary of solid struts. In SLM, a completely melted material gives rise to beads being formed mainly on

laser melted surfaces perpendicular to the building direction [108].

Santorinaios et al. [109], McKown et al. [110] and Pattanayak et al. [111] observed narrow and
short cracks having a width of below one um and a length of fewer than 20 pm within the struts of SLM-
fabricated lattices [55]. Generally, cracks can be attributed to the existence of high residual stresses during
the process of SLM. In another work, Gangireddy et al. [112] studied the high strain rate mechanical
behavior of Octet Ti6 lattice structure. The lattices showed fully densified interior areas composed of a
homogeneous microstructure of acicular martensitic needles without any pores/defects. This observation

was the typical result of the rapid cooling rates during SLM process [113, 114].

The microstructures of SLM-produced Stainless steel lattice specimens with F,BCC porosity type
were described by Patrick Kéhnen et al. [115]. The majority of the grains were columnar grains elongated
with a high aspect ratio featuring a length of >200 um. Grain growth was not restricted by the height of the

melting tracks due to epitaxial growth.

To study the influence of process parameters, Qui et al. [103] fabricated AlSi10Mg diamond-type
lattices using two different laser powers, 150 W and 400 W, generated the SEM micrographs, and measured
the strut diameters. The images clearly showed that higher laser powers resulted in thicker struts with a
linear relationship. The struts with increased laser power also demonstrated more geometrical when
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compared with that processed with low laser power. This observation can be used for optimizing parameters
when precise dimensions and shapes are required for a particular application. In addition, with an increase
in the laser power, an increasing number of partially melted powder particles were found to adhere to the

strut surfaces [116-118].
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Chapter 3. Materials and Methods
3.1. CAD Design

To study the influence of porosity type, as seen in Figure 4, four different lattice structures including
BCC, BCC-Z, FCC, FCC-Z and three different triply periodic minimal surfaces (TPMS) structures
including Schwartz, Gyroid, and Diamond models were designed with the same level of porosity (45%).
Further, to investigate the effect of porosity level, three BCC lattice structures with porosity levels of 30%,
45%, and 60% were designed. All designed porous parts were made of 64 unit cells (4 by 4 by 4), each
having the dimensions of 2 mm x 2 mm x 2 mm. Also, two plates with a thickness of 1.5 mm each were

considered at the top and bottom to support compression testing. Details about the design procedure of
these abovementioned porous structures are provided below:
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Figure 4. Designed porous structures with same level of porosity (45%) and different porosity types: a)
BCC; b) BCC-Z; ¢) FCC; d) FCC-Z; e) Gyroid; f) Schwartz; g) Diamond.
3.1.1. Periodic Cellular Structures- Lattice Structures

The BCC, BCC-Z, FCC, FCC-Z lattice structures were modeled using Solidworks (version 2018-

2019, Dassault Systems, USA). Figure 5 represents the unit cells of the lattice structures, each having a

dimension of 2 mm x 2 mm x 2 mm. The CAD file creation process started with the creation of cylinders
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that are considered as struts with precise dimensions across X, Y, and Z axes. Extruded cylinders were
followed into linear pattern combined and cut to form a lattice cube of 8 mm x 8 mm x 8 mm. Two plates,

each with a thickness of 1.5 mm, were added at the top and bottom to support compression testing.

BCC-Z FCC-Z

o1

Figure 5. The designed unit cell for different types of lattice structures: BCC, BCC-Z, FCC, FCC-Z.
The dimensions governing the porosity were based on the diameter of the cylinders. The relation
between the diameter and porosity level (PL) for each lattice structure was derived and are presented in

equation 1-4 and Figure 6.

Plecc = 61.686D3 — 136.67D? + 0.2572D + 99.9 Equation 1
Plegccz = 78.455D% — 160.1D? + 4.101D + 99.2 Equation 2
PLecc = 48.737D% — 110.86D? — 0.0957D + 100.01 Equation 3
PLrccz = 42.758D3 — 86.889D? — 23.179D + 103.69 Equation 4
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Figure 6. The relation between the struct diameter and porosity level for BCC, BCC-Z, FCC, and FCC-Z
lattice structure.

3.1.2. Periodic Cellular Structures-TPMS

A study by Von Schnering and Nesper [119] helped to obtain the nodal approximations of
Schwartz, Gyroid, and Diamond from a series of mathematic equations, as represented in equations 5-7,

respectively. Constant K in the equation effectively controls the porosity level of the TPMS structures.
Schwartz  F(x,y,z) = cos(2nx) + cos(2my) + cos(2nz) - K Equation 5
Gyroid F(x,y,z) = sin(2nx).sin(2my).sin(2nz) +  sin(2nx).cos(2my).cos(2nz)  Equation 6
cos(2mx).sin(2my).cos(2nz) + cos(2nx).cos(2my).sin(2nz) - K
Diamond F(x,y,z) = cos(2nx).sin(2my) + cos(2my).sin(2nz) + cos(2nz).sin(27x) - K Equation 7
The coordinates of the surfaces of the porous parts were created using Mathmod v10 software
(Figure 7 a-c). Then, Materialise Magics (Materialise 2020, Leuven,

Belgium) was used to create the surfaces. For each structure, the software was utilized to convert a shell
CAD file (STL) to a solid structure (IGES) (Figure 7 d-f).
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Figure 7. The surfaces and solid structures are generated for (a), (d) Schwartz-type; (b), (¢) Diamond-type;
and (c), (f) Gyroid-type.

For Schwartz, Diamond, and Gyroid, the porosity level can be reasonably approximated in the

range of 10 % to 90 % with the linear equations described below.

PLschwarz = 28.742K+49.99 Equation 3.8
PLayroid = 42.284K + 50.12 Equation 3.9
PLpiamond = 32.783K + 50.12 Equation 3.10

Open porous cubic TPMS CAD files with 8 mm x 8 mm x 8 mm dimensions were designed with a
constant porosity level of 45%. Two plates, each with a thickness of 1.5 mm, were added at the top and

bottom to support compression testing. A total of 3 samples of each TPMS type were generated.

3.2. Part Preparation for Additive Manufacturing

The lattice structures and TPMS CAD files were imported into Magics software

(Materialise 2020, Leuven, Belgium) as STL format. A 3 mm height block support structure (thickness =
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0.3 mm; gap = 1 mm) was considered for each sample. All samples and associated supports were imported
to EOSPRINT 2 (EOS GmbH, Electro-Optical Systems, Krailling, Germany). Then, a recommended set of
laser processing parameters was assigned to each sample, i.e., laser power (P) of 285 Watt, scanning speed
(v) of 960 mm/s, hatch spacing (h) of 110 um, layer thickness of 40 um, and a stripe scan strategy. The
exposed laser angle between each layer was every 67 °. The energy density of 67 J/Jmm?® was calculated

from Equation 8.

Equation 8

3.3. Powder Preparation and Fabrication

IN718 powder was obtained from EOS Engineering Inc. (Austin, TX). The powder was sieved with
a mesh size of 90 um to avoid inhomogeneity in the distribution of the particle size. Table 3 represents the
chemical composition of the employed Inconel 718 powder. The prepared files were transferred to a DMLS
EOS M290 metal 3D printer (EOS GmbH Electro Optical Systems, Germany), equipped with a 400 W
Ytterbium fiber laser (See Figure 8). All samples were fabricated in 200 sliced layers.

Table 3. Chemical composition of commercial EOS Inconel 718 powder [120].

Compositional Element Percentage (%)
Ni 50-55 wt%

Cr 17-21 wt%

Nb 4.75-5.5 wit%

Mo 2.8-3.3 wt%

Ti 0.65-1.15 wt %
Al 0.20-0.80 wt%
Co <1.0 wt-%

C <0.08 wt-%

Si, Mn Each <0.35 wt-%
P,S Each <0.015 wt-%
B <0.006 wt-%

Fe Balance
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EOS M 290

Figure 8. EOS M290 metal 3d printer equipped with a 400-Watt Laser.

After the fabrication was done, the parts were removed carefully with safety precautions. The
remaining powder, if it exists on the parts were brushed off, and the supports were removed using a

bandsaw.

3.4. Mechanical Testing

Compression tests were conducted with the help of a 100 kN MTS Landmark servo-hydraulic test
platform (MTS Systems Corporation, Eden Praire, Minnesota, USA), which is shown in Figure 9. A strain
rate of 10 sec™* was applied during loading. All samples were tested until failure, and the load-displacement
graphs were plotted. Using Digital Image Correlation (DIC) tools, the deformation profile of the parts under

loading was also captured.
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Figure 9. 100 KN MTS Landmark servo-hydraulic test platform.

3.5. Sample Preparation for Microstructure Analysis

An Allied E-PREP 4™ Grinder/Polish machine (Allied High-Tech Products, Inc., Compton, CA)
was used for grinding and polishing (See Figure 10). The abrasive discs used for grinding was made of
Silicon Carbide (SiC) (320-1200 Grit Size). To check if the scratch pattern was uniform, the surface was
inspected through metallographic microscope XJP-H100 (Amscope, Irvine, CA). If there happened to be
any deformation due to grinding, one um diamond suspension on DiaMat polishing cloth with GreenLube
lubricant was performed. Polishing was completed with the help of 0.04 pm colloidal silica suspension on
a Chem-pol polishing cloth. After the procedure was completed, the platen was wiped with water and spin-
dried to remove any existing debris. Finally, The sample and fixture were cleaned with micro-organic soap,

rinsed with isopropyl alcohol, and then dried using compressed air spray [121].
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Figure 10. Allied E-PREP 4™ Grinder/Polish.

3.6. Scanning Electron Microscopy (SEM)

SEM tests were conducted with the help of a Hitachi S-3000N variable pressure SEM microscopy
(Hitachi, Tokyo, Japan) in Characterization Center for Materials and Biology at the University of Texas at
Arlington (CCMB-UTA). The machine worked at 20 kV in the backscatter electron emission or secondary

electron imaging nodes. (Figure 11)

Figure 11. Hitachi S-3000N Scanning Electron Microscope.
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3.7. X-ray diffraction (XRD)

X-ray diffraction (XRD) machine was used to determine the crystal and compositional structures
of the samples. The equipment used for XRD analysis was the Bruker D8 Advance X-ray diffractometer
(Figure 12). Source of X-ray was Cu k-alpha and measurements were made at room temperature with a
wavelength of 1.5406 A, step intervals of 0.04 in 20 between 30° and 100° and speed of 1 s/step. XRD
spectrum was analyzed on the standard reference planes for fabricated samples. It was possible to obtain

different phases and texture types of crystal structures.

Figure 12. Bruker D8 Advance X-ray diffractometer.

3.8. Hardness Analysis
A Vickers hardness test was conducted on the samples using the LECO LM 300 AT Micro Hardness
Tester (ST Joesph, MI). The applied load was 500 g force for 10s. Three indentations were done, and the

average measured hardness was reported. (See Figure 13)
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Figure 13. LECO LM 300 AT Micro Hardness Tester.

3.9. Finite Element Analysis

To estimate and visualize the local strains in the isotropic lattice structures as well as TPMS, FE
analysis was conducted. To this aim, the designed porous parts were imported into Altair Hypermesh (©
2020 Altair Engineering, Inc, USA), and the tetragonal mesh was created. Material properties of Inconel
718 alloy (Modulus of Elasticity E=160 GPa, Poisson’s ratio v=0.294) were then assigned to all elements
in the mesh. Next, the parts were deformed up to a global displacement of 1 mm. Finally, the local strains

formed on the pore walls were analyzed.
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Chapter 4. Results and Discussion
4.1 Fabricated samples

Figure 14 represents the SLM fabricated porous Inconel 718 parts with the constant porosity level
of 45 %, but varying porosity types of BCC, BCC-Z, FCC, FCC-Z, Schwartz, Gyroid, and Diamond. These

parts were fabricated on top of a Stainless-Steel build plate.

Figure 14. Selective laser melted Inconel 718 specimens created with different porosity types: BCC, BCC-
Z, FCC, FCC-Z, Gyroid, Schwartz, Diamond.
4.2. Mechanical Testing

Figure 15 represents the stress-strain graphs of compression tests on the as-fabricated BCC, BCC-
Z, FCC, FCC-Z, Gyroid, Diamond, and Schwartz porous specimens having the same level of porosity of
45%. It can be seen that the porosity type had a direct effect on the maximum force. Gyroid-type
demonstrated the maximum elongation at failure (4.8 mm), which was slightly higher than what was seen
in the Diamond-type (4.1 mm) and at least seven times more than what seen in the Schwarz-type (0.81 mm)
or BCC-type (0.81 mm). It should be noted that Gyroid-type and Diamond-type did not fail after applying

83 KN force, however, the testing was stopped due to the defined load limit for the testing machine. While
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showing the highest elongation and strength at failure, Gyroid-type showed low yield stress and a lowest
modulus of elasticity, when compared with other types of porosity. Whereas diamond had lowest yield
stress but higher modulus of elasticity than gyroid and Schwartz. Amongst lattice structures, BCC-type and
FCC-type demonstrated the highest equivalent modulus of elasticity. BCC-type demonstrated lower
strength, but higher modulus of elasticity, when compared with BCC-Z type. In a similar manner, FCC-
type demonstrated lower strength, but higher modulus of elasticity, when compared with FCC-Z type. This
can be explained by the fact that FCC-Z and BCC-Z have Z-pillar in the same direction of the compression
loading, but smaller strut size, which in turn increase their strength and decrease their modulus of elasticity,
respectively and elongation at failure of porous Inconel 718 samples. The failure stress was found to be

maximum for FCC and minimum for BCC.
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Figure 15. (a) Load-displacement, and (b) stress-strain curve for the porous parts with different porosity
shape.

With the same level of porosity, Table 5 reports the equivalent modulus of elasticity (MPa), yield
stress (MPa), stress at failure (MPa), and strain at failure (%). To calculate these values, the average initial
cross-section area of the porous structures was used, and load-displacement graphs were converted into

stress-strain plots.

Table 4. The modulus of elasticity, yield stress, stress at failure, and the strain at failure for BCC, BCC-Z,
FCC, FCC-Z, Gyroid, Schwartz, and Diamond.

Porosity Type Modulus of Yield Stress Failure Stress Failure Strain
Elasticity (MPa) (MPa) (KN) (mm/mm)
BCC 116 719 39.7 0.10
BCC-Z 18 946 50.6 0.22
FCC 129 558 61.2 0.28
FCC-z 15 965 57.9 0.37
Gyroid 7 523 - -
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Schwartz 96 526 53.8 0.28
Diamond 75 428 - -

The structure of the tested parts was further observed to investigate the failure mechanisms of the
porous structures. As can be seen in Figure 16, amongst TPMS structures, Gyroid-type demonstrated the
highest level of deformation while Schwartz-type showed a relatively low level of distortion. This could be
attributed to the fact that Schwartz-type had decreased the size of the struts when compared with the other
two types. Gyroid-type and Diamond-type relatively showed higher deformation in comparison with the
lattice structures, such as BCC or FCC-Z. Also, FCC-Z demonstrated slightly lower deformation when
compared with BCC due to the added z-pillar. Further interpretation from Table 4 shows the difference
between the modulus of elasticity values that is found high for BCC and low for BCC- Z. This happens due
to reduction in the diameter of the struts present in BCC-Z to accommodate for same 45% porosity thereby
dropping the modulus of elasticity values to a greater extent. This is also found in FCC-Z that behaves

similarly to BCC-Z.
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Figure 16. The structure of the porous parts after the compression testing until failure: a) Gyroid-type, b)
Diamond-type, c) Schwartz-type, d) FCC-Z, e) BCC.
4.3. Microstructure Analysis

To further look into different patterns for the failure of the porous samples, microstructure analysis
was carried out on the powder, as-fabricated specimens, as well as the fabricated parts. The SEM image of
powder shown in Figure 17a reveals that the powder had acceptable particle size, spherical shape, good
flowability and packing density, low impurity content, and excellent transformation ability. The distribution
of the new powder particle sizes was analyzed using ImageJ “Analyze Particles” function, and the results
are presented in Figure 17b. The average particle size of fresh Inconel 718 powder was 18 pum. Therefore,
it was inferred that the employed powder was not the reason for the premature-failure of some of the

samples.
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Figure 17. (a) SEM micrograph and (b) powder size distribution for commercial EOS Inconel 718 powder
(right).

The SEM image of fabricated BCC, BCC-Z, FCC, FCC-Z, Schwartz, Gyroid, Diamond samples is
presented in Figure 18. Examination surfaces of all the fabricated unit cells revealed the presence of regions
of numerous unmelted and partially melted powders on the external surfaces of the struts, shown as circles
in Figure 18a-g. Such areas could raise local stress and eventually lead to crack initiation during mechanical
testing. These types of defects are expected to decrease the mechanical strength and be the leading cause
for a premature fracture of all the fabricated parts. The struts, however, were observed to be sufficiently
dense confirms that the main struts are fully melted. Amongst all the samples, Gyroid-type demonstrated
the lowest amount of surface defects, which was expected because this specimen showed the most moderate

elongation and tolerable force at failure.
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Figure 18. SEM images of a) BCC; b) BCC-Z; c) FCC; d) FCC-Z; e) Diamond; f) Gyroid; g) Schwartz
parts with 45% porosity. Examination surfaces of all the fabricated unit cells revealed the presence of
regions of numerous unmelted and partially melted powders on the external surfaces of the struts.
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To check the uniformity of the microstructure of the fabricated samples, SEM images of three
different regions along the height were generated and represented in Figure 19. It can be seen that the melt
pools have an average depth of 70 um in all the three zones along the building direction, i.e., near the
substrate, middle region, and the area near the top surface of the fabricated samples. It can be inferred that

the microstructure was almost uniform along the build direction.

Figure 19. SEM micrograph of Side view of melt pools formed in SLM fabricated parts reveals that the size

4.4. Compositional Analysis

Figure 20 represents the XRD graphs for the employed powder and the SLM fabricated parts. Major
peaks were observed at 43°, 51°, 74°, 91°, and 96° for both fresh powder and the SLM parts. The phases
were recognized to be v, y’, v and d. As reported in The quantity of the phases existed in fresh powder was
different from that of the fabricated components, as indicated in Table 5, the y, y> and y” phases were found
to be 71.15 %, 12.29 %, 16.55 %, respectively in the fabricated part. In contrast, they were 74.45%, 19.64%
and 5.89% in the fresh powder respectively. It was found that the y” in the fabricated parts was higher than

that observed in the powder whereas y* value was lower in the fabricated part than fresh powder. y” is an
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essential phase of Inconel 718, which is also known as the strengthening phase and profoundly influences

the mechanical properties of the fabricated sample.
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Figure 20. XRD graphs showing the different phases in the IN718 powder and fabricated sample.

Table 5. Calculation of Phase area % for the fabricated Inconel 718 sample on top of different support
structures.

Phase area (%)

Peak ' —
Y Y Y

Fresh powder 1 70.6 29.39 0
2 74.45 19.64 5.89

3 100 0 0

Fabricated sample 1 75.4 21.7 2.9
2 73.1 14.1 12.8
3 72.7 16.2 11.1
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4.5. Finite Element Analysis

Under same level of loading, the local strains of the lattice structures were found to be maximum
in BCC after compression loading conducted in FEA tool (Figure 21). BCC-Z exhibited relatively lower
local strains when compared with BCC. This observation essentially confirms the weaker properties
observed in BCC lattice structure (See Figure 15). Similarly, FCC-Z showed lower strains than FCC.
Overall FCC/ FCC-Z strain values were less compared to that of BCC and BCC-Z for exact loading values.
The significance of lattice structure type can be found here by the observed variation in the strain values

even though the loading and dimensions were same.
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Figure 21. Strain distribution resulting from a constant distributed load over the top plate for different
porous structures: a) BCC; b) BCC-Z; ¢) FCC; d) FCC-Z; e) Gyroid; f) Schwartz; g) Diamond.
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Chapter 5. Conclusions and Future Works
5.1. Conclusion

SLM and its ability to fabricate complex lattice structures has opened opportunities for various
research works. In this paper, the efforts made to study about the lattices (BCC, BCC-Z, FCC, FCC-Z) and
triply periodic minimal surfaces (Gyroid, Schwartz, Diamond). To this aim, the mechanical,
microstructural, and compositional properties of these structures have been discussed. It was found that the
porosity type had a direct effect on the maximum strength, maximum strain, and modulus of elasticity.
Gyroid-type exhibited the lowest modulus of elasticity while showing the highest elongation and strength
at failure. BCC-type and FCC-type demonstrated high modulus of elasticity and low strength when
compared with their corresponding Z types (FCC-Z and BCC-Z had higher strength and lower modulus of
elasticity). This can be explained by the fact that FCC-Z and BCC-Z have Z-pillar in the same direction of
the compression loading, but smaller strut size, which in turn increase their strength and decrease their
modulus of elasticity, respectively. From the microstructure analysis the powder had acceptable particle
size, spherical shape, good flowability and packing density, low impurity content, and excellent
transformation ability. It was inferred that the employed powder was not the reason for the premature failure
of some of the samples. The presence of regions of numerous unmelted and partially melted powders on
the external surfaces of the struts present in the samples could raise local stress and eventually lead to crack
initiation during mechanical testing. These types of defects are expected to decrease the mechanical strength
leading to a premature fracture of all the fabricated parts. Gyroid-type demonstrated the lowest amount of
surface defects, which was expected because this specimen showed the most moderate elongation and
tolerable force at failure. From the compositional analysis, y” in the fabricated parts was higher than that
observed in the powder which is the strengthening phase and profoundly influences the mechanical

properties of the fabricated sample.
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5.2. Future Work
While this study has generated a set results from mechanical and microstructural point of view,
there is still scope for analyzing melt pools, grain formation, and defects within the struts. Further scope

lies in evaluating fatigue properties of these parts and obtain microstructure-property relationship.
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