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Abstract:
STUDY ON EFFECT OF SUPPORT STRUCTURE GEOMETRY ON THE MICROSTRUCTURE

AND MECHANICAL PROPERTIES OF IN718 PARTS FABRICATED BY SELECTIVE LASER

MELTING.
Sourabh Hemant Thakare, MS
The University of Texas at Arlington, 2020.
Supervising Professor: Dr. Amir Ameri.

Additive manufacturing is a modern manufacturing technique that provides extreme design
freedom and the ability to manufacture multiple parts with high complexities at the same time. Various
fabrication techniques have been developed, and this study focuses on selective laser melting (SLM) due
to its ability to provide near-perfect parts at low cost while being able to work with a wide range of materials.
In SLM, the part is manufactured, layer-by-layer, by melting and solidification of powder material under

controlled inert conditions.

The fabrication of complex geometries is not possible without proper allocation of support
structures for the part, which keeps the component intact and retains structural stability while
manufacturing. The main function of the support structure is to complement the fabrication of the main part
and reduce the chances of abnormalities in the structures or complete failure of the fabrication process.
Supports are attached to the part and are to be removed after fabrication in such a way that the required
surface finish is not compromised. Multiple properties like microstructural composition, residual stresses,
mechanical properties, hardness, and toughness of SLM parts are either directly or indirectly affected by
the allocation of a specific type of a support geometry. The challenge is to identify and allocate appropriate
support structures after analyzing the part and the part orientation while ameliorating the functionality of

removability, reducing material consumption, and enhancing structural support.



IN718 is a type of high-strength corrosion-resistant super alloy, which consists of nickel and
chromium. It can withstand extremely high pressure and heat, which makes it suitable for high-end
applications such as aerospace and petroleum. Due to the high toughness of the superalloy along with its
work hardening, the difficulty in machinability of IN718 is immense, and thus the adaptation of additive

manufacturing, specifically SLM, comes into consideration.

This study focuses on the effect of support structure geometry on the surface topography along with
composition, hardness, melt-pool size, and grain structure for IN718 parts after the fabrication and removal
of multiple iterations of support structures. A comprehensive report on the effect of support structure design
is provided after studying the fundamental parameters of design, fabrication, testing, and results

interpretation for the IN718 parts.
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Chapter 1. Introduction
1.1. Motivation

SLM is one of the most widely used metal Additive Manufacturing (AM) techniques for IN718,
and for the fabrication of almost all complex geometries, there is a mandatory need to include support
structure to augment the main part fabrication. These support structures are basically essential sacrificial
entities that help to fabricate the parts over the process. Supports not just help in keeping the structure intact
and together, but it helps in reducing warping of thin parts, removal of heat due to the laser melting, etc.
Due to the prominent role of supports in SLM, the effect of the structures on the part fabrication is

mandatory.

Along with the assistance in manufacturing the parts, there is a considerable effect on the main part
properties such as microstructural properties, mechanical properties, hardness, roughness, etc. Since these
are sacrificial entities, the material, time required along with multiple factors like energy, argon gas, etc.
leads to an increase in direct and indirect costs. Due to this reason, the optimal condition should be
recognized, pinpointed, and implemented such that there is less consumption of these important economic

factors.

1.2. Objectives

This study basically focuses on the effect of various types of support structure geometry and the
overall impact on the fabrication parameters like the economy, resources, energy consumption, material
wastage, etc. Since all these factors are interrelated, a necessity to tweak the effecting parameters in order
to obtain the best results is recognized. While a lot of research on optimization of supports and structures
of the same has been conducted, minimal work on the effect of such different support structures on various
parameters like hardness, microstructural composition, melt pool analysis has been done. In order to get an
apparent idea of how support structure affects the main body and how the parameters can be tailored to
meet the above-mentioned goals, the influence on the mechanical and structural properties for the part are

investigated.
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1.3. Approach

A literature review was the first step in initiating this study and to understand the basic process and
the important parameters for SLM manufacturing of IN718 parts, the importance of supports in SLM, types
of support geometries, etc. After the literature review, a structured plan to model various support structures
was prepared. Multiple iterations of the same parts with different geometric values were introduced to
understand the effect of any single parameter for that very specific type of support geometry. The CAD
designs were modeled on various different software like Solidworks, Magics, etc. EOS M290 machine was
used to fabricate the parts, and after fabrication, the parts were carefully removed off the build bed. Supports
were separated from the main part, and the parts were prepared for various tests like X-ray Detraction
(XRD), Selective Electron Microscopy (SEM), Vickers Hardness, etc. At every point in the process, utmost
safety was observed, and proper recording and labeling of data were ensured. The rest results were
interpreted, and the effect of the support geometries for IN718 parts was observed and recorded for

scientific use.

1.4. Outline
Chapter 1 talks portray a summary of the research along with acknowledgment to the scientific

community and the members for their direct and indirect efforts.

Chapter 2 provides information on the background and literature review. Section 2.1 talks more
about the material being used, i.e., IN718, history of the same, and its importance in the metal AM
ecosystem. Subsection 2.2 talks on the history of metal AM and the factors affecting the SLM fabrication
method, along with benefits and drawbacks. Details on supports and the importance can be obtained from
chapter 2.3. Explanation on types of supports and the idea behind consideration of supports for the study

can be obtained from this chapter.

Chapter 3 describes the CAD design of the part and the support geometry that is fabricated and the

selection of supports for the study. A detailed explanation of the handling and preparation of powder metal

14



is explained in chapter 3.3. Different experimental procedures that are used in the study are described along

with the details and settings in chapter 3.4.

In chapter 4, the final work of presenting experimental recordings and the interpretation for
multiple criteria is described. Along with the results, pictures, and details of the part fabrication and

support seriation is explained.

And finally, chapter 5 concludes the results with appropriate reasoning and talks on how this

research can be used by the community to bring out the best for all.

1.5. Contribution

Contribution of this research will be in-line to the following:

(i) Determination of the microstructural effect of the support structure for IN718 parts by SLM
fabrication.

(i) Determination of optimal support structure for best build and material properties for IN718.

(iii) Investigation of results for variation in thickness of supports for parts manufactured by SLM.

(iv) Investigation of results for variation in the gap between supports for parts manufactured by SLM.

(v) Study and comparison of concentric type and block type supports SLM manufacturing of IN718
parts.

(vi) Study and determination of effect on melt pool structure for support structure interface with the
main part for IN718 samples fabricated by SLM method.

(vii) Study and Determination of residual stresses for IN718 parts fabricated by SLM process

with different types of support structures.
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Chapter 2. Background and literature review
2.1. Additive Manufacturing processes

Additive manufacturing (AM) is a manufacturing technology in which products are built up layer
by layer [1]. It is an additive process, in contrast to most current manufacturing methods, which are
subtractive processes. AM is known under several different names, including 3D printing, additive
fabrication, rapid prototyping, and rapid manufacturing. In the industrial market, AM is the preferred term
for this technology. In recent years, AM techniques have been introduced as a promising method to produce
complex metallic parts (e.g., porous scaffolds, freeform surfaces, and deep slots) because they can
overcome several common problems associated with conventional subtractive techniques. While AM
provides a wide range of advantages, multiple challenges make them unfit for high-end real-life
applications. Issues such as anisotropic mechanical behavior, inhomogeneity in microstructures, void
formation in parts, small build volume, and concerns with food and drug administration (FDA) brings the
need for a comprehensive research to obtain better results and make AM real-life application compliant [2-
5] . Different types of materials are used in AM techniques, including powder, wire, and sheet. Powder-
bed-based methods are only capable of using powder; however, the flow-based methods can utilize either
powder or wire [1, 6, 7]. In sheet lamination techniques, the only material that is used is sheet. In this
method only, the outer contours of parts are cut, and the sheets are cut and stacked or the other way around.
Multiple iterations of processes revolving around sheet lamination techniques is based off build material

and cutting strategies [8].

2.1.1. A brief history of additive manufacturing development

For the last 20 years, AM technology has been developed significantly. Deckard and Beaman,
began working on a 3D printing technology for powder material in 1984, which consisted of a 100W YAG
laser heat source [9]. After which, in 1986, the ‘Betsy’ machine was developed by Deckard. The research
towards selective laser sintering (SLS) continued for which a patent was finally filed at the University of

Texas at Austin [10, 11]. EOSINT M250 was launched by EQS for the direct metal laser sintering technique
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(DMLS) in 1995. In 1997 EOS and 3D systems started working on SLS together [12], and eventually, 3D
systems later obtained the right for SLS by acquiring the company that was holding the patents filed by
Deckard [9]. Andersson and Larson patented Electron beam melting (EBM) in 2000 [13], after which
Arcam brought it into the market in 2002 [14]. A collaboration was to existence when Hp and Stratasys
came into an agreement for manufacturing a line of HP-brand 3D printers for Stratasys in January 2010

[15].

Apart from that, in 2004, Fab@home and RepRap were two open-sourced FDM 3D printers
introduced by Cornell University and the University of Bath [16-18]. FDM was the basic implemented
technique for earlier printers, but now due to the expiring patents, the focus tends towards SLA. Though
the part fabricated by FDM are cheap, the mechanical properties and performance of the FDM-processed
parts are not the best [19]. Although the cost for Laser-based printing operation is high, the parts provide
some superior performance characteristics. High-end commercial printers usually come with software
specially designed for the printer, which helps in slicing the 3D model and providing accurate commands
to the machine. Stratasys (merged with Objet since 2013), 3Dsystems (bought Z-Corporation since 2011)

offer the commercial 3D printers to the market [20].

2.1.2. AM technologies

Multiple iterations of 3D printers are available in the market, such as flow-based, powder-based,
solid-based. Based on the properties of the fabricated parts, powder-based techniques tend to be the most
promising field (Figure 1). Laminated object manufacturing (LOM) comes under the category of solid-
based process, stereolithography (SL), and fused deposition modeling (FDM). leis in liquid-based and
finally, selective laser sintering (SLS), laminated engineering net shaping (LENS), and electron beam

melting (EBM) come under powder bed-based processes [21].
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Figure 1. Different types of AM processes: liquid-based, solid-based, and powder-based differentiated
according to the feedstock material type.

The majority of laser-based processes can be categorized into SLS, SLM, LMA, DMLS, LMS, and
SLS/HIP. Several groups have implemented the above-mentioned AM techniques to produce parts for real-
life applications. Table 1 briefly discusses several studies that have been conducted on laser-based AM. As
it is presented over there, machine type, laser power, material, layer thickness, scanning speed along with

other significant terms related to metal AM are discussed.
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Table 1. Main features of available laser-based powder bed AM processes.

AM Laser Scanning Hatch Layer Powder
Technology Machine Type Power Velocity Space Thickness size Author
(W) (mm/s)  (um) (pm)  (pm)
110, 110, 600, 400, .
SLM - 120 130 400, 400 - 15-45 Jiaetal. [22]
EBM Arcam® E!BM S12 ) i ) 50 Raghavan et
machine al. [23]
SLM  SLM 250HL machine 100W 540 120 30 30 W'Ta'lm[giqn ¢
ARCAM A2 SEBM 2200 to Korner et
EBM 594 W 100, 37.5 -
System 8800 ’ al. [25]
EBM 12 SYSTEM Hinojos et
EBM - 1 - 7 47+ 2
FROM ARCAM AB 918 0 3 al.[26]
SLM  Concept M2 machine 180-220 - - 301045 Lambert,
P Dennis M [27
IPG Photonics 5 kW
DLD system equipped with 5000 - - - Y.I:.IZF;g]g .
an ABB robot '
250, 700, V.A.Popovic
SLM SLM 280HL 950 320 120,500 50,100 20to 60 hetal [29
Yuan Tian
LAM - 550 - - -
et al [30]
1000 to K.Moussaoui
SLM DMP PROX300 450 1800 50 to 90 70 5to0 25 etal, [31]
800 to Gangireddy
SLM EOS M270 200 1200 etal. [32]

2.1.2.1. Selective laser melting process

Selective laser melting (SLM) has been recognized as the most promising AM technology due to

its flexibility in feedstock and shapes. Complex components with high dimensional precision and good

surface integrity can be obtained precisely by this process with no need for post-processing on fabricated

parts, which the conventional methods cannot keep pace with easily [1, 33-37]. In SLM processes, a three-

dimensional dense part is created directly from the user-defined CAD data through SLM of pre-spread

powders in a layer-by-layer manner [38-44].
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Figure 2 is presenting a schematic of a generic powder bed SLM system. The SLM process starts
with raking powder across the work area. An energy source (electron beam or laser beam) is programmed
to deliver the required amount of energy to the surface of the bed to melt or sinter the metal powder into
the desired shape. Additional powder is raked across the work area, and the process is repeated to create
a solid three-dimensional component. The advantages of SLM include its ability to produce high-
resolution features, internal passages, and maintain dimensional control [45]. The desired microstructures
of SLM-processed parts are inevitably affected by complicated physical and chemical behaviors within the

molten pool, which often are the outcome of the non-equilibrium processing technique of laser [46].

Lens Laser

L
et —[ Mirror
l Beam 1_
W l SLM-processed

part

Recoater

Powder Working Disposal
supply platform chamber
Figure 2. A schematic of a SLM system. This procedure starts with slicing the CAD model and continues
with a repeatable three-step process. Where step one is to elevate the powder platform, step two is to spread

powder, and step three is to melt powder according to the CAD file, and the cycle is repeated over. After
the supports and loose powders are removed, the final product is ready to use.
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2.1.2.2. Selective laser sintering

Direct and indirect are two predominant categories of selective laser sintering (SLS). Sintering
means the fusion of powder particles without melting under high temperatures. In direct SLS, the powder
melts partially and provides low packing density. Direct SLS provides a good enough sintering density but
leads to cracks in part due to the thermal stresses. One practical approach is to preheat the powder bed by
diffused CO; laser up-to 1700 °C. The maximum part height size is limited to 3 mm [46]. From Figure 3,
in indirect SLS, the green part is obtained by the melting of a binder phase. After which the green part is
then converted to ceramic by rebinding and then furnace heating. A major difference between direct SLS

and indirect SLS is absence binder material in direct SLS [47].

Loose Powder | Green Part | Brown Part | Finished Part

—

Furnace
Processing

Fumace
Processing

S—

Metal or ceramic particles
mixed with polymer binders.

Melting and resolid fication
of polymer binders enable

Polymer vaporization and
particle sintering at elevated
temperatures results in a

Infiltration with a lower-
melting-temperature metal
results in a dense, finished

complex parts to be formed
without thermally affecting
the metal or ceramic
powders.

porous, sintered component. | component.

Figure 3. The effect of indirect SLS process on metal powder particle. In the first figure, the loose powder
with a polymer binder is contained. The powder is fused, and the part takes shape without affecting the
metal powder. The next step talks about how, after heating, the polymer gets vaporized and leads to a
porous part. To decrease the porosity, a metal powder with a lower melting temperature is added, which
fills up the gaps [4].

2.1.2.3. Direct metal laser sintering

Due to the recent development, the initial need towards binder for titanium and aluminum is
eliminated, and the potential to build fully working metal prototypes has increased. Under a proper working
condition, this method can fabricate parts with the same or almost similar properties of a conventionally

fabricated part. The ability to build more complex parts in a single step turns out to be an advantage over
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SLS but can provide the following disadvantages: (i) High internal stress and part distortion leading to an
increase in temperature gradient and densification ratio. (ii) Bad surface finish due to balling and dross
formation [48-50]. The surface finish of a part is critical in many applications, for example, those requiring

a surface roughness of 0.8 pm or better to avoid premature failure from surface-initiated cracking.

2.1.2.4. Laser micro sintering

Laser Institute Mittelsachsen eV introduced laser micro-sintering in 2003. This technique and the
equipment were marked by 3D-Micro-mac AG, Chemnitz, Germany, which provided a resolution of less
than 30 um and lesser roughness (Ra= 1.5 V). The manufacturing process flow for laser micro sintering is
similar to SLM, and it offers a better resolution compared to SLS (less than 100 um for parts) [51]. Another
positive impact of this method is the minimal tension in the parts due to g-switched Nd: YAG-laser pulse

[52].

2.1.2.5. Laser cusing process

Concept laser brought the concept of M1 cusing, M2 Cusing, M2 cusing multi-laser, and M3 linear
machines. Cusing derives from the letter “C” and the word “Fusing”. A specialty of this method was the
‘stochastic exposure strategy’, where each layer is called as an island (Figure 4). This method leads to the
reduction of internal stress for the fabricated part [53]. Usual layer thickness this method is 20 to 50 pm
[54]. The second generation of this technique developed by concept laser is M2 cusing. M2 cusing has a
double-fiber laser-equipped, which causes a reduction in the fabrication time. The flexibility of material
selection, including stainless steel and other chromium alloys, makes the M3 linear machine easier. The
capability of processing nonferrous alloys, like titanium (Ti6AIV4), aluminum (AISi12 and AlSi10Mg),

and other cobalt-chrome and nickel-based alloys [54-63].
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Figure 4. Stochastic exposure strategy in Laser cusing process.

2.1.3. Effective parameters on AM processed part

AM deals with the interpretation of interactions between multiple parameters, directly and
indirectly, related to machine, materials. Parameters like powder particle size, scanning strategy, laser
power, hatch spacing, etc. are to be altered and supplemented according to the part details.

Yadroitsev et al. [64] introduced process parameters differentiated as factors mentioned below: (i)
Manufacturing strategy: part orientation, support strategy. (ii) Laser: laser power, spot size, scanning
velocity. (iii) Powder-based: Powder size, shape, composition, and layer thickness. To summarize, the
primary focus to optimize the part quality lies in factors like powder morphology, laser power, hatch size,
layer thickness, scanning velocity, and scanning strategy. An optimal combination of these processes is
necessary for SLM to fabricate a full-density sample [19, 65-75]. The laser energy density can be calculated

by using Equation 2.1 from laser processing parameters:

Laser Power

Laser energy density= Equation 1

Scan Spacing X Scan Speed X Layer Thickness

Initial feedstock material affects the heat capacity and the latent heat. The issue of insufficient
energy occurs when the combination of laser power, scanning speed, and layer thickness are subpar. This
issue leads to balling phenomena, which is due to the wetting of the molten pool with respect to the other
layer [76]. While low scanning speed and higher laser power lead to excessive material evaporation and

key-hole effect [77]. Not just that, but poor hatch spacing leads to an increase in porosity of the parts.

23



Condensation of the volatized material in the fabrication chamber causes the laser window to get blocked,
which leads to an adverse effect on the laser power. The above parameters are affected due to vaporization

in SLM [78].
2.1.3.1. Powder particle morphology

Irrinki et al. [78] found that density and mechanical properties of SLM parts get effected by powder
atomization, particle size, and shape. Attar et al. [79] worked on understanding the effect of powder
morphology on the density of in-situ Ti-TiB composite parts. To relate the density of samples fabricated by

spherical and irregular particle shape as 99.5% and 95%, respectively.

2.1.3.2. Laser power and spot size

AM governs over the melting of feedstock material, which is affected by the property of laser
power. With an increase in laser power, the process of melting of powder and powder properties are
degraded. Hence, the optimal level of laser power is supposed to be determined, depending on the type of
material. For polymers, 5W is enough, while in case of ceramics or metal, the power needs to be 500 W.
Typically, commercial SLS or SLM machine is equipped with 50 to 400 W laser power. Another parameter
to help decide the laser power is the laser spot size. With a decrease in laser spot size, higher laser density

is attained and leads to adaptation towards use for materials with higher melting point [80].

The term for laser spot size is laser beam diameter. For a Gaussian wave, the point at e for the
laser peak intensity of a beam depicts the diameter of laser spot size. It affects energy density, precision,
and production speed. Energy density is inversely related to the spot size. To understand the minimum spot
size requirement, the wavelength, and the quality of the laser is to be assessed [81]. The use of small spot
size for building thin walls and small holes is obvious. But this in-turn increases the build time, which is
undesirable in some instances. Thus, for small features, thin boundaries are used, and for bulk production,

larger spot diameter is used [80].
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2.1.3.3. Hatch spacing

The separation between two tracks, called by multiple names such as hatch spacing, scan spacing,
or hatch distance, can be measured by calculating the distance between the center of one beam to the center
of the adjacent beam [80]. There is a direct relationship between the hatch spacing and the production speed.
Less hatch spacing leads to lesser scanning time for the laser and vice versa. Another primary parameter is
hatch angle 6, which is the angle between the laser scanning direction amongst the consecutive layers.
When the hatch angle is 90, the orientation of the melted rows after four layers will be the same, i.e., the

same as the first layer [82].

Layer nt2

Layer n+1

Build direction

Layer n

Figure 5. Hatch angle: 90 degree (left) and 67 degree (right).

2.1.3.4. Layer thickness

The thickness of a powder layer or thickness of a CAD slice is called a layer thickness. There is a
direct proportionality between fabrication speed, build time, and layer thickness. But the quality of the AM-
processed part decreases with an increase in the layer thickness. A thick fabrication layer in AM may lead
to failure. Higher laser energy comes along with an increase in layer thickness. To increase the dimensional
accuracy of the parts, thinner layers should be selected due to which there will be less shrinkage, distortion,

within the layers. While there are some benefits to thin layers, there is a direct increase in build time and
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build cost. In order to have better part properties for a thick layer, instead of using higher laser energy, two

scans with lower energy should be preferred [80]

The thickness of a layer in AM depends on the topology of the sample. As it is shown in Figure 6a,
curved object while being fabricated layer by layer, cannot be fabricated the same way, since there will be
gaps on the sides of the part [80]. This effect is called the staircase effect. Thus, to eliminate unwanted
features like the staircase effect, the layer thickness has to be optimized. Therefore, for vertical surfaces,
the higher layer thickness can be allocated, but for surfaces with slopes, thinner layers are suggested, as

explained in Figure6b.

Thin Layers

. / Gap

Thick
Layers

Build direction

a. b.

Figure 6. The schematic of the staircase effect in layer-based manufacturing processes(left); and the
technique to minimize the staircase effect (right) [80].

2.1.3.5. Scan speed

The speed with a laser beam scans a line is the scanning speed, and it affects the rate of the
production, and it affects the production speed and building time. By increasing the scanning speed, the
laser energy density decreases and thus is insufficient for the proper melting of the material. However, an
increase in laser power will help compensate for the issue. Higher scan speed will not allow the layers to

solidify before the next layer, and this affects the melt-pools. Higher scanning speed will lead to longer and
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thinner melt-pools, which is not desired since the chances to break into smaller pools(balls) is high

considering the theory of Rayleigh Instability (Figure 7) [80, 83].

2.1.3.6. Scan strategy

The method of scanning of powder bed with a laser beam for increasing the build speed and part
quality is scanning strategy. The selection of an optimal scanning strategy leads to a reduction in distortion,
warp, inaccuracy, and porosity [84, 85]. Fill scan and contour scan are two basic types of the scanning
strategy. Infill scan the entire area is scanned, and in contour scan, just the boundaries are scanned. From
Figure 8a, an understanding of fill scan and counter can be obtained. The fill scan covers the complete area
in one scan direction. Another scanning strategy is described in Figure 8b, where the fill scanning has an
alternating scan direction. The scan time presented in Figure 8b is less than the one in Figure 8a. This is
because for Figure 8a, the laser has to go back to the starting point of the previous layer, unlike the other
strategy where there is continuous scanning. For SLS/SLM, parallel lines scan modes are easy to program
and implement. While the scanning can be horizontal and vertical, a consistent scanning angle can be
allocated. A consistent scanning strategy leads to less shrinkage, residual stress, and anisotropy behavior
[80]. Shrinkage stress can lead to a build of warping and distortion of the part [86]. The plane can be divided
into smaller islands, as shown in Figure 8c, and this can decrease the anisotropic buildup. Thus, dividing
and scanning the plane by islands reduces the problem of heat buildup from a bigger area (whole plane) to
asmall area (an island). Non-uniform heat distribution can be targeted by using different scanning strategies
for different layers. Once an island is scanned, the next scanned island is at the opposite end of the plane to
reduce the consequent build of stress, which leads to the warping of AM-processed parts, especially
overhangs. Another additional factor is if the scanning path is bigger and thinner, the layer can break into
several balls due to Rayleigh instability (Figure 7). Thus, a scanning strategy with several islands is a better

choice [80, 83].
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Balling effects

Figure 7. Balling effect in the fabrication cycle, which occurs when energy for melt pool is too small or the
laser melting time is less [87].

a) b) c)

Figure 8. Parallel scanning (a) in one direction, and (b) with a change in direction at alternate scan; (c)
scan strategy with several small islands.
2.1.4. Advantages and disadvantages of AM

AM plays an essential role in the industry. Several factors, such as a reduction in build time, human
interaction, and product development cycles, are some of the significant advantages along with unrestricted
freedom to manufacture complex parts [88]. Due to an ever-increasing growth in the AM field, along with
promising results and quick industrial adaptations, there is optimism in the technology securing an
important place in the future of the manufacturing industry [21]. The eventual goal is to manufacture parts

and prototypes for direct applications.
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AM can have wide-scale adaptation in businesses when the cost of manufacturing, product development
cost, cradle to grave costs, and others prove to be beneficial over a set of the product manufacturing cycle.
AM has the vision towards the betterment of the economic, environmental, and experience value of the
products. Ability to produce inhouse parts, maintain product security and privacy, though it cannot be
directly quantified, but can help towards profitability [89-91]. The absence of a tool in AM leads to a
reduction in direct production costs, in circumstances where the complexity of the part is high, and the
production volume is low [92]. Thus, the fabrication time and time to market can be significantly reduced

for such complex parts.

Just as a coin has two sides, along with multiple advantages, there are certain challenges associated
with AM-processed parts, and there is a requirement for advancement in AM before they can be considered
a standard in the manufacturing industry. One of those advancements is the elimination of the requirement
of surface finishing. Due to the requirement of support removal, there is no consistency in the overall part
surface finish. For high-end applications where the surface finish must be on-point, this is undesirable.
Along with this, due to layer by layer building, the presence of the staircase effect leads to inconsistent and

bad surface finish. These issues are to be brought into lime-light for the betterment of the properties.

At this moment, AM cannot be adapted in extreme high applications where the error percentage is
required to be near to zero. Still, it can be noted that this technology is being widely adopted by scientists,

medical doctors, students, artists, along with many others [93-95].

2.1.5. AM applications

After intensive research, evidence on a significant amount of progress can be concluded with an
increasing amount of applications in and not just restricted to aerospace, automotive, academics,
biomedical, energy [96]. Alternative uses like the creation of structural plans for architecture, prototypes of
jewelry, and fashion. The influence of 3D printing can also be seen in the food industry [97]. Not just this,
but the patient-specific models of the damaged body parts, understand the anatomy and then plan the
operation accordingly. Artists use AM to create a scaled model of their art [2]. Aerospace and automotive
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manufacturers are using 3D printing on a major scale due to the freedom to manufacture complex parts
while AM is associated with the medical field in a way where 3D printing of stem cells has been recently

introduced and is being developed [98]. Several industrial applications of AM are presented in Figure 9.

Figure 9. Jet engine bracket for aerospace applications (left) [99]; OEM brake caliper for automotive
application (right) [100]; world’s first 3D printed heart with functional heartbeats in medical applications
(bottom) [101].

2.2. AM of Inconel718 superalloy

2.2.1. Brief introduction to Inconel718 superalloy

The need for a stable solution strengthened non-hardenable alloy for high-end applications at 1200
to 1400°F (650 to 760°C) led to the foundation towards the development of Inconel718 (IN718). In the
earlier stages of development for Ni-based superalloy, stability was considered to be an important
requirement. It was necessary to maintain the standard, for which the use of screening tests to check the
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age-hardening response and metallurgical stability were introduced. After a while, the search was satisfied
with the development of IN718 superalloy. IN718 superalloy is an age-hardenable Ni-Cr austenitic material
with a wide service temperature ranging from —257 °C to 704 °C[102, 103]. The development IN718 began
from 1960 with a vision of combining better mechanical properties, creep-rupture strength, resistance
towards chlorine and sulfide stresses and corrosion, extreme temperature resistance, oxidation resistance,
welding characteristics, post welding cracking resistance, making IN718 one of the most widely utilized
Ni-based superalloy. By these properties, IN718 can be used for applications such as aircraft engines,
turbine blades, combustion chambers, and nuclear reactors [104-107]. The chemical composition of

commercial IN718 is presented in Table 2.

Table 2. Composition of IN718 (wt%) [108].

Element Wit%
Nickel 50.00-55.00
Chromium 17.00-21.00
Iron Balance
Columbium 4.75-5.50
Molybdenum 2.80-3.30
Aluminum 0.20-0.80
Titanium 0.65-1.15
Manganese 0.35 max.
Silicon 0.35 max.
Boron 0.006 max.
Carbon 0.08 max.

Figure 10. Super-alloy material in a wrought form (left), casting, and powder (middle) and AM
(right)[109].
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Wrought, powder cast, metallurgy are some general forms of the superalloy. They can provide
sufficient enough mechanical and microstructural properties [110-112]. Different methods of fabrication of
IN718 are presented in Figure 10. This material offers superior mechanical properties for a wide range of
temperatures, due to the solid-solution strengthening and precipitation strengthening. Meanwhile,
conventional machining of IN718 is challenging due to high-hardness (372 HV for wrought IN718 based
on AMS 5663 and 350 HV for cast IN718 based on AMS 5383) and low thermal conductivity (11.2 W.m"
1 K1) which will lead to extreme tool over-wear and unsatisfactory workpiece surface integrity [113]. Due
to the major advantages and superior properties, high dimensional precision can be obtained, and thus the
demand is higher [114, 115]. Though the pros for such material are high, a need for a non-traditional method

of manufacturing comes into action, and thus AM has a prominent stand in this situation [46].

Generally, Nickel-base superalloys are the natural candidates for AM for both SLM and EBM
processes. This situation arises due to the difficulties and limitations of conventional manufacturing
methods, e.g., segregation, poor workability, machining cost. By now, Ni superalloy material that is being
manufactured by SLM includes IN718, IN625, Hastelloy C, Nimonic 263, and others, which has a low
concentration of Ti and Al. Other such materials that are being tested and applied are IN939, IN100,
IN738LC, CM247LC, and Rene 142. SLM research has shown some great potential to be adapted in the
standard manufacturing industry for the fabrication of complex geometry in minimal time and best

properties [116].

2.2.2. SLM of IN718

SLM being recognized as a promising non-conventional AM technigque and extreme flexibility in
the selection of feedstock, shape, geometry, and obtain high precision and surface integrity. Depending on
the application, SLM of Ni-based superalloys, are majorly applied in aircraft engines as swirlers in
combustion chambers, which help in reducing smoke production and stabilizing the flame. It is also applied
in repair patches, gas turbine blades, and turbo-charged rotors [117-119]. Great corrosion resistance, along

with strength at high temperature, fatigue resistance, wear resistance, and good weldability, are just some
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advantages [115]. Lu et al. highlighted in their review that Fraunhofer ILT and the MCP company had used

SLM to produce complex turbine blades with high surface quality and dense microstructure [120].

Multiple variations in microstructure, hardness, mechanical properties can be obtained by SLM, let
alone by different manufacturing methods [116]. Nuclear reactors and liquid-fueled rocket applications are
possible due to excellent creep properties, good tensile strength, rupture strength, etc. [121]. Along with
which excellent oxidation resistance and hot corrosion resistance have made it suitable for working at
conditions where the temperature is 700 °C and conditions are extremely carburizing and oxidation [104-
106]. Thus laser-based AM technologies have great applications for IN718 in the manufacturing industry

with aerospace as a focus [122].

However, there are several challenges with the fabrication of IN718 through the SLM technique. It
has been reported that there is a certain percent of porosity in the IN718 SLM-processed part (relative
density 98.4%) [46]. Not just that, but some other problems are un-melted powder contents [123]. Hot
isostatic pressing (HIP) can solve these issues to a certain extent, but the grain size will coarsen as well
[124]. To have successful fabrication, an understanding of powder bed fusion limiting factors should be

looked into to e.g., production quality and component dimensions [125].

2.3. Support structures in AM

In powder bed fusion fabrication, the supports are used to build the parts and conduct energy from
the molten pool to the build plate, which helps in providing stable thermal conditions for the process.
Jingchao Jiang et al. [126] worked on understanding the significance of support structures in AM and
suggested it to be an important parameter for a successful print. Supports reduce deformation in the parts
with additional functions like the removal of heat and provide support to the sample fabrication. The basic
requirement is that the minimum distance between the support structures should be such that the solidifying
layers should not sink. While the dense concentration of supports will lead to longer build time, along with

difficulty in support removal from the part and build platform [127].
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him[127]. For which, alteration in support volume, density, and the production time should be the

dominating parameters to obtain optimal results.

2.3.1. Importance of supports in SLM

Effective parameters related to production and removal of support structures in AM have been
reported as being material consumption, energy usage, and manual post-processing by Jingchao Jiang et al.
[126]. These issues are acknowledged as a minor inconvenience for the manufacturing of the prototypes.

But the number of benefits of rapid prototyping; in this case, SLM outweighing the generic disadvantages.

In SLM research, numerous attempts are dealing with the fundamental development of strategies
to avoid tension and deformation in the component. The exposure strategy plays a role in stress development
in a sample. Kruth et al. [128]. By pre-heating the build plate, there is an increase in temperature gradient
and thus can potentially solve the problem. By opting for this procedure, the microstructure and strain in
the samples can be significantly reduced. While the number of defects can be reduced, the study of support
structures and their optimization provide the best potential to receive the best possible parameters. The
orientation and distribution of support structure with respect to the part will play an influence on the
levelness of the build of parts, as observed by Gan and Wong et al. [129]. While some support strategy,
when applied to a specific scanning strategy, will lead to a significant effect on the creation of pores within

the initial layers.

Although the supports are sacrificial, they are considered to be a necessary function in the SLM
process, and good design practice will help minimize them, as a lot of material and energy consumption
factors are dependent on them. Still, they are also used to fulfill the following important functions [130]
like to raise the part off the platform for easy removal, anchoring the overhanging and floating sections
introduced during the build to the platform [131], strengthening thin-and-tall part during the build. These
functions help prevent the toppling and destruction of the part by the forces of recoater, preventing part
curling or distortion resulting from thermal stresses by dissipating heat away from the newly melted surface
and ensure regular thermal conditions in the consolidation zone [132].
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Along with multiple benefits, various factors help us understand the effect of geometry on the
production ecosystem, such as internal stress, mechanical properties, material consumption, detachment of
part from building plates, the maximum height of a manufactured part with overall aspects [133]. To
decrease unwanted influences on the main part structure and properties, the manipulation in the geometrical
design of a support structure could be considered as a parameter. The geometry acts as an influence on the
manufacturability of part. The geometry also affects the support removal and surface roughness of the
sample. The effect of support structures on material usage, build time, support removal time, residual
stresses were studied and acknowledged by Papadakis et al. [134]. Excessive supports lead to an increase
in material usage, build time, removal, etc. They have represented how weak supports will lead to failure

of part production [130].

Several studies have been published regarding optimizing support structures for AM by reducing
support materials and eventually reducing print time, and energy cost [129, 132-134]. However, to our
knowledge, there is no unique study to discuss the effect of support structures in SLM on microstructure
and composite of the fabricated part. To this end, a need to research and understand the influence of these

supports is required [126].

2.3.2. Principle of support design

For a successful support design, based on literature, the following rules should be considered:

(i) Avoiding large overhanging angles
(i) Avoiding printing large holes that are parallel to the printing surface
(iii)  Keeping access to holes where material can get stuck and has to be removed

(iv) Reduction on support weight/ volume should be followed [126].

Due to the regulations on the main part after the fabrication cycle, the freedom to build an object
by following the above rules could be limited. The parameters are supposed to be set based on the situations

and the required output. Thus, before selecting supports for fabrication, factors such as printability,
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overhang angle, thermal conditions, ease of removal with many others are supported to be considered [126].
Generally, the design of support structures should be based on basic principles such as (i) The strength
between support and main part along with contact area between them should be minimum to assist in easy
removal. (ii) Material consumption and build time should be considered as a vital factor in having a better
print. (iii) Supports should have enough strength to prevent the part from collapsing or warping, and also
the fabrication should be planned in such a way that the internal stresses are minimum. By following these
principles, the potential fabrication and process issues can be eliminated, and the best possible version of

the main part properties can be obtained [126].

2.3.3. Cost of estimation for support structures

The cost of AM is often viewed as one of the biggest barriers to adapt to the industry. However,
there are many examples where a value-added by AM far outweighs the costs. This section explores the
costs and economic benefits of AM-based production as barriers, motivations, and considerations for a
design for AM. It presents some of the major cost models that have been developed for AM, considers the
requirements for successful AM business models, and presents a series of case studies that explore the

economic viability of design for AM.

Thomas et al. express AM costs as usually divided into well-structured direct production costs (e.g.,
labor, material, and machine costs) and ill-structured costs (related to building failures, transportation, and
inventory) [135]. Traditional cost models focused on the well-structured costs and were intended to
compare AM processes to each other or conventional manufacturing processes (wrought or casting). More
recent works have attempted to evaluate the costs and economic benefits of AM by considering all life

cycle costs, including the ill-structured costs [91, 136, 137].
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Table 3. Variation in cost models, which include sub-factors as follows, based on literature review.

Cost model
labor Pre-_ Post-_ Material Machine Electricity Argon Time Author
processing processing cost cost
v v v v v v v - Li et al.[138]
Allen et
v i i v v v i i al.[139]
Baumers et
v - - v v v - - al.[140]
Gibson et al.
v v N4 v N4 v - - [141]
Rickenbacher
v v v v v v v v et al.[142]

2.3.4. Support structure generation software for SLM

Depending on the application, the part and the objective, different support generation software are
available in the current market to get the desired results. Companies like Materialize, Atlas3D, 3DSystems,
Autodesk, Dyndrite, and Siemens have their version of AM support generation software in the market.
Depending upon the application and the machine, appropriate software can be selected to generate the
required support structure. The main part is imported in the software, and either manual or automatic
support allocation can be used to get the final design, which then is submitted for printing. For the
implementation of some design, porosity software like 3Matics (Materialize, Leuven, Belgium) is used.
Along with this, various software such as Ansys Additive Suite (Canonsburg, Pennsylvania, USA),
Simufact Additive (Hamburg, Germany), Autodesk Netfabb (California, USA) provides simulation for
powder bed fusion processes, pressurization, heat treatment, support removal, shrinkage, warpage, residual
stresses. Utilization of simulation softwares before the fabrication will lead to a reduction of part failures
and wastage. Therefore, to get accurate results, we need to investigate the compatibility of the machine and
the requirement of the supports to select appropriate software. Most commonly used software interfaces are

displayed in Magics, Sunata, 3DXpert, and Siemens (Figure 11).
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Figure 11. a) 3D systems 3DXpert [143]; b) Materialize Magics [144]; c) Atlas3D Sunata [145]; d) Siemens
NX [146].

2.3.5. Types of support strategies

The degree of design freedom for modeling support is immensely resulting in a complex operation.
Various software are used to generate different types of supports for the main part. Materialize Magics has
a prominent standing in market as an STL editor. Majority of types of supports are referenced from Magics
software by Materialize. Accordingly, different types include block support, point support, web support,

contour support, and line support.

a) b) c)
d) e)

Figure 12. Different types of supports for SLM including a) block support; b) point support, ¢) web support,
d) contour support, and e) line support g [147]
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Since the number of possibilities for support types is endless, the design is not just restricted to the
traditional geometric structures, now a day bio-mimics are being implemented in this domain. Bio-mimics
is the concept where inspiration from existing designs from nature are taken and implemented considering
the engineering applications. Examples such as honeycomb structure (Figure 13 a) and fractal geometric
structures (Figure 13 b) are some widely used bio-mimics. Such lattice structures can be generated in CAD
software using mathematical equations, or now dedicated software can model lattices for fabrication within
the software. Optimized structures can help reduce the overall weight of the supports, and this reduces
material utilization, build time, total assets, and provide better qualities like surface finish and support

removal.

Figure 13. (a) bio-mimics support structures including honeycomb [148]; (b) Fractal used in SLM [149].

2.3.6. Metrics of optimizing support structures

A minimum amount of support allocation for the part, to satisfy basic needs that help eliminate the
chances of fabrication failure should be considered as an important factor. Restriction on distortion, easy
removal, anchor overhanging parts, reduce warping and cracking, etc. should be considered as metrics for
an optimized support structure. The recoater continuously spreads the powder during every cycle which
can cause defects in thin parts. Supports hold the part to the build plate during every elevation cycle to

avoid crashing into a recoater or blade [130].
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2.3.7. Support Structure optimization

The basic idea behind support optimization is to reduce total fabrication costs by controlling build
time, material costs, material wastage, and providing better mechanical and microstructural properties. In
general, support optimization is a great design for the AM process and should be applied as much as

possible. The following sub-chapters talk more on the process of optimizing support [130].

23.7.1. Optimal orientation

Experimenting with part orientation can be considered as one of the best ways to initiate support
optimization. With proper orientation, the printing time, part quality, and surface roughness can have
significant enough impact. Different orientation (horizontal, vertical, or angled) requires a different set of
supports. Consider a ‘T’ shaped part mentioned as represented in Figure 14a. If the fabrication is initiated
for “T’ shape, there is a desperate need for supports at the overhanging parts. While if the part is fabricated
as “1’, the need for supports is eliminated (Figure 14c). Such setup provides an idea of how part orientation
affects the fabrication. For a complex part, each side will have different surface topology and hence might
require a completely new set of supports for each side. Thus, the fact that the need for supports is dependent

on part orientation can be asserted [126, 150].

Figure 14. (a) Fabrication of ‘T’ part needing more supports, (b) Orientation shifted by 90° and is requiring
lesser supports. (c) Elimination of supports by changing part orientation [126].
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2.3.7.2. Topology optimization

During circumstances where the supports are an unavoidable entity, topological optimization
comes into a picture. Using multiple features like lattice structures can help reduce the total volume and
end up saving material, time, and cost. Commonly in 3D printing, the supports allocated are limited to
producing vertical structures, which are technically not space-efficient. In such instances, the tree-like
support structure can be considered as a viable option (Figure 13b). Studies show these fractal structures
reduce the total volume by about 75% when compared to vertical block support of the same dimensions.
Software like Autodesk Mesh mixer (California, USA) is oriented towards the creation of such structures

for FDM, SLA, and DMLS processes.

2.3.7.3. Fillets and chamfers

Having fillets and chamfers for overhangs can reduce the required amount of supports. Since a
chamfer is a sloped edge and a fillet is a rounded edge, these features can turn an overhanging surface with
an angle of 45° or greater to be less than 45° and can be added to the exterior of the main parts
(Figure 15). Material wastage due to excessive supports can be reduced since the need for supports at

overhanging surfaces is reduced.

/ <45° s 45°
Figure 15. Reduction of critical angle using external features, leading to the elimination of support
requirements
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2.3.7.4. Splitting main part

For extremely complex parts, the finish and properties can become slightly undesirable if a lot of
supports is allocated. To overcome this challenge, parts can be separately manufactured and then assembled.
The main goal behind the process is to speed up the process and save material while reducing support
provides subordinate benefits. One issue with this technique is that the assembled part should be in the same
build direction to have consistent properties across the main part and reduce the chances of mechanical

failure.

2.3.7.5. Support structure volume

Increasing supports will lead to an increase in build-time and material costs. Material costs take up
to 18% of total manufacturing costs in powder-based manufacturing technigues. After machine costs,
material costs follow, which provides evidence on the importance of this factor in fabrication setup. With
the intentions to reduce the material costs the volume of supports are to be reduced which complements the
system with additional benefits such as lesser efforts to remove supports and reduction in post-fabrication
costs which takes up to 8% of total fabrication [135] and, adapting to such methods will help in having part

properties [151].

2.3.7.6. Support optimization strategy

At present, topology optimization is still not completely tailored according to the characteristics of
AM [152]. For SLM, the inclination of overhanging parts should be above critical value (45°) with respect

to the baseplate. When this criterion is satisfied, the part can be expressed as self-supporting [153-155].

When the overhangs do not satisfy the criterion, sacrificial supports are supposed to be considered
during process design and then removed after processing. But there are several disadvantages associated
with such an approach. It should take to the account that modifying optimized geometry will reduce its

performance while introducing supports will increase the related costs and time entities.
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Several attempts have been conducted to automate the process of support optimization [156-158].
However, the final objective Of obtaining the best support structure is the reduction of the support structure by
reducing the volume of the structure. In the SLM support optimization approach, first, the settings are
arranged, and the main part geometry is imported in a software. The main part geometry is rotated and is
set for support generation by using the software. The faces where there is a need for support structure are
selected, and appropriate supports are generated. Then the support volume is calculated and is referenced
to the previous data. If the update is significant, then the part orientation is investigated. If not, then the
process is repeated until the optimal support volume is obtained. Usually, software like magics, Sunata,
provide different support structures for various orientation. So, such options can be investigated, and the
best one can be selected. The part and the support are exported into an STL file. Sliced model is imported

into machine dedicated software like EOSPrint 2, and the fabrication is initiated.

A flowchart that explains the procedure to obtain the best possible support structure is presented in

Figure 16.

Setting preference

Import Geometry

Rotate Geometry

Select support
faces

A 4

Allocated
Supports

Better
than
previous
orientati
on?

Calculation on
support volume

Apply optimal
YES orientation and
export support

Figure 16. Support generation flowchart explaining step by step procedure for modeling of an optimized
support structure [156].
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Chapter 3. Design, fabrication and experimental procedures
3.1. CAD design

A total of 15 cubic samples (main part) with a dimension of 8mm x 8mm x 4 mm were modeled
using Solidworks 2019 software (version 2018-2019, Dassault Systems, USA). While the main part
geometry was simple, the main emphasis was provided to support structures. Here, for each main part,
different types of support structure were modeled using Solidworks (version 2018-2019, Dassault Systems,

USA) or Magics (V2020, Materialise, Leuven Belgium). Magics is the most common STL editor software

A total of 4 different types of support structures were modeled in this study. These support structure

using in the AM industry for generating supports. (Figure 17)

|

Figure 17. Main fabrication Sample Setup [44].

Main part

Building direction

Support structure

3.2. Support preparation

models are presented in Figure 18. as angled, cone, pin, and concentric types. Apart from the four, a support

modelled in Materialize Magics has been introduced in the study.

Figure 18. CAD designs of different support structures a) angled; b) cone; ¢) pin; d) concentric types; e)
magics type.
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Moreover, different geometrical combinations, including variation in thickness (T) and gap (G)
were considered in the design models as it is shown in Figure 19. The basic dimensions for each support
structure was 8x8 mm with a constant height of 3 mm in total for all samples. The thickness (T) is the wall
thickness of the actual support, and the empty space between two consecutive boundaries of supports is
presented as a gap (G). Table 4. summarizes the variation on the type of support structures as well as

different geometrical factors (G and T) for each sample.

G T

T

G
=

ww §

8 mm 8 mm

Figure 19. Top view of the grid support structure (left); concentric support structure (right). The thickness
of the support wall is presented as “T’” and the gap between the neighbor wall is shown as “G”’.
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Table 4. different types and geometrical factors (G and T) for support structures.

S S Ty S S oy
1 0.33 1 9 0.33 0.81
2 0.53 0.8 10 0.33 127
3 0.33 1 11 0.53 0.61
4 0.53 0.8 12 0.53 1.07
5 0.53 0.8 13 05 0.8

6 “gfz’ 0.8 0.8 14 0.45 1

7 0.35 0.8 15 0.33 1

8 0.6 1

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 particle size during fabrication.
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A DMLS EOS M290 metal 3D printer (EOS GmbH Electro Optical Systems, Germany), equipped
with a 400 W Ytterbium fiber laser, was used for the fabrication of all the 15 samples with different support
structures. The laser processing parameter set, which was used for fabrication, was recommended by the
manufacturer. These laser processing parameters were laser power (P) of 285 Watt, scanning speed (v) of
960 mm/s, hatch spacing (h) of 110 um, and layer thickness of 40 um, with an energy density of 67 J/Jmm?® as

calculated from equation 2.

h.v.t Equation 2

EOS M 290

Figure 20. EOS M290 metal 3D printer with a fiber 400 W laser.

3.4. Sample preparation
To prepare fabricated samples for experimental procedure, samples were removed from the main

part and the build plate using a bandsaw. After support removal, an Allied Techcut 4 precision cutter (Allied
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High-Tech, Compton, CA) (Figure 21) was used to cut the main sample 0.8 mm above support through a

plane normal to the building direction. The schematic of the cutting strategy is presented in Figure 22.

Figure 21. Allied Techcut 4™ Precision Low Speed Saw used for cutting.

Angled view (top): Cut surface

3 mm

Polished surface

Angled view (bottom):
(For SEM)

lmm$

»
Ll

Surface attached to
supports structure
(For XRD)

Building direction

Figure 22. Schematic of separation of the support structure and main part. Also, the cut section of the main
part is presented. XRD analysis was conducted on the bottom surface of the main part. The SEM images
from the main part were taken from the polished side surface [44].

After this step, the side surface of the cut sample was set in resin and polished using Allied E-PREP
4™ Grinder/Polish machine (Allied High-Tech Products, Inc., Compton, CA) (Figure 23). Here, a

standardized polishing strategy was utilized to maintain consistency within the parts being prepared for
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SEM investigation. E-prep 4™ polisher was used with polishing sandpaper of grits 180, 320, 600, 800, and
1200, which were used in order to get the initial polished surface with water as a lubricant. Each polishing
cycle was done twice for 10 minutes each. After this standard procedure, a ‘DiaMat’ polishing cloth was
used with 1 um polycrystalline diamond suspended solution, and a ‘Red Final C’ polishing cloth was used
with 0.5 um colloidal silica solution. The objective of this procedure was to remove deformations caused
by material removal. The time cycle for both ‘DiaMat’ and ‘Red Final C’ polishing cloth was 10 minutes.
The machine parts and samples were cleaned with distilled water before every cycle and blown by

compressed air to remove any debris.

Figure 23. Allied E-PREP 4™ Grinder/Polish.

3.5. Experimental procedures
3.5.1. Scanning electron microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS)

To evaluate the effect of support structures on the microstructure of the fabricated main parts, a
Hitachi S-3000N scanning electron microscope (SEM) was used (Figure 24) at the Characterization Center
for Materials and Biology at the University of Texas at Arlington (CCMB-UTA). The device was a PC
controlled variable pressure SEM with the ability to switch between the high vacuum and variable pressure
modes.
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The SEM setup was controlled and monitored by a PC and had the ability to switch between a high
vacuum where resolution is 3.0 nm and a low vacuum with 4.0 nm resolution. High-density frame memory
of 1280 x 960 pixels was provided by the machine, which was attached to a NORAN 7 integrated

EDS/EBSD system.

The machine operated at 20kV in the backscatter electron emission modes. The device was
equipped with an energy dispersive X-Ray spectroscopy (EDS) module. The purpose of doing EDS was to

determine the elements available on the fresh powder as well as the main parts. SEM imaging was

conducted on all 15 main samples near the support zone (on the polished side surface).

| T E

Figure 24. Hitachi S-3000N Scanning Electron Microscope.

3.5.2. X-Ray diffraction (XRD)

Crystal and compositional structures of fresh powder as well as the bottom surface of main
fabricated samples (as shown in Figure 22) were determined using Bruker D8 Advance X- ray
diffractometer (Figure 25) at CCMB-UTA to determine the compositional of fused metal. The X-ray source
was Copper (Cu) k-alpha, and the measurements were conducted at room temperature where the wavelength

of X-rays was 1.5406 A, step intervals of 0.02 and in 26 between 30° and 100° at 1 s/step speed.
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Figure 25. Bruker D8 Advance X- ray diffractometer.

3.5.3. Hardness analysis

The bottom surface of fabricated main parts where attached to the supports (as shown in Figure 22)
were used to evaluate the effect of different support types on the Vickers harness of SLM samples. For this
objective, a LECO LM 300 Vickers Hardness tester at CCMB-UTA (Figure 26) was used. The test was
conducted under 500 g loads applied for 10 seconds. At least three indentations were done to provide a

comprehensive report on the average hardness value for each sample.

«® § =

et 0

- i
T

Figure 26. LECO LM 300 AT Micro Hardness Tester
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Chapter 4. Results and discussion
4.1. Fabricated samples

Figure 27 shows all the fifteen IN718 samples fabricated with DMLS technique on a stainless-steel
substrate. As it is shown, all the identical main parts were fabricated successfully on top of different support
structures (i.e., different types such as angled, cone, pin and concentric, or different geometry such as G

and T).

Figure 27. SLM IN718 samples with different support structures fabricated on a stainless-steel building
plate.

4.2. Microstructure analysis

An SEM image of fresh powder is presented in Figure 28a. The image revealed that the powder
had a spherical shape, acceptable flowability and packing density, low impurity content, and excellent
transformation ability. Moreover, the image was used for further analysis of the distribution of particle size
using ImageJ software [159]. Figure 28b represents a histogram for the particle-size distributions of fresh
IN718 powders. According to the report determined from the analysis of SEM image, an average particle

size of 18 um was found along with nominal particle size distribution ranging from 6 to 30 pm.
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Figure 28. (a) SEM micrograph; (b) particle size distribution for commercial EOS IN 718 powder.

The elemental analysis on the surface of fresh powder particles achieved by EDS is presented in
Figure 29. According to the expectations, Ni was the dominant element during analysis, which counted to
52% wt. After comparing the constitution of fresh IN718 powder and wrought IN718 sample, the chromium
concentration was higher by 2% in fresh powder analysis. This assists in improving the oxidation resistance
of additively manufactured samples [160]. On the other hand, iron content in fresh powder was 1% more

than wrought samples, which can cause negative impacts.
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Wt. % C

C 1.33
F 1.00
Al 0.36
Ti 1.19
Cr  20.03
Fe 17.76
Ni 5222
Nb 3.64
Mo  2.47
a b.
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Figure 29. (a) SEM of fresh IN718 powder; (b) table describing percentage composition for each element;
(c) EDS compositions of IN718 fresh powder tested.

Then the SEM image of the side surface (as it’s shown in Figure 22) of main parts along the building
direction is presented in Figure 30. The images reveal melt pools with a Gaussian shape due to the laser
beam passes of each layer. As it is clear, different support structures have effect on the melt pool size and
shape in the side surface of fabricated parts near the support structure. The average melt pool depth varies
from 35 pm (for sample #4) to 65 um (for sample #8). With an increase in the melt pool depth, a better
columnar grain structure was achieved. From Figure 30 we can see that the columnar structure growth is

parallel to the laser direction.
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Figure 30. SEM images of melt pool size for 1) angled (thickness=0.33; gap=1); 2) angled (thickness=0.53
; gap=0.8); 3) cone (thickness=0.33; gap=1); 4) cone (thickness=0.53; gap=0.8); 5) pin (thickness= 0.53
; gap=0.8); 6) T variation (thickness= 0.8; gap=0.8); 7) T variation (thickness=0.35; gap=0.8); 8) T
variation (thickness=0.6; gap=1); 9) G Variation (thickness=0.33; gap=0.81); 10) G Variation
(thickness=0.33; gap=1.27); 11) G Variation (thickness=0.53; gap=0.61); 12) G Variation
(thickness=0.53; gap=1.07); 13) Concentric ( thickness=0.5; gap=0.8) 14) Concentric (thickness=0.45;
gap=1) 15) Magics (thickness= 0.33 ; gap=1).

Grain aspect ratio is the term used to determine the grain structure. There are two methods to find
aspect ratios; by EBSD and other by aspect ratio formula. The formula for aspect ratio is the ratio of minor
axis (a vertical measurement of grain size) to the major axis (a horizontal measurement of grain size). The
value of the aspect ratio ranges from 0 to 1. When the values are between 0 to 0.3, the grain growth is
columnar. While if the ratio is more than 0.3, the growth is equiaxed, and if the values are between 0.3 to

0.4, the grain structure is called Columnar to Equiaxed Transition (CET) [161]. The grain structure of

sample 4, 5 and 15 is cellular, sample 7 and 8 is columnar and for sample 13 is equiaxial.

57



Table 5. Effect of support structures on the melt pool size and grain structure on the side of the fabricated

part near the support zone.

Average Average
Support Depth Width Support Depth Width
Sample Structure (nm) (um) Sample Structure (um) (um)
Sample #1 60 147 Sample #9 65 191
Sample #2 47 143 Sample #10 61 132
Sample #3 44 145 Sample #11 63 114
Sample #4 35 156 Sample #12 49 135
Sample #5 36 125 Sample #13 63 156
Sample #6 WL 54 135 Sample #14 41 126
Sample #7 50 126 Sample #15 44 129
Sample #8 65 106

From Table 5, an idea on the average depth of melt pool can be acquired. The melt pool depth

ranges from 35 pum to 65 pum, while the layer thickness is just 40 pm. Sample 13 which is concentric in
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type, provides the maximum depth while the maximum width is for sample 4 (cone) and sample 13

(concentric). As it was observed, the sample 13 provides the biggest melt pools.

4.3. Compositional Analysis

Compositional analysis was performed using XRD on the plate facing support structures (as
discussed in Figure 22) for each SLM fabricated IN718 sample, and results are presented in Figure 31. As
it was expected, different phases for the fresh powder and all 15 SLM IN718 samples were found to be y
(Ni, Cr, Fe, C), y’(Ni3(AlTi)), y” (Ni3Nb) and ¢ (C(Ni,Ti)). As shown, XRD peaks occur at the almost
same angle in each fabricated sample (at 20 equal to 44°, 51°, 75°, and 90°, respectively).

The interpretation of XRD results reveals that the support structure has a direct effect on the
composition of the main part. The y, y* and y” phases for fresh powder, and each specimen are presented in
Table 6. As it was expected y phase found to be the major phase in all of the fabricated samples (45.8-81%),
and the rest comprised mostly of y’ and y” phases. & phase was also presented in traces and had properties
similar to that of y”” phase. While there are traces of & phase in the supports, the quantity when compared to
v, v’ and y” phases are extremely negligible and hence can be neglected. In comparison, the y” in sample
was higher than other samples. This phase (y” (NisNb precipitate)) is associated with higher strength of

fabricated part up to 650 °C [162].

With increase in the strengthening phase, there is an increase in hardness of the samples. The main
strengthening phase is the y* phase. With increase in temperature, the y’ evolves to v’ which with more
increase in temperature leads conversion of y’” to ¢ phase. The 6 phase is a brittle, due to which, the quantity
of & phase should be less within the system. Phase composition of sample 2 contains most strengthening

phase followed by 4.
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Table 6. Calculation of % area of phases for the fabricated IN718 sample on top of different support
structures (With the intention of eliminating noise in the system, a minimum intensity value is kept for all
graphs. Peaks with values more than the minimum intensity are detected, and the areas are represented.)

Support structure Peak Y Area% ‘Y Area% Y Area%

Fresh powder 1 70.61 29.39 0

2 74.45 19.64 5.89

3 100 0 0
Sample #1 1 74.2 25.7 0

2 55.1 34.9 9.9

3 62.8 22.0 15.1
Sample #2 1 72.73 27.26 0

2 54.22 33.08 12.69

3 55 44.99 0

4 54.36 32.23 13.39
Sample #3 1 76.29 23.7 0

2 64.87 20.955 14.16

3 64.63 35.369 0

4 60.79 24.12 15.08
Sample #4 1 56.9 43.0 0

2 66.7 20.6 12.6

3 81.3 18.7 0

4 58.3 23.5 18.1
Sample #5 1 72.7 27.2 0

2 51.6 42.1 6.2
Sample #6 1 73.37 23.63 0

2 51.60 39.45 8.93

3 72.19 23.91 0

4 58.7 22.67 18.63
Sample #7 1 54.6 45.3 0

2 67.9 16.3 15.7
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3 73.7 26.2 0

4 57.9 25.9 16.1
Sample #8 1 68.4 31.1 0

2 61.7 26.4 11.8

3 66.1 33.9 0

4 63.5 20.4 16.1
Sample #9 1 56.42 43.58 0

2 64.48 20.26 15.24

3 73.59 26.4 0
Sample #10 1 78.82 21.28 0

2 0 0 100

3 85.88 12.37 1.74
Sample #11 1 72.54 27.45 0

2 0 100 0

3 80.94 5.02 5.12
Sample #12 1 75.96 24.06 0

2 68.97 18.60 12.42

3 58.30 22.76 18.94

4 55.83 44.16 0
Sample #13 1 50.0 49.9 0

2 65.1 23.6 11.1

3 45.8 45.7 8.3
Sample #14 1 76.55 23.44 0

2 64.94 19.01 16.313

3 100 0 0
Sample #15 1 68.1 31.9 0

2 66.5 17.4 15.9

3 78.1 21.9 0
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4.4. Hardness analysis

Vickers Hardness values were measured on the bottom surface of the main parts for all the 20
samples, as presented in Table 7. To eliminate the chances of errors, 3 trials of indentations were conducted.
And consequently, 3 hardness values were calculated through which an average hardness value was used
for further comparison of hardness properties of the supports. It is seen that the angled type support has an
effect on the hardness of the main part. After calculating the hardness values for all 15 samples, it can be
observed that the maximum hardness value was for sample 9, which is the angled type sample. From Table
7, it can be interpreted that the maximum hardness value of 460.5 Hv corresponds to sample 5 and the least

to sample 15. With an increase in thickness, the hardness value of the samples increases.
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Table 7. Hardness values on the bottom side of all main parts facing support structures

Measured L; and L, Hardness

Support structure  1%ttrial 2" trial 3™trial  1%trial  2"trial  3™trial  average

50.1 50.6 48.7
Sample 1 50.9 50.9 493 363.6 360.5 386.0 370.0

50.1 55.1 50.2

Sample 2 49.3 58.4 511 375.9 288.1 360.8 341.6
Sample 3 38.3 48.1 49.1 516.8 391.4 425.2 4445
46.4 49.3 44.3
48. 46. 42.7
Sample 4 8.0 6.3 368.4 357.4 338.2 354.6

52.4 55.5 62.1

58.2 38.3 45.2
Sample 5 284.0 652.5 4450 460.5
56.0 37.1 46.1

53.1 50.5 48.6
Sample 6 50.1 49.9 523 348.6 368.2 364.6 360.5

47.5 477 50.5

Sample 7 49.9 48.7 49.9 390.8 398.9 368.2 386.0

53.1 50.9 51.6
Sample 8 348.6 373.3 367.4 363.1

50.1 48.7 48.9

Sample 9 43.1 48.6 49.6 672.4 364.6 368.1 468.3
31.2 52.3 50.8

49.3 477 56.6
Sample 10 3754 397.7 334.9 369.3
50.1 48.9 48.6

51.8 44.7 53.0
Sample 11 44.7 411 49.0 398.7 471.2 356.5 408.8

48.8 56.6 49.4

Sample 12 48.7 48.6 495 389.7 334.9 379.4 368.0

49, 50.7 54,
Sample 13 3 3 375.4 385.3 315.4 358.7

50.1 47.4 54.2

Sample 14 49.0 ar.t >1.3 425.1 397.7 377.5 400.1
43.8 48.9 47.8

67.3 49.8 62.6
Sample 15 280.7 427.9 275.1 327.9
47.6 43.3 53.6
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4.5. Build time and material cost estimation

In AM, the freedom of manufacturing a complex part provides a massive advantage over
conventional manufacturing techniques. While the advantages are immense, the direct costs (machine cost,
build time, material cost, etc.) incurred during fabrication should be reduced as much as possible, to obtain
better and profitable outputs. By successful implementation of this strategy AM can have a better adaptation
in the industry. As the build time increases, the cost of running for resources that help run the fabrication
system also increases, and the same goes for material costs. Thus, while optimizing a design or deciding a
better support alternative, the material cost and build time should be minimum. Since the material required

is directly dependent on the volume of the support, the least support volume is preferred.

From Table 8, sample 3 has the least support volume. Since the support height for all the samples
is the same, the build time is consistent for all manufactured parts, i.e., 12.23 minutes. Thus, for cost-wise
estimation, since there is consistent build time, the decision can be taken based on the least amount of

support volume, i.e., sample number 3 has the minimum build time.

It can be interpreted that the best choice considering build time and material costs is sample 3.
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Table 8. Calculation for build time and support volume for all supports geometries.
Sample Support Building

Support  Sample
structure

Support Building Support
time volume structure time Volume
12.23 81.1 12.23 92.43
12.23 120.46 12.23 69.14
12.23 80.27 12.23 134.81
12.23 115.49 12.23 104.46
.#'&-a..
Sample ox¥xessis
5 EEZE 12.23 113.11 : 80.87
5338
Sample o2 12.23 142.63 12.23 73.79
6
12.23 97.2 12.23 79
12.23 115.41

66



Chapter 5. Conclusions and Future Works
5.1. Conclusion

It was revealed that the powder had a spherical shape, acceptable flowability and packing density,
low impurity content, and excellent transformation ability. The average melt pool depth varied from 35 um
to 65 um, with the highest value for the Angled-type having the thickness of 1 mm and gap of 0.6 mm.

With an increase in the melt pool depth, a better columnar grain structure was achieved.

It was found that an increase in hardness values is the consequence of relatively higher degree of
the y’. From Table 6 and Table 7, the amount of y’ precipitate in sample 5 (pin type) is relatively high
(32.65% of the entire constituent phases), which is a reason for greater hardness value of 460.5 Hv. To
compare the relation for this factor, sample 15 (magics type) with the low hardness value of 352.9 Hv, has
the v’ precipitate of 26.21%, which again is low, thus provides us a reference on the direct relationship of
the hardness value and the strength hardening precipitate. The hardness values of sample 9 and 5 are close
to each other with sample 9 having a slightly higher value. After comparing the y* composition percentage,
the values are close to each other (32%) but the y>> for sample 9 is more than for sample 5. The y”’
composition percentage for sample 9 is 6.74% and the value for sample 5 is 2.56%, which provides a valid
explanation for hardness value of sample 9 being greater than sample 5 since y’’ is another strengthening

phase.

A relationship between support thickness and the hardness was observed from the interpreted
results. With the increase in thickness for the support, the amount of area in contact with the main part
increases. Thus, the increased contact area leads to increasing heat transfer from the sample to the substrate
which can cause a reduction in the amount of energy within the sample. This reduction may not provide
enough energy to have y’ and vy’ precipitate in the fabricated IN718 samples and decreases the strength
hardening phase in the main sample and thus lesser hardness values. Accordingly, with lower hardness
values, shallower melt pools were observed. Thus the contact area between the supports and the main part

is important and has a direct effect on the hardness property of the samples.
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The cost of production is dependent on the volume of support that is allocated, since it affects the
direct costs of fabrication, material, along with other factored. After comparing the samples, the maximum
support volume is for sample 6 and the minimum is for sample 15 (Table 8). Thus sample 15 provides the
results at the minimum cost with a hardness value of 352.9 Hv which lies in the optimal range for IN718.
Also, the grain structure is cellular, which imparts favorable hardness characteristics. Thus, considering the
hardness values, melt pool depth and the cost estimation, we can determine sample 15 will provide the best

output for the value.

5.2. Future Work

For AM parts, the grain structure changes from the support side towards the top, along the build
direction, thus investigation for changes in microstructure can be obtained. Since AM deals with multiple
parameters such as hatch spacing, scanning strategy, laser speed, laser power, etc. variation in these process
parameters can change the properties of the supports and hence main parts. Therefore, a study can be
performed to establish the relationship between the process parameters and the final properties of he main
parts, particularly near the substrate. Other study can be the influence of supports structures on the IN718
phases along the build direction. Also, the same study can be conducted for more complex structures which

can consist of lattice structures or bio-mimics supports.
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