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Abstract

This thesis reports the challenges that need to be addressed before any heat transfer analysis of a
proposed novel cellular-walled pipe heat sink system manufactured by LPBF technique. The
proper cellular structure type selection for enhanced heat transfer performance, as well as
providing a detailed analysis of its dimensional trends and CAD to manufactured deviations, are
investigated. Triply Periodic Minimal Surface (TPMS) lattices have been heavily investigated
lately due to their superior thermo-mechanical performance compared with their lattice
counterparts. The advancement of additive manufacturing, i.e., laser powder bed fusion (LPBF),
has easily enabled the manufacturing of such complex lattices. Recent studies have investigated
the heat transfer performance of multiple TPMS lattice types such as Gyroid, Dimond, IWP, and
Primitive structures. The Primitive TPMS (PTPMS) showed enhanced heat transfer performance
mainly due to its cell shape and thickness (i.e., lattice topology). Hence, it was selected for the
proposed cellular-walled pipe heat sink. Micro X-ray computed tomography (uCT) and optical
microscopy (OM) were utilized to conduct the lattice dimensional analysis. Increasing the PTPMS
lattice cell size from 2.9 to 10 mm showed an increase in the lattice wall thickness and pore size
but a decrease in the SA:Vol ratio. However, increasing the lattice porosity from 45 to 90% resulted
in a decrease in the lattice wall thickness but an increase in both the SA:Vol ratio and pore size.
Comparing CAD to manufactured PTPMS lattices, the resulting lattice samples showed lower wall
thicknesses and higher surface area to volume (SA:Vol) ratios than designed, which is attributed
to shrinkage during the building process. The printed lattice pore size and porosity values were
observed to be higher than the CAD values. Moreover, the minimum PTPMS lattice wall thickness
and pore size that can successfully be printed were investigated and found to be 152 pm and 317

um, respectively.
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The type of powder material used in manufacturing the cellular-walled pipe heat sink is another
challenge. In the LPBF printing process, the printing parameters for any selected material need to
be optimized to manufacture fully dense parts. 2507 super duplex stainless steel (2507 SDSS) is a
promising material that was selected for manufacturing the proposed heat sink system. The
printing parameters for 2507 SDSS, namely: laser power, scan speed, and hatch distance, were
optimized. The response surface methodology was used in generating a detailed design of
experiment to investigate the different pore formation types over a wide energy density range
(22.22 - 428.87 J/mm3), examine the effects of each process parameter and their interactions on
the resulting porosity, and identify an optimized parameter set for producing highly dense parts.
Different process parameters showed different pore formation mechanisms, with lack-of-fusion,
metallurgical or gas, and keyhole regimes being the most prevalent pore types identified. The lack-
of-fusion pores are observed to decrease significantly with increasing the energy density at low
values. However, a gradual increase in the keyhole pores was observed at higher energy densities.
An optimal energy density process window from 68.24 J/mm3 to 126.67 J/mm3 is identified for
manufacturing highly dense (=99.6%) 2507 SDSS parts. Furthermore, an optimized printing
parameter set at a laser power of 217.4 W, a scan speed of 1735.7 mm/s, and a hatch distance of
51.3 um was identified, which was able to produce samples with 99.961% relative density. Using
the optimized parameter set, the as-built 2507 SDSS sample had a ferrite phase fraction of 89.3%
with a yield and ultimate tensile strength of 1115.4 + 120.7 MPa and 1256.7 + 181.9 MPa,

respectively.
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Chapter 1: Introduction

1.1. Background

Additive manufacturing (AM) is an advanced manufacturing method that can simply be defined
as the process of building three-dimensional (3D) objects from computer-aided design (CAD)
models by joining materials in a layer upon layer approach, as opposed to traditional subtractive
manufacturing technologies [1]. It is also known as 3D printing, additive layer manufacturing
(ALM), and solid freeform fabrication (SFF). Metal additive manufacturing (MAM) is one type
of AM techniques that has been heavily investigated in recent years, as it opens possibilities for
printing 3D metallic parts. MAM can be classified into three broad categories: (i) wire feed
systems, (ii) powder feed systems, and (iii) powder bed systems. In the powder bed systems, a
build plate is covered with thin layers of powder, and a laser or electron beam is then utilized to
fuse the powder at specific spots identified by the CAD model. Once one layer of powder is
complete, the build plate chamber moves down, and another layer is added. This procedure is
successively repeated until the part is fully printed. Laser powder bed fusion (LPBF), ak.a
selective laser melting (SLM), is one technique of powder bed systems in which a laser is used to
melt successive metallic powders. Figure 1.1 illustrates the working principle of the LPBF process,
which is composed of powder and energy delivery systems. The three components of the powder
delivery system are a powder feed chamber that moves upwards and controls the powder feed rate,
a rotating coater for spreading the powder layer, and a building plate champer that moves
downwards and controls the powder layer thickness. The energy delivery system is composed of
a laser source and scanner that allows the delivery of a focused laser spot on all points of the
building plate. The energy delivery system controls the laser power, laser path scanning speed

(scan speed), and the distance between adjacent scanned paths (i.e., hatch distance). Moreover, a

1



flow of argon shielding gas over the building plate is utilized to prevent oxidation and clear any

metal vapors or spatter produced by the laser path during the burning process.

Energy system

Scanner

E Laser source Shielding gas flow

Excessive powder collector

Powder feed chamber Energy system

Movement direction E Delivery system

Laser —»

\ Recoater

\
AN
N\

—tr

|

E Powder feed chamber Building plate chamber

i Recoater Building plate chamber

(2) (®)

Figure 1.1: LPBF working principle: (a) schematic representation; (b) Real used system.

LPBF has shown unparalleled flexibility in manufacturing complex, lightweight, and high-value
products where other traditional methods become largely impractical [2—4]. One of the potential
areas that can be explored using LPBF is the manufacturing of complex cellular solids. Cellular
solids are defined as structures with cells having edges and faces that are made up of interconnected
strut or surface networks. Generally, cellular solids can be classified into two major categories
(Figure 1.2) , namely stochastic foams and periodic lattice structures. Stochastic foams are
characterized by randomly distributed cell shapes and can be found in nature such as bone and
wood structures. Unlike foams, lattices are known for their periodic and well-organized cell
distributions, which can be subdivided into strut based and surface based lattice structures. Strut
based lattices are a series of rod-like cells connected together in different orientations; some
examples are simple cubic, body-centered cubic, and face-centered cubic lattices. However,

surface based lattices are composed of a series of surfaces with zero mean curvature and are




generated using mathematical equations; some examples are gyroid, primitive, and diamond

lattices. A classification summary of cellular solids is illustrated in Figure 1.2.

Cellular solids
Stochastic (Iie:tliOdlc;
(foams) a ‘ces
Such as bone and
Strut based Surface based TPMS
wood structures . .
lattice structure lattice structure

| |

l l

}

Foam structure [5] Cubic Body-centered cubic  Face-centered cubic Gyroid Primitive Diamond

Figure 1.2: General classification of cellular solids.

1.2. Motivation

MAM is considered as one of the key new material processing technologies that will drive the
metallic manufacturing sector in the future. Although LPBF, being one type of MAM, has the
potential to manufacture complex parts, which opens wider manufacturing design possibilities. It
is also used for the production of topologically optimized parts without the need for tooling, jigs,
and fixtures leading to a considerable reduction in costs and material usage. Moreover, the
remaining non-processed collected powder can be sieved and reused multiple times [6—8], leading
to drastic waste reductions. Therefore, this technology is considered as a sustainable method for
manufacturing complex and sustainable products, which is the focus of many industries nowadays,

given the stringent environmental restrictions.



One approach to complex sustainable manufacturing using LPBF is the adoption of cellular solids.
In past decades, cellular solids have gained significant interest due to their promising potential in
various engineering applications [9,10]. Cellular solids are known to exhibit a combination of
thermal and mechanical properties, such as high stiffness to weight ratio [10—12], enhanced energy
absorption [13], and low thermal conductivity [14], which is the reason for their adoption in

aerospace, impact cushions, vibration dampers, and thermal insulation applications [10].

Although cellular solids are adopted in applications where a reduced heat transfer performance is
required; However, the investigated project in this thesis ultimately aims at enhancing the heat
transfer performance (i.e., improve the heat dissipation) through a novel approach using cellular-
walled pipes as seen in Figure 1.3. The approach utilizes the LPBF process capabilities to
manufacture pipes with cellular-walled structures rather than the traditional solid walls. This will
introduce a new medium where a circulating coolant fluid can be utilized to continuously absorb
heat from hot fluids flowing inside the pipe. Despite the decrease in the thermal conductivity
associated with cellular structures, the proposed system accounts for the increase in the surface
arca and utilizes that to circulate a coolant, which introduces a combination of conductive and
convective heat transfer modes rather than having one conductive heat transfer mode as the case
of solid pipes. This approach has the possibility to provide enhanced heat transfer performance
that can be applied in various applications; As such, it is worthwhile to explore numerically and

experimentally the heat transfer performance of such a system.



Coolant flow

Targeted hot flow

Solid wall pipe

Cellular wall pipes

Figure 1.3: Cellular-walled pipe principle for enhanced heat transfer environment.

There are some challenges that need to be addressed before any further heat transfer analysis. One
issue is the selection of the cellular structure type. Although there is a wide variety of cellular
structures that can be selected for the proposed system. However, a need for a cellular structure
with topologically enhanced heat transfer performance than its cellular counterparts is required.
Furthermore, a deep understanding of the cellular structure dimensional trends and any CAD to
manufactured dimensional deviations are essential for further heat transfer analysis, especially

when both numerical modeling and experimental heat transfer analysis are conducted.

The type of powder material used in manufacturing the cellular-walled pipe heat sink is another
challenge. The working principle of the proposed system indicates the presence of fluids in the
heat transfer process, where critical environments such as chloride and sulfide fluids are possible
encounters. Therefore, stainless steel, as a corrosion-resistant material, was selected for

manufacturing such pipes. However, in the LPBF printing process, the printing parameters for any



selected material need to be optimized to manufacture fully dense parts and ensure the
manufacturability of such cellular pipes. Otherwise, issues such as dimensional inaccuracy and the
formation of internal non-designed pores (i.e., porosity) are usually present when poor printing
parameters are selected, resulting in compromised mechanical properties or printing failures in
worst scenarios. 17-4 PH and super 2507 stainless steels were selected as the manufacturing
materials for the cellular pipes due to their higher strength and corrosion resistance among other
steel grades. Although the optimized printing parameters for 17-4 PH stainless steel are provided
by the manufacturer of our LPBF printer. However, 2507 super duplex stainless steel (SDSS) is a
new powder material that has been recently processed by LPBF process, and the optimized printing
parameters are not available. Hence, a need to investigate the optimized printing parameters for

2507 SDSS is required.

The heat transfer analysis of the proposed cellular-walled pipe heat sink system can not be
achieved without addressing the challenges mentioned above. As such, this thesis aims at
investigating a proper cellular structure type for enhanced heat transfer performance as well as
providing a detailed investigation of its dimensional trends and CAD to manufactured dimensional
deviations. Furthermore, a detailed optimization study of LPBF printing process parameters for

2507 SDSS material is investigated to ensure the production of highly dense parts.



1.3. Thesis Objectives
The main objective of this study is to establish preliminary knowledge essential for the heat
transfer analysis of a novel cellular-walled pipe heat sink system. As such, the objectives of this

research include the following tasks (Oy):

e 04: Select a topologically enhanced heat transfer performance cellular structure and
investigate its dimensional trends.

e 0,: Investigate the CAD to manufactured dimensional deviations and provide insights into
LPBF geometrical limitations.

e 03: Analyze the LPBF process parameter influence on the resulting porosity using 2507 SDSS
as the powder material.

e 04: Optimize the LPBF printing process parameters to manufacture highly dense 2507 SDSS

samples.

1.4. Methodology

The proposed methodology seen in Figure 1.4 aims at addressing the four objectives illustrated in
section 1.3. The methodology approach can be divided into four main domains, namely: cell
structure, printer dimensional constraints, material, and printing process. The first objective is
realized by reviewing previous cellular structure studies to investigate a suitable cellular structure
with a topologically enhanced heat transfer performance. Moreover, the selected cellular structure
dimensional trends were analyzed by conducting two experimental studies. In both studies, the
dimensional trends were assessed by varying the structure cell size and porosity. The methods and

tools, such as X-ray microcomputed tomography imaging, optical microscopy imaging, Dragonfly



software, and nTopology software, that were utilized in conducting both studies are shown in color

codes in Figure 1.4.

The second objective is realized by conducting a CAD to manufactured dimensional deviation
analysis based on the two experimental studies mentioned above. The same methods and tools
used to investigate the dimensional trends are used here, except for the GOM inspect software.
Furthermore, the LPBF printer limitations were investigated to provide insights into the minimum
wall thickness and pore size that can be successfully printed. The minimum wall thickness
investigation is based on both the experimental cell size and porosity studies. However, to
investigate the printer's capability in manufacturing the minimum cellular structure pore size, a

separate minimum porosity study is conducted.

Regarding the third objective, a powder characterization analysis is first conducted using the
Morphologi G3 particle analysis system. The powder particle shape and size for the used 2507
SDSS material are characterized and reported. Then, a porosity characterization investigation is
carried out to understand the influence of the printing process parameters on the print quality.
Finally, the fourth objective is addressed by optimizing the printing process parameters, namely:
laser power, scan speed, and hatch distance. The optimized parameters were utilized to print highly
dense parts, then mechanical and microstructure analysis was conducted to assess the print quality.
Methods such as scanning electron microscopy, energy dispersive X-ray spectroscopy, and tensile

testing were utilized in assessing the printed part's microstructure and mechanical properties.

In LPBF-printed cellular structures, the term porosity could either refer to the designed structure
porosity (interconnected voids) that is inherent to the cellular structure or a non-designed porosity
(microstructure pores) that results from the manufacturing process [15]. In this thesis, to be

consistent with the literature terminologies, the term porosity was utilized to refer to both aspects.
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However, to clear confusion, the term porosity used in the dimensional analysis study (Chapter 2)
refers to the designed interconnected cellular structure voids. In contrast, the porosity terminology

used in the printing parameter optimization study (Chapter 3) refers to the non-designed

microstructure pores.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0, Shape Previous studies 04!
i ® i , 1
Size : T Cell size study
L
Porosity L Powder ype o %@
Porosity study
@O x - . .
) 3 Dimensional trends '8 € )
Printed material Qs// _______________________________________________________
PR iisivivivivivivivivivisivisivisiyisivisiyyavisiiniinivisiiviiviiviiviivly g 3 0‘& Q/QI" P et .
L 0 Mechanical ) : 9‘2’\6 5y, Cell size study
P4 Microstructure ! <, . . . e %@ !
! » A : ‘% Dimensional deviations :
v N (CAD to manufactured) Porosity study |
Thesis oL %@ |
Methodolo . :
gy Cell size study '
4 4 > . °osx@ |
L ,OO. %'\00 Wall thickness i
aser power 0;,;7 . \6@? © Porosity study 5
e xm 2, & :
H > 20, .,o\,@ ‘5\" [ * @ '
i Scan speed o Cey, I . :
! @ &g Parameter optimization & Pore size '
: ) Minimum Porosity study
Hatch distance 0o %@ i
___________________ ooxw | e T 0a)
Methods and tools
@ X-ray Microcomputed Tomography ®  Tensile testing *  Dragonfly software @® nTopology software
A SEM - Scanning electron microscopy Olympus optical microscopy imaging GOM inspect software
EDX - Energy dispersive X-ray spectroscopy @ Morphologi G3 particle analysis system & Minitab software
Figure 1.4: Overall thesis methodology
1.5. Thesis Outline

Chapter 1: Presents a concise background on metal additive manufacturing and cellular structures,
followed by the motivations for undertaking this research. Additionally, a brief summary of the
thesis's objectives and an overall thesis methodology for addressing the stated objectives are also

presented.

Chapter 2: Provides a concise review of previous studies to select an optimal cellular structure for

enhanced heat transfer performance. Followed by three experimental studies to investigate the



cellular structure dimensional trends, CAD to manufactured dimensional deviations, and printer's

capabilities for printing thin wall thicknesses and small pore sizes (O; and O,).

Chapter 3: Investigates the influence of laser power, scan speed, and hatch distance printing
parameters on the resulting non-designed porosity of 2507 SDSS printed samples. The porosity
characterization approach provides insights into the printing parameters optimal ranges. Therefore,
following the porosity characterization analysis, an optimization approach is conducted to find a
set of optimized printing parameters capable of manufacturing highly dense 2507 SDSS parts (05

and 0,).

Chapter 4: Summarizes the research work included in this thesis and the findings reached.
Furthermore, this chapter also includes future research directions that can extend from the

presented work. A summary of the thesis outline is illustrated in Figure 1.5.

(01 &0,) (03 &04)

Cellular structure selection

. Dimensional trends Porosity characterization
Introduction
CAD to manufactured dimensional deviations Process parameter optimization

Printer dimensional constrains

l

> Chapter 4 >+

[ Conclusion and future work ]

Figure 1.5: Overall thesis outline
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Chapter 2: Dimensional Assessment of Uniformly Periodic Porosity Primitive
TPMS Lattices Using Additive Manufacturing LPBF Technique

2.1. Introduction

LPBF is an additive manufacturing technique that uses CAD models to selectively melt metal
powders layer by layer, generating complex 3D parts without further tooling [16—18]. This
technique has enabled new shape [19] and material [20] design perspectives that otherwise be
impossible to achieve using conventional methods. As a result, researchers started investigating
various complex cellular structures due to their superior mechanical and thermal performance in
multiple applications. Cellular structures are classified based on void arrangements into two
categories, i.e., stochastic (non-ordered foams) and periodic (ordered lattices), while the latter is
subdivided into strut-based and surface-based lattices [21,22]. The thermo-mechanical behavior of
cellular structures has been heavily investigated; studies have shown that the geometry,
connectivity, and design of cellular structures significantly influence their density, load-bearing,
energy absorption, and thermal properties [23]. Furthermore, it was reported that lattice structures
exhibited enhanced thermo-mechanical property profiles than stochastic foams at the same volume

fraction [24-27], which has shifted the attention towards lattice structures.

Gu et al. [28] studied the thermo-mechanical performance of strut-based lattice structures. It was
found that due to the geometry of the strut-type lattice, optimization either favored structural
stiffness or thermal performance. However, compared to strut-type lattice structures, the triply
periodic minimal surface (TPMS) lattice structure, which belongs to the surface-based lattices, can
address this issue by achieving high specific stiffness and improved thermal performance. Wong
et al. [29,30] investigated the heat transfer of a strut-based pin-fin heat exchanger. The struts were

found to be too thin to offer adequate thermal conductivity. As a result, there was a significant
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temperature gradient over the strut length, lowering the effective fin efficiency. Furthermore, due
to strut features alignment in the fluid flow direction, the fluid flow had poor contact with the inner
lattice geometry, affecting the heat transfer performance. However, TPMS lattice structures

address both issues as these lattices are self-supported without strut features [31].

Lately, TPMS lattices have been gaining increasing interest among researchers, especially in heat
transfer applications. TPMS lattices are mathematically derived unit cells having topologies with
entangled surfaces of zero mean curvature (i.e., at each point, the sum of principal curvatures is
zero) [32,33]. The 3D periodic TPMS structure allows for the generation of highly porous lattices,
where pores are smoothly interconnected with no geometric discontinuities [34], which is one
reason for achieving enhanced heat transfer performance. Smith et al. [31] studied the thermal
conductivity of three TPMS types, namely: Gyroid, Diamond, and Primitive. It was found that the
Primitive TPMS (PTMPS) structure consistently showed the highest thermal conductivity, which
was attributed to the increase in the lattice wall thickness compared with the gyroid and diamond
lattices. Qureshi et al. [35,36] have investigated the use of TPMS lattices (i.e., Primitive, Gyroid
and IWP) as a matrix to enhance the heat transfer performance in a phase change material used for
thermal energy storage systems. Simulations under the buoyancy effect showed that the Primitive
TPMS structure exhibited the highest heat transfer improvement compared with the Gyroid and
IWP, which was only attributed to the topology of the structure. This shows the heat transfer
performance superiority of Primitive TPMS among the TPMS lattice family. As a result, the
Primitive TPMS lattice structure was selected for the proposed cellular-walled pipe heat sink

system.

It can be established that the heat transfer performance in lattice structures is significantly

dependent on the cell topology (i.e., cell shape, porosity, and thickness). This shows the
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importance of analyzing the lattice dimensional trends and deviations between the CAD data and
the manufactured lattices. Lately, researchers have been focused on investigating the dimensional
deviations (i.e., accuracy analysis) in additively manufactured lattice structures. Yan et al. [37]
investigated the CAD to manufactured strut size variation of LPBF printed gyroid lattice structures
and found an increase in the manufactured strut sizes than CAD. Sing et al. [38] investigated the
dimensional accuracy of lattice structures and reported a decrease in the lattice-manufactured strut
size than CAD. The contradiction in results is attributed to the followed approach in measuring the
strut size, where Yan considered the adhered powders to be part of the strut size. However, Sing
did not account for the adhered powder particles as part of the strut size and stated that the adhered
powder particles (i.e., not fully melted particles) behave differently than the melted powder.
Weidmann et al. [39] analyzed the manufacturing of aluminum honeycomb lattice structures and
found that significant deviations are present when many hexagonal segments merge from a single
node which is also the case with thin-structured lattices. GroBmann et al. [40] investigated the
effect of laser power and scan speed on the strut diameter of strut-based lattices. Their findings
showed an increase in the strut size of thin-walled lattices with increasing the laser power or
decreasing the scanning speed. Grunsven et al. [41] compared the CAD to manufactured
dimensional deviations of parts fabricated by electron beam melting (EBM). It was found that
variations between the CAD and manufactured strut size were approximately 200 pm. Lopez et al.
[42] investigated the dimensional variations of cubic and honeycomb lattices produced by LPBF.
Their findings indicate that lattices with fine struts (250 pm) resulted in higher dimensional relative
error between 5% to 25%. However, to the author's best knowledge, dimensional accuracy analysis

of PTPMS lattices has not been investigated yet.
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The dimensional assessment of the Primitive TPMS lattice structure is a crucial step in
understanding the thermal performance of such a structure. In lattice structure heat transfer
applications, the lattice porosity and cell size are the main variants that define the resulting lattice
wall thickness, surface area to volume ratio (SA:Vol), and pore size. As such, the lattice
dimensional behavior at varying lattice porosity and cell size must be analyzed to fully understand
its thermal performance. This study provides a comprehensive investigation of the PTPMS lattice's
various dimensional trends and CAD to manufactured deviations under varying lattice cell size
and porosity. Moreover, the minimum allowable wall thickness and pore size that can successfully
be printed is investigated as well. The metal powder material selected is 17-4 PH stainless steel
(17-4 PH SS). Its unique combination of higher strength and corrosion resistance, among other
steel grades, is suited for applications requiring up to 315°C thermal exposures [43]. The data
presented here can serve as preliminary work that leads to comprehensive research about the
PTPMS heat transfer performance. Further, the dimensional analysis conducted can be used as a
stand-alone guide in selecting appropriate PTMPS lattice design parameters for the cellular-walled

pipe heat sink system.

2.2. Materials and Methods

2.2.1. Powder Material

The material used in printing the samples is 17-4 PH SS provided by Oerlikon (Alberta, Canada).
The chemical composition of 17-4 PH SS is shown in Table 2.1. The powder material morphology
has a significant impact on the quality of printed parts; parameters such as particle size distribution
and shape influence the quality and dimensional accuracy of the prints [44,45]. The Morphologi
G3 particle analysis system provided by Malvern Panalytical (Malvern, UK) was used to

qualitatively characterize the powder morphology. The characterization process (Figure 2.1) was
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based on 228948 counted particles. It was found that the powder particles are mostly spherical
with a circularity average of 90.2 + 12.4 % and an average particle size of 25.67 = 13.72 um. The
reported circularity standard deviation of 12.4 % is only applicable to the lower bound; however,

the upper bound should be capped at 100%.

Table 2.1: 17-4 PH SS chemical composition

Element Fe Cr Ni Cu |Mn|Si| Ta | Nb Nb + Ta C P S
Content (%) | 73] 15.0-17.5|3-5[3-5] 1 1 1045|045 |0.15-0.45]0.07 | 0.04 | 0.03
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Figure 2.1: 17-4 PH SS particle morphology: (a) Micrograph of 17-4 PH SS particles; (b) particle circularity; (c) particle size
distribution.

2.2.2. LPBF process parameters

The printing process parameters significantly influence the dimensional accuracy of the built parts
[46]. Thus, ensuring optimized 17-4 PH SS printing parameters is crucial. The ORLAS Coherent
250W LPBF printer is used, and its optimized 17-4 PH SS parameters identified by Coherent were
applied, as seen in Table 2.2. Moreover, the process parameters were kept constant for all printed

parts conducted in this study.
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Table 2.2: Printing process parameters

Process Laser spot Laser Mark speed hI'Jaykxfr Hatgh Track Laser Energy
parameter size (um) power (mm/s) thickness spacing energy Density (J/mm3)
) (W) (um) (um) (J/mm)
Hatching 55.118 1232 1000 25 55 0.12 89.6
Settings
Contour 55.118 107.3 800 25 55 0.13 97.5
Settings

2.2.3. Primitive TPMS lattice structure

The PTPMS lattice type is selected in this study; compared to other TPMS lattices, PTPMS showed
an improved heat transfer performance among the TPMS lattice family. The PTPMS lattice
structure is generated using nTopology 3.18.4 software (NYC, United States) which generates the

lattice surface by a set of points based on the mathematical equation:

cos(x) + cos(y) + cos(z) =c¢ (2.1)

where x = ZLLX , Y= 2%3/ ,Z= ZLE The lattice cell size can be controlled by L, and the cell relative

density can be varied by the parameter c.

The PTPMS lattice topology is illustrated in Figure 2.2. It can be observed that the lattice wall
thickness and pore size vary along the Z direction (Figure 2.2 (b)). As a result, to conduct our
dimensional analysis, terminologies such as "outer surface wall thickness" and "minimum pore
size" were established, as seen in Figure 2.2 (a). Furthermore, the "cell size" is referred to the
length of one PTPMS cell along the lattice structure and the "number of cells" indicates the number
of cells along the X, Y, and Z directions. For example, a 4 number of cells indicates equally four
cells in all X, Y, and Z directions, as seen in Figure 2.2 (a). In PTPMS lattices, there is a designed
porosity (interconnected porosity) that is inherent to the lattice, as well as a non-designed porosity
(closed porosity) that results from the manufacturing process [15]. Although the term "porosity"
in this study refers to the designed porosity of the lattice; However, in the porosity quantification

analysis, both aspects are considered.
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Figure 2.2: PTPMS cell topology: (a) PTPMS lattice cell shape and terminologies; (b) PTPMS cell top to bottom cross-section.

2.2.4. Design of experiments

The lattice heat transfer performance is usually analyzed through conduction and convection
modes which are dependent on the lattice wall thickness and lattice surface area to volume ratio
(SA:Vol), respectively [31]. Moreover, regarding the PTPMS lattice structure, the cell size and
porosity (i.e., lattice voids) significantly influence the resulting lattice wall thickness and SA:Vol
ratio. Hence, the designed experiments in this study were focused on varying the lattice cell size
and porosity. Furthermore, the minimum lattice wall thickness and the reliable minimum pore size
that can successfully be printed were also investigated to explore the printer's capabilities. Figure
2.3 illustrates the overall conducted experiments and their objectives. A total of 19 samples were
generated using nTopology. Parameters such as cell size, number of cells, min. pore size, porosity,
surface area to volume ratio, lattice average wall thickness, and outer surface wall thickness (OS

wall thickness) are investigated.
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Figure 2.3: Design of experiment methodology

2.2.4.1. PTPMS lattices at a varying cell size (Run 1)

Varying the lattice cell size at a given porosity significantly influences the lattice's various
parameters (i.e., lattice wall thickness, SA:Vol ratio, and lattice pore size). These parameters play
a profound role in determining the lattice thermal performance profile. As a result, investigating
the cell size effect on the lattice dimensional parameters is of significant importance. Table 2.3
shows PTPMS lattices with varying cell sizes from 2.9 to 10 mm at a constant 85% porosity.
Further, the overall sample size was kept constant at (20x20x20) mm. The cell size range was
identified as generating cell sizes larger than 10 mm increases the pore size, which leads to an
upper overhang structure causing cell deformation, and generating cell sizes smaller than 2 mm
requires large computational memory and time [47]. Due to the fixed sample dimensions of (20 x
20 x 20) mm, a cell size range from 2.9 to 10 mm was selected to achieve a whole number of cells
from 7 to 2, respectively. The selected constant porosity of 85% presents the typical porosity value

at which lattice structures are usually manufactured.
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Table 2.3: Varying PTPMS lattice cell size at constant porosity (CAD results).

Run .Samp l ¢ Qell Number Porosity Mm: SA:Vol O.S wall Overall average
Dimensions size Pore size thickness wall thickness
1 of cells % (mm-1)
(mm) (mm) (mm) (mm) (mm)

1 2.9 7 85 1.207 11.06 0.222 0.126

2 3.3 6 85 1.384 9.50 0.266 0.146

3 4.0 5 85 1.661 7.97 0.283 0.175

4 20x20x20 5.0 4 85 2.076 641 0.387 0.219

5 6.7 3 85 2.786 4.84 0.533 0.293

6 10.0 2 85 4.152 3.30 0.811 0.439
Refer to Figure 2.2 for terminology definitions

2.2.4.2. PTPMS lattices at a varying porosity (Run 2)

The lattice porosity is the amount of generated interconnected voids within the lattice. Varying the
lattice porosity at a given cell and sample size significantly influences the lattice dimensional
parameters, which defines the overall lattice heat performance. Thus, investigating the porosity
influence on the resulting lattice parameters is of significant importance. Table 2.4 shows PTPMS
lattices with a varying porosity of 45 to 90 % at a constant 4 mm cell size and a fixed sample size
of (20x20x20) mm. The selected porosity range is the typical range used for lattice structures, as
with porosities above 90 %, the lattice features become too thin to be printed via LPBF [31]. On
the other hand, a lattice with less than 45% porosity loses its value in heat transfer applications as
it becomes more of a solid rather than a lattice structure. The constant cell size of 4 mm was

selected based on the results of Run 1 which will be discussed later.

Table 2.4: Varying PTPMS lattice porosity at constant cell size (CAD results).

Run _Samp_le C_ell Number | Porosity Mm: SA:Vol QS wall Overall _Average
Dimensions size Pore size thickness wall thickness
2 of cells % (mm-1)
(mm) (mm) (mm) (mm) (mm)
1 4 5 45 0.361 1.97 1.570 0.638
2 4 5 55 0.847 2.54 1.127 0.523
3 4 5 65 1.160 3.35 0.770 0.408
4 20 x 20 x 20 4 5 75 1.421 4.75 0.539 0.292
5 4 5 85 1.661 7.97 0.283 0.175
6 4 5 87 1.707 9.18 0.271 0.152
7 4 5 90 1.775 11.93 0.190 0.117
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2.2.4.3. Smallest PTPMS pore size study (Run 3)

This experiment is aimed at studying the printer's limitation in printing the smallest pore size. A
sample size of (6 x 6 x 6) mm was selected with a cell size of 3 mm and a porosity range from 45
to 50%. Table 2.5 shows a varying min. pore size range from 0.257 to 0.482 mm. The selected
pore size range in this study is based on the required range of 0.1-0.7 mm to prevent pore occlusion

[48].

Table 2.5: Varying PTPMS min. pore size.

Sample Dimensions Cell size
Run 3 (mm) (mm) Number of cells Porosity % Min. Pore size (mm)
1 3 2 45 0.257
2 3 2 46 0.317
3 3 2 47 0.359
4 6x6x6 3 2 48 0.400
5 3 2 49 0.441
6 3 2 50 0.482

2.2.5. Characterization Methods

There are multiple metrology techniques used to study manufactured parts via the LPBF process.
In recent years, X-ray microcomputed tomography (uCT) has been used as a reliable non-
destructive method in evaluating and assessing additively built parts, particularly for dimensional
measurement and porosity characterization [49]. In this study, ZEISS Xradia 620 Versa X-ray pCT
with a current of 150.07 pA, a voltage of 140 kV, a power of 21.01 W, and an exposure time of 1
s was utilized in generating the CT reconstructed PTPMS lattices. Next, Dragonfly (Version
2021.1 Build 977) software was used to characterize the porosity and SA:Vol ratio of the scanned
PTPMS lattice structures. The characterization process was based on three repeated measurements,
and an average was calculated and reported. Dragonfly quantification analysis is based on the
image color segmentation method where each 3D CT reconstructed sample is composed of
multiple slices and each slice is color segmented to distinguish between the matrix (i.e., material)

and porosity (i.e., voids). A model was trained to accurately segment the PTPMS lattice samples,
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where the trained model was used to segment all the PTPMS lattices analyzed in this study and
hence ensuring the same segmentation process approach for all samples. Figure 2.4 shows the
trained model segmentation results of a 3-cell PTMPS lattice slice image where colors "purple and

green" depict the PTPMS lattice matrix and voids, respectively.

The Olympus Optical microscope with a 5X magnification was utilized to measure both the "OS
wall thickness" and "min. pore size" of the PTPMS lattices. For each sample, measurements were
based on three readings and an average was calculated and reported. Moreover, Sing's approach
[38] is followed in this study, where the adhered powder particles are neglected and not considered
in the measurements, as seen in Figure 2.5. Finally, GOM inspect 2021 was utilized to generate a
lattice CAD to manufactured volume deviation color maps, where the uCT 3D reconstructed stl.

model is merged with the nominal stl. CAD model to compare volume deviations.

(b)

Figure 2.4: : Dragonfly trained model segmentation process of 3 cells PTPMS lattice: (a) a CT scanned slice image; (b) Color
segmentation process.
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Figure 2.5: Wall thickness and pore size measurement approach.

2.3. Results and discussion

2.3.1. PTPMS lattice cell size study (Run 1)

Figure 2.6 shows the 17-4 PH SS successfully printed samples with a cell size range from 2.9 to
10 mm, which corresponds to PTPMS lattices with cell numbers from 7 to 2, respectively. The
various dimensional parameters were measured and reported, as seen in Table 2.6. Figure 2.7
illustrates the various CAD and manufactured parameter trends as a result of increasing the cell
size at a constant porosity. Regarding the lattice wall thickness, it can be seen that the outer surface
wall thickness increases with increasing the lattice cell size Figure 2.7 (a & d), where at a cell size
of 2.9 mm, a corresponding manufactured OS wall thickness of 0.160 mm is calculated; however,
as the cell size increases to 10 mm, a corresponding average OS wall thickness increase of 0.525
mm is observed. This observation is consistent with the CAD values seen in Table 2.3 & Figure
2.7 (a), where increasing the cell size from 2.9 to 10 mm showed an overall increase of 0.589 mm
in the OS wall thickness. As such, it can be established that the overall average wall thickness
increases with increasing the lattice cell size. Moreover, this lattice behavior is predicted as
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increasing the cell size decreases the number of cells within the lattice; thus, to maintain a constant
porosity (i.e., constant volume fraction), the lattice wall thickness is increased to compensate for

the reduction in the number of cells.

On the other hand, the lattice SA:Vol ratio is inversely proportional to increasing the cell size
Figure 2.7 (b & e), where increasing the cell size from 2.9 to 10 mm showed a decrease in the
manufactured SA:Vol ratio from 11.54 to 3.68 mm™?! with a total reduction of 7.86 mm™1. This
reduction value is consistent with the CAD value seen in Table 2.3 & Figure 2.7 (b) with a
calculated total reduction of 7.76 mm™?. Furthermore, since the porosity is designed to be constant
for all samples (i.e., the volume fraction is constant), the reduction in the SA:Vol ratio with
increasing the cell size is mainly due to the decrease in the lattice surface area, where it reduced
from 2793.84 to 865.59 mm? with increasing the cell size from 2.9 to 10 mm, respectively. The
reduction in the surface area is once again attributed to the reduction in the number of cells, which

ultimately reduces the amount of available surface area.

Figure 2.7 (c & f) shows the linear relationship between the min. pore size and lattice cell size. It
can be observed that an increase in the cell size is followed by an increase in the min. pore size,
where increasing the cell size from 2.9 to 10 mm showed an increase in the manufactured min.
pore size from 1.302 to 4.364 mm, respectively. The increase in pore size of the manufactured
samples is consistent with the increase in the CAD values seen in Table 2.3 & Figure 2.7 (c¢), with
a total pore size increase from 1.207 to 4.152 mm. As such, it can be established that increasing

the lattice cell size results in an increase in the lattice's overall pore size.
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Figure 2.6: Varying cell size printed PTPMS lattices at a constant porosity.
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e CAD to manufactured dimensional deviation

Table 2.7 illustrates the various CAD to manufactured parameter deviations based on the equation:

Parameter deviation = manufactured measurement — CAD measurement (2.3)

Regarding the OS wall thickness, it is evident from Figure 2.8 (a) that irrespective of the lattice
cell size, the manufactured OS wall thickness constantly showed lower values than CAD, which
indicates an overall shrinkage in all printed samples, hence the negative OS wall thickness
deviation values in Table 2.7. Similar findings were reported in Sing's study [38], where a
reduction in the printed strut thickness was observed. The shrinkage of printed metal parts is a
well-known phenomenon in LPBF, where the rapid cooling and change in material phase from
powder to liquid, then solid, is followed by an induced shrinkage [50-52]. Liu et al. [53]
investigated the printing process parameter influence on the overall shrinkage of selective laser
melting (SLM) printed samples; their study showed that the laser power, scan speed, and layer
thickness significantly affect the resulted sample shrinkage; however, in this study, the printing
process parameters were fixed in all samples. Hence, shrinkage variation is only attributed to
sample geometry differences. Figure 2.8 (b) shows the CAD to manufactured OS wall thickness
deviation with increasing the lattice cell size, it can be observed that increasing the cell size shows
higher wall thickness deviations (i.e., lower thickness accuracy), where the 2.9 mm and 10 mm
cell size lattices showed the smallest and highest deviations of -61.564 pm and -126.158 pum,
respectively. Moreover, this observation indicates that increasing the lattice cell size (at a constant
porosity) results in an increase in the overall shrinkage during the building process, which leads to
higher CAD to manufactured wall thickness deviations. Thus, to further support this claim, GOM
inspect 2021 software (ZEISS Group, Germany) was utilized to conduct a lattice CAD to

manufactured volume deviation color map study on 2.9, 4, and 10 mm cell size samples, as seen
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in Figure 2.9. Results showed that the 2.9 mm cell size lattice Figure 2.9 (a) exhibited the least
overall shrinkage with an average shrinkage value of 0.19 mm, followed by the 4 mm cell size
lattice Figure 2.9 (b) with 0.25 mm, then the 10 mm cell size lattice Figure 2.9 (¢) with the highest
average shrinkage of 0.63 mm. Therefore, it can be established that increasing the cell size at a
constant porosity (i.e., at a constant volume fraction) shows higher shrinkage rates which
ultimately influence the lattice dimensional accuracy (in this case, the lattice wall thickness). This
can be attributed to the increase in heat conduction with increasing the lattice cell size (i.e.,
increasing the lattice wall thickness), which leads to higher cooling rates in added layers, and hence
higher shrinkage rates are observed. Chahal et al. [54] reported a similar shrinkage dependency,
where they correlated the induced layer shrinkage to the base plate's high heat conduction and
considerably lower temperatures. Further, they stated that the printed layer's effective heat
conductivity is influenced by the underlying geometric features. Moreover, Gan et al. [55] studied
the effect of various support structure designs on the final plate print. It was concluded that
differential shrinkage was observed due to varying thermal gradients along the plate's length. As
such, it can be established that at fixed printing process parameters, layer shrinkage has a direct

correlation to the thermal gradient which is geometry dependent.

The SA:Vol ratio is another parameter investigated in this study. It is defined as the overall lattice
surface area divided by the manufactured lattice volume. It can be seen from Figure 2.8 (c) that at
all cell sizes, the resulting manufactured SA:Vol ratio is consistently higher than the CAD ratio.
This can be attributed to the shrinkage influence on the volume, where the manufactured volume
is less than the designed volume, leading to the increase in the manufactured SA:Vol ratio. Figure
2.8 (d) illustrates the CAD to manufactured SA:Vol ratio deviation values with respect to

increasing the cell size. It was previously shown that decreasing the cell size at a constant volume
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fraction increases the lattice surface area, which results in an increased number of cells that adds
to the complexity of the lattice structure. Moreover, it is evident from Figure 2.8 (d) that decreasing
the lattice cell size (i.e., increasing the lattice surface area) increases the CAD to manufactured
SA:Vol ratio deviation, where both the 10 mm and 4 mm cell size samples exhibited the lowest
and highest deviations of 0.37 and 0.74 mm™2, respectively. However, a deviation decrease is
noticed as the cell size is decreased from 4 to 2.9 mm with a CAD to manufactured SA:Vol ratio
deviation decrease from 0.74 to 0.48, respectively. This decrease in deviation can be linked to the
fact that at lower cell sizes, very thin lattice wall thicknesses are present, as indicated by the
average wall thickness of less than 150 um (Table 2.3), resulting in high thermal gradients. Chahal
et al. [54] investigated the geometry influence on the non-designed porosity, where it was found
that severe changes in thermal gradients could develop non-designed porosities. As such, the inner
morphology of the 3.3 mm cell size lattice sample was investigated using the CT reconstructed
model. It can be observed from Figure 2.10 that inner gaps are present within the 3.3 mm lattice
structure, causing surface area reductions which results in a SA:Vol ratio deviation reduction. As
a result, it can be established that a minimum overall average wall thickness of 0.175 mm seen in

Table 2.3, is required to avoid the formation of non-designed porosity within the lattice structure.
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Figure 2.8: CAD to manufactured comparison of OS wall thickness and SA:Vol ratio parameters: (a&c) CAD to manufactured
results; (b&d) CAD to manufactured deviations.
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Figure 2.9: CAD to manufactured Volume deviation color map of PTPMS lattices: (a) 2.9 mm cell size; (b) 4 mm cell size; (c) 10

mm cell size.
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Figure 2.10: Inner morphology CT cross-section image
of a 3.3mm cell size PTPMS lattice structure.

The lattice cell size influence on the min. pore size and porosity is investigated, as seen in Figure
2.11. Regarding the min. pore size, it can be observed that irrespective of the lattice cell size, the
manufactured min. pore size is consistently higher than the CAD values (Figure 2.11 (a)). This can
once again be attributed to shrinkage, where the surface shrinkage of a hole structure will
eventually result in an increase in the hole size. The increase in the cell size (i.e., increase in
shrinkage) showed higher CAD to manufactured min. pore size deviations, as seen in Figure 2.11
(b), where increasing the cell size from 2.9 to 10 mm resulted in a deviation increase from 94.620
to 212.080 um. Furthermore, Figure 2.11 (c) shows the resulting overall porosities at various cell
sizes. It can be seen that the manufactured porosity is observed to be higher than the designed
porosity for all samples which can be attributed to shrinkage as well, where achieving less volume
fractions than designed will eventually result in higher manufactured porosities based on the

equation [56]:

Porosity% = 1 — Volume fraction (2.4)
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Smith et al. [31] noticed a similar behavior with the Hastelloy-X TPMS samples, where the

manufactured PTPMS samples showed a volume fraction reduction than the designed samples.

A porosity CAD to manufactured deviation analysis is seen in Figure 2.11 (d), it can be observed
that the 4 mm cell size showed the lowest porosity deviation of 0.23 %, whereas increasing the
cell size above 4 mm showed a deviation increase due to the increased shrinkage and decreasing
the cell size below 4 mm resulted in a deviation increase due to the production of gaps as previously

discussed. Hence, the 4 mm cell size was selected for Run 2.

Depending on the heat transfer application of the cellular-walled pipe heat sink system, certain
considerations should be regarded with increasing the PTPMS lattice cell size. If it is desirable to
improve the thermal conductivity of the PTPMS lattice structure, increasing the lattice cell size to
provide higher wall thicknesses (i.e., wider conduction pathways) should be considered. However,
increasing the lattice cell size will result in higher shrinkage rates leading to higher CAD to
manufactured dimensional variations, which will significantly affect the heat transfer analysis
results between the numerical modeling (based on CAD models) and experiments (based on
manufactured models). On the other hand, if it is desired to improve the thermal convection of the
PTPMS lattice structure, decreasing the cell size (i.e., increasing SA:Vol ratio) is preferred to
enhance the interaction between the flow and lattice structure. However, it is important to ensure
a cell size that is not too small (i.e., achieving an average wall thickness less than 0.175 mm) to

cause inner gaps, which will poorly affect the heat transfer performance.
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Figure 2.11: CAD to manufactured comparison of Min. pore size and porosity parameters: (a&c) CAD and manufactured
results; (b&d) CAD to manufactured deviations.

2.3.2. PTPMS lattice porosity study (Run 2)

Figure 2.12 illustrates the printed PTPMS lattices with porosities from 45% to 90% at a constant
cell size of 4 mm. The various lattice geometrical parameters were measured and reported, as seen
in Table 2.8. Figure 2.13 shows the influence of increasing the PTPMS lattice porosity (at a
constant cell size) on the OS wall thickness, SA:Vol ratio, and Min. pore size. Starting with the
OS wall thickness, it can be observed that increasing the lattice porosity shows a decrease in the
manufactured OS wall thickness Figure 2.13 (d), where a porosity increase from 45 to 90% is
followed by a reduction in the OS wall thickness from 1.427 to 0.133 mm with a calculated total
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thickness reduction of 1.294 mm. Moreover, the total thickness reduction is consistent with the
CAD values seen in Table 2.4 & Figure 2.13 (a), where a total CAD thickness reduction of 1.38
mm is calculated. As such, it can be established that the average wall thickness decreases with
increasing the lattice porosity. This lattice thickness behavior is expected as increasing the porosity
at a constant cell size results in a decrease in the lattice volume fraction (i.e., a decrease in the

lattice thickness).

On the other hand, the SA:Vol ratio showed an opposite trend to the wall thickness, where
increasing the lattice porosity from 45 to 90% resulted in an increase in the manufactured SA:Vol

ratio from 2.31 to 11.65 mm™! with a total increase of 9.32 mm™1

as seen in Figure 2.13 (e).
Furthermore, this increase is found to be consistent with the CAD values, where increasing the
lattice porosity from 45 to 90% showed a corresponding increase in the CAD SA:Vol ratio of 9.96
mm™!. The increase in the SA:Vol ratio is attributed mainly to the decrease in volume as the
porosity is increased, where increasing the porosity from 45 to 90% resulted in a volume decrease
from 935.97 to 180.72 mm3. Although the surface area is observed to be increasing with higher

porosities; however, the increase is minor and is not as significant as the volume (i.e., the surface

area influence on the SA:Vol ratio is negligible).

Figure 2.13 (c & f) shows the porosity increase influence on the min. pore size. It can be observed
that increasing the porosity in the specified range (i.e., 45 to 90%) resulted in an increase in the
min. pore size, where at 45% and 90% porosity levels, the resulting manufactured min. pore size
is found to be 0.480 mm and 1.873 mm, respectively. The same trend is observed with the CAD
values seen in Table 2.4 & Figure 2.13 (¢) with a min. pore size increase from 0.361 to 1.775 mm.
As a result, it can be established that the overall lattice pore size is directly proportional to

increasing the porosity.
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Figure 2.12: Varying porosity printed PTMPS lattices at a constant cell size.

40 45 50 55 60 65 70 75 80 85 90 95

15F R

1.0+ E (d)

05 R

OS wall thickness (mm)

00 R

105 R

35 B

SA:Val ratio (mm-1)

0.0

1.56 B
1.04 B

0.52 - R

Min. pore size (mm)

000 1 1 1 1 1 1 1 1 1
40 45 50 55 60 65 70 75 80 85 90 95

Porosity (%)

(CAD)

Ave. OS wall thickness (mm)

Ave. Min. pore size (mm) Ave. SAVol ratio (mm-1)

40 45 50 55 60 65 70 75 80 85 90 95

T T T T T
Standard deviation (mm)

15} E
‘ 0012 |
101 o019 0.024 0.015
‘ 0.022
051 0.013 B
0.0 E

Standard deviation (mm) A

000 1 1 1 1 1 1 1 1 1 1
40 45 50 55 60 65 70 75 80 85 90 95
Porosity (%)
(Manufactured)

Figure 2.13: Porosity effect on PTPMS parameters: (a-c) CAD values; (d-f) manufactured values.

34



e CAD to manufactured parameter deviation

Table 2.9 shows the CAD to manufactured parameter deviations with increasing the porosity in
the selected range (45-90%). The same equation (2.3) used previously is applied to calculate the
different deviation values. Figure 2.14 (a) illustrates the CAD and manufactured OS wall thickness
results. The same behavior with increasing the lattice cell size (Run 1) is observed here as well,
where irrespective of the lattice porosity, the manufactured OS wall thickness consistently showed
lower values than CAD, which indicates an occurring shrinkage in all printed samples, as
previously discussed. Figure 2.14 (b) illustrates the CAD to manufactured OS wall thickness
deviations with increasing the lattice porosity. It can be observed that increasing the lattice porosity
shows lower wall thickness deviations (i.e., better thickness accuracy), where both 90% and 45%
porosities showed minor and highest deviations of -57.078 pm and -143.480 um, respectively.
Moreover, this observation indicates that increasing the lattice porosity (at a fixed cell and sample
sizes) results in a decrease in sample shrinkage during the printing process. Hence, further
shrinkage investigation is required. Using GOM inspect 2021 software (ZEISS Group, Germany),
the same lattice CAD to manufactured volume deviation color map study seen in Run 1 is
conducted here as well, where samples with 45, 75, and 90% porosities are selected as seen in
Figure 2.15 It can be evident that the 45% porosity sample Figure 2.15 (a) exhibited the largest
shrinkage with an average shrinkage value of 0.82 mm, followed by the 75% sample Figure 2.15
(b) with 0.43 mm, then the 90% sample Figure 2.15 (c) with the smallest average shrinkage of 0.18
mm. Therefore, it can be stated that increasing the PTPMS lattice porosity results in a decrease in
the overall shrinkage, which can be attributed to the decrease in the lattice material. Hence, fewer

conduction paths are present, resulting in less shrinkage rates as previously discussed.
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Figure 2.14 (c) shows the CAD and manufactured SA:Vol ratio results, a similar behavior observed
in Run 1 is seen here, where samples with porosities in the range of 45 to 87% showed higher
manufactured SA:Vol ratio values than CAD which is attributed to the increase in the surface area
as illustrated previously. However, the 90% porosity sample showed a higher CAD SA:Vol ratio
than manufactured. Thus, its inner morphology was investigated, and severe gaps were observed
(Figure 2.16), where at higher porosities such as 90%, very thin lattice wall thicknesses are present,
as indicated by the average wall thickness of 117 pm (Table 2.4) resulting in various gaps within
the lattice structure which ultimately lead to surface area reductions. Hence, the resulting less
manufactured SA:Vol ratio value than CAD. Figure 2.14 (d) illustrates the CAD to manufactured
SA:Vol ratio deviation values with respect to increasing the lattice porosity. It can be observed
that increasing the lattice porosity from 45% to 85% shows higher SA:Vol ratio deviations from
0.34 mm™! to 0.70 mm™1, respectively. However, a deviation decrease is noticed as the porosity
is increased from 85% to 90%, which is attributed to the formation of gaps within the lattice.
Hence, a minimum overall average wall thickness of 0.175 mm seen in Table 2.4, is necessary to

prevent the formation of gaps within the lattice structure.
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Figure 2.14: CAD to manufactured comparison of OS wall thickness and SA:Vol ratio parameters: (a&kc) CAD and
manufactured results; (b&d) CAD to manufactured deviations.
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=

Figure 2.16: Inner morphology CT cross-section image of
a 90% porosity PTPMS lattice structure.

Figure 2.17 shows the influence of increasing the lattice porosity on the min. pore size and overall
manufactured porosity. Regarding the min. pore size, it is evident that irrespective of the lattice
porosity, the manufactured min. pore size is consistently higher than the CAD values Figure 2.17
(a). Moreover, a similar pore size trend was seen in (Run 1) with increasing the lattice cell size,
which was attributed to shrinkage. Figure 2.17 (b) illustrates the CAD to manufactured min. pore
size deviations with increasing the lattice porosity. One significant distinction between increasing
the lattice cell size (Run 1) and increasing the lattice porosity (Run 2) is that increasing the lattice
cell size showed a decrease in the lattice surface area but an increase in the wall thickness;
however, increasing the lattice porosity is observed to increase the lattice surface area but decrease
the overall wall thickness. Although shrinkage is observed to be reduced with increasing the lattice
porosity; however, higher CAD to manufactured pore size deviations from 118.588 um to 143.530
um were observed with increasing the porosity from 45% to 75%. This indicates that at lower

porosities (i.e., lower than 75%), the pore size CAD to manufactured deviation is more sensitive
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to the increase in the lattice surface area and increases with increasing the porosity. However, it is
observed that as the porosity increases from 75% to 90%, the CAD to manufactured pore size
deviation decreases from 143.530 um to 98.232 um. This can be attributed to the significant
decrease in shrinkage (i.e., a significant decrease in the overall wall thickness), which results in
lower CAD to manufactured pore size deviations. Figure 2.17 (c) & (d) show the manufactured
porosities and their deviations from the CAD values, respectively. It can be observed that the
porosity behavior follows the trends seen with the pore size, where the manufactured porosity is
consistently higher than CAD (except for the 90% lattice sample), and an increase in the porosity
CAD to manufactured deviation is seen with lower porosities (45% to 75%) followed by a
deviation decrease as the porosity increases from 75% to 90%. Moreover, it was observed that the
90% porosity sample showed a manufactured porosity reduction with a value of 89.53%. Although
it was established before that gaps are present within the 90% lattice structure and hence an
increase in the porosity is expected; however, this lower porosity value is attributed to having very
thin lattice wall thicknesses as indicated by the average wall thickness of 117 pm which challenges
the printer's capabilities and leads to larger printed wall thicknesses. Hence, the average wall
thickness of 0.152 mm can be identified as the average wall thickness limit that can be printed
having the specified process parameters seen in Table 2.2. This is consistent with the typical
feature size limit of 0.100-0.200 mm in LPBF systems having laser spot sizes of 50-100 pm [57].
Moreover, Similar observations were found by Yan [47], who studied the manufacturability of
high porosity gyroid TPMS lattices with 94%, 92%, 90%, and 88% porosities. He found a slight
decrease in the experimental porosities compared to the CAD values and attributed this behavior

to the nonuniform increase in the lattice strut size within the lattice structure.
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Depending on the heat transfer application of the cellular-walled pipe heat sink system, the
findings in (Run 2) study indicate that at a selected fixed cell size, certain considerations should
be regarded. If it is desirable to enhance the lattice heat conduction performance, a decrease in the
lattice porosity to ensure wider conduction pathways should be considered; however, lowering the
lattice porosity showed an increase in the lattice shrinkage rates which resulted in higher CAD to
manufactured thickness deviations (i.e., lower volume fractions in the printed samples than CAD).
Thus, a shrinkage compensation approach should be considered. Alternatively, if it is desirable to
enhance the lattice heat convective performance, increasing the lattice porosity (i.e., increasing the
SA:Vol ratio to ensure a higher surface area for enhanced lattice-flow interaction) should be
considered; however, ensuring a porosity level that is not too high (i.e., having an average wall

thickness less than 0.175 mm) to cause severe gaps is of significant importance.
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Figure 2.17: CAD to manufactured comparison of Min. pore size and porosity parameters. (a&c) CAD and manufactured
results; (b&d) CAD to manufactured deviations.

2.3.3. Smallest PTPMS pore size study (Run 3)

Figure 2.18 shows the resulting PTPMS samples at varying min. pore sizes (0.257 — 0.482 mm).
The printed samples were examined, and results were reported (Table 2.10). It is observed that
samples with CAD min. pore sizes from 0.317 to 0.482 mm were successfully printed, indicating
the printer's ability to print pore sizes down to 317 microns. However, the 45% lattice with a min.
pore size of 0.257 mm is observed to be severely deformed and the pore is almost closed. Further

investigation is carried out for the 45% and 46% lattices, as seen in Figure 2.19. It is evident from
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the inner morphologies of both samples that the 45% sample with a min. pore size of 0.257 mm
was not successfully printed. Thus, it can be established that the smallest pore size that can be
printed using the ORLAS Coherent 250W with the optimized parameters seen in Table 2.2 15 0.317

mm.

Figure 2.18: PTPMS printed lattices at varying pore sizes.
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45% porosity

Figure 2.19: Pore examination of 45% and 46% lattices.

Table 2.10: PTPMS lattice results at varying min. pore sizes.

Inner morphology

Manufactured Min. Pore size

Sample . .
Run Dimenrs)ions Cell size | Number of . CA]? Min. Average Standard
3 (mm) (mm) cells Porosity % Pore size (mm) (mm) deviation
(mm)
1 3 2 45 0.257 Closed -
2 3 2 46 0.317 0.464 0.026
3 6x6x6 3 2 47 0.359 0.509 0.021
4 3 2 48 0.400 0.553 0.030
5 3 2 49 0.441 0.564 0.022
6 3 2 50 0.482 0.582 0.019
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Chapter 3: -Process Parameter Optimization of 2507 Super Duplex Stainless
Steel Additively Manufactured by Laser Powder Bed Fusion Technique

3.1. Introduction

Laser powder bed fusion (LPBF) is an additive manufacturing technique in which a laser energy
source is used to melt successive powder layers generating three-dimensional parts based on
computer-aided design (CAD) models [45] — a review of the technology has been reported in [58].
The advances in the technology end-use parts with enhanced material quality, density, and
consequently improved mechanical properties have grown significantly in recent years. Moreover,
due to field applications such as medical, oil, and aerospace, which require manufactured parts
with high quality and reliability, the LPBF process optimization has been significantly investigated

with success [59-62].

It has been reported that more than 100 parameters play role in the LPBF manufactured part quality
[63—65]. However, it was found that the laser power (p), scan speed (v), hatch distance (%), and
layer thickness (¢) had the most prominent effect on the microstructure and mechanical properties
of the printed parts [66]. The term volumetric energy density (Ep) is a factor that is commonly
used to guide the LPBF printing process optimization [67], and can be calculated using Equation
(3.1). This factor relates the different printing parameters together and indicates the amount of

energy input to the powder material during the printing process.

E,=—2C (3.1)

LPBF technology has some advantages over conventional manufacturing methods, including
design freedom, manufacturing of complex part designs, reduced part weight, production of nearly

net-shaped parts, and decreasing waste material [68]. However, one major drawback of LPBF is
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the formation of pores (i.e., porosity) in the final printed parts, which can lead to compromised
mechanical properties [69]. Several pore formation mechanisms have been reported in LPBF, with
keyhole mode pores, metallurgical or gas pores, and lack-of-fusion pores being the three most
prevalent types associated with the printing process parameters [70]. Keyhole mode pores form
when the energy density (Ep) is too high (i.e., due to high laser power, slow scan speed, or low
hatch distance), causing rapid metal vaporization at the meltpool surface resulting in a metal vapor
recoil pressure that pushes the meltpool surface downwards and closes in on itself creating a cavity
filled with metal vapor and shielding gas, referred to as keyhole or vapor depression [71]. The
resulting keyhole pores are usually rounded but not completely spherical. Lack-of-fusion pores
form when the energy density is too low, causing an insufficient melting of the powder, which
results in large pores with irregular shapes and sizes, and often containing unmelted trapped
powder particles [72]. Metallurgical or gas pores are mostly spherical and relatively small in size
and are observed in the intermediate regime of energy density. These pores form due to the
shielding gas entrapment, porosity of feedstock powder particles, or alloy vapors within the molten

pool [58].

There are some studies that have used high-resolution microcomputed X-ray tomography (uCT)
imaging to investigate the keyhole and lack-of-fusion pores under a range of identified printing
process parameters [73,74]. As such, pCT imaging is adopted in this study for the porosity
characterization and quantification analysis. The use of laboratory X-ray tomography for an in-
depth examination of additively manufactured parts, along with several efforts to image various
porosity types is reviewed in [49]. Moreover, the use of real-time fast microcomputed X-ray
imaging has successfully been used in porosity formation analysis. This includes studies on the

keyhole pore formation and particle spatter in meltpool dynamics [75], the dynamics of defects
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and meltpool showing the mechanisms of pore formation [76], and the keyhole vapor depression
formation threshold [77], amongst others. Furthermore, a distinct reported observation is that the
vapor depression threshold is lower than expected and is present across the entire range of typical
LPBF energy densities; however, the formation of keyhole porosity is only present in cases where

the vapor depression is deep and unstable [77,78].

There is a wide range of materials that have an optimized process parameter set (i.e., can be
successfully printed) in commercial LPBF systems, including titanium (Ti) alloys [79], aluminum
(Al) alloys [80-82], cobalt (Co) alloys [83], nickel (Ni) alloys [84,85], and stainless steels [86,87].
Among the stainless steels, duplex stainless steels (DSSs) are known for their excellent
combination of corrosion resistance and mechanical properties in different environmental
conditions and are widely used in petrochemical, marine, nuclear, and chemical applications [88].
DSSs microstructure has two phases, namely ferrite (o) and austenite (y) phases. Furthermore, it
is important to maintain a roughly equal amount of ferrite and austenite phases (i.e., 1:1 ratio) to

ensure high strength and enhanced corrosion resistance.

Recently, 2507 super duplex stainless steel (2507 SDSS) has gained considerable attention due to
its high tensile and fatigue strength, good toughness, excellent pitting corrosion resistance, high
weldability and formability, and high stress corrosion cracking resistance in chloride and sulfide
environments, which is the reason for its wide adaption in heat exchangers, desalination plants,
and pressure vessels and boilers industry systems [89]. In recent years, the adoption of LPBF in
processing 2507 SDSS powder to manufacture highly dense parts with enhanced qualities has been
investigated with success. Davidson et al. [90] studied the laser power influence on the resulting
part quality and microstructure of 2507 SDSS. The scan speed, hatch distance, and layer thickness

were kept constant at 590 mm/s, 120 um, and 50 pm, respectively, while the laser power varied

47



from 50 to 400 W resulting in an energy density range from 14.1 to 113 J/mm?3. The resulting
samples showed randomly distributed pores which were attributed to both insufficient melting at
lower laser powers (i.e., lack of fusion pores) and entrapped gases at higher energy densities (i.e.,
keyhole pores). The highest reported sample density was 90.8% at an energy density of 70.62
J/mm3 and the as-built sample microstructures were mainly ferritic with small amounts of
austenite precipitates along the grain boundaries. Saeidi et al. [91] succeeded in manufacturing
2507 DSS samples with a relative density of 99.5% using a laser power of 190 W, scan speed of
750 mm/s, hatch distance of 100 pm, and a layer thickness of 20 pum with a reported energy density
of 126.67 JJmm3. Kunz et al. [92] investigated the properties of 2507 SDSS manufactured by
LPBF and reported a relative density of 99.6% using a laser power, scan speed, hatch distance,
and layer thickness of 160 W, 1333.33 mm/s, 100 pm, and 50 um, respectively with a calculated

energy density of 24 J/mm?3.

Considering the literature studies on 2507 SDSS, a full analysis of the laser power, scan speed,
and hatch distance influence and their interactions during the manufacturing process on the
resulting part quality and microstructure is not yet reported, which signifies clear research gaps.
Furthermore, the current research studies on 2507 SDSS show a wide optimized energy density
range from 24 to 126.67 J/mm3 with fluctuating laser power, scan speed, and hatch distance
parameter sets ranging from (160 to 250) W, (590 to 1333.33) mm/s, and (100 to 120) pum,
respectively [90-92]. As a result, it is challenging to decide which parameter set is the most
reliable, and a need for a thorough 2507 SDSS parameter investigation is highlighted. In this study,
the authors adopted the response surface method (RSM) to investigate the influence of laser power,
scan speed, and hatch distance on the resulting sample quality and find an optimized parameter set

capable of producing almost fully dense parts.
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Statistical techniques, such as the RSM and analysis of variance (ANOVA), have been previously
adopted and proven to be useful in the process parameter optimization of LPBF technology [93—
95]. Wang et al. [93] investigated the LPBF process parameter effect on the sample microstructure
and mechanical properties of a nickel-based superalloy using the RSM approach. They succeeded
in increasing the resulting sample tensile strength by applying the RSM approach to optimize the
process parameters. Terner et al. [94] successfully optimized the laser power and scan speed
process parameters to manufacture high-density CoCr-Mo alloy samples using RSM. Deng et al.
[95] succeeded in manufacturing 316L samples with high density and low surface roughness by

applying the RSM approach.

In summary, this paper investigates the influence of laser power, scan speed, and hatch distance
on the resulting 2507 SDSS sample porosity (i.e., sample quality) fabricated by LPBF. High-
resolution microcomputed X-ray tomography (LCT) and optical microscope (OM) images were
utilized to assess the resulting sample porosity and investigate the various pore formation types
along the entire energy density range. The RSM approach is adopted to investigate the influence
of each parameter and find a set of optimized printing parameters capable of manufacturing 2507
SDSS samples with minimum porosity (i.e., high density). Moreover, the microstructure and
tensile properties of 2507 SDSS printed samples using the optimized process parameters are
investigated as well. The findings of this study can be used as a stand-alone guide in selecting
optimum printing process parameters to manufacture low porosity, high mechanical properties,

and reliable 2507 SDSS samples using LPBF technique.
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3.2. Materials and Methods

3.2.1. Material and equipment

The SDSS 2507 powder produced by gas atomization is supplied by Sandvik Osprey (Neath, UK).
The powder's chemical composition is shown in Table 3.1. The morphology of the powder
particles significantly affects the fluidity and melting behavior of the powder in LPBF process;
parameters such as powder particle shape and size distribution influence the manufactured sample
quality [96]. The Morphologi G3 shape image analyzer provided by Malvern Panalytical (Malvern,
UK) is used in the characterization process of 2507 SDSS powder particles Figure 3.1. Based on
113626 counted particles, results showed that the particles are mostly spherical with a circularity
mean of 0.954 + 0.059 Figure 3.1 (b), where a circularity value of 1 depicts a complete spherical
particle shape. The reported circularity standard deviation of 0.059 % is only applicable to the
lower bound; however, the upper bound should be capped at 1. The particle size distribution is

shown in Figure 3.1 (c), with a mean particle diameter of 28.63 + 9.04 pm.

All samples were manufactured using the ORLAS Coherent 250W LPBF printer (California,
USA). The ORLAS 250W printer uses an FLS 150 fiber laser with a wavelength of 1070 nm, a
beam diameter of 40 pm, a laser power of up to 250 W, and a scanning speed of up to 3000 mm/s.
The printing process of all samples was conducted in an argon environment with a constant oxygen

level of 0.01%, and the scanning direction change between successive layers was kept at 45°.

Table 3.1: 2507 SDSS chemical composition.

Element Fe Cr Ni Mo Mn N Si Cu C P S

C(;)Vr:;r)lt Balance 24.6-254  6.8-7.2  3.76-424  0.7-1.1 0.26-0.31 0.2-0.6 0.20 0.02 0.025 0.008
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Figure 3.1: 2507 SDSS powder morphology: (a) Microscopic image of 2507 SDSS powder particles; (b) Powder particle
circularity; (c) particle size distribution.

3.2.2. Response surface methodology

RSM is a statistical approach that uses a design of experiment (DoE) for developing metrology,
fitting a regression model between input and output parameters, and optimizing the process
outcomes [97]. The term “DoE” refers to a group of methods (full factorial, central composite,
box-Behnken, etc.) for generating a set of trials whose outcomes are dependent on the input factors.
In this study, three factors are optimized, namely; laser power (p), scan speed (v), and hatch
distance (4), while the layer thickness (7) is kept constant at 25 um. The layer thickness (¢) is
usually overlooked in the optimization process and kept constant; However, enhanced qualities are

observed with thin layer thicknesses [98], hence a layer thickness of 25 pm was selected.

The selected DoE type determines the number of trials, combinations, replication, and
randomization of the factors to investigate the cause-and-effect relationships between inputs and

outputs with a certain level of confidence. Considering a full factorial DoE for three factors with
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five levels, the number of trials is 53 = 125. However, manufacturing and measuring 125 trials
(i.e., cubes) is not practical in terms of cost and time. The number of trials can be reduced to 20
using the central composite design (CCD) seen in Fig. (2). The CCD is a sufficient five-level
fractional factorial DoE with center and star points used to fit quadratic models. In a three-factor
CCD, the model is composed of 8 factorial points (blue circles), a center point (red circle), and 6
star points which are at a distance (o) from the center point and are set to a default value of 1.6818
to ensure design rotatability as shown in Figure 3.2 (top view). The range of the factorial points
(1,-1) for all three factors is identified based on the previous 2507 SDSS studies [91-93] then the
center and star points are calculated and reported, as seen in Table 3.2. The star points establish
new low and high extreme values for all three factors. In this study, the center point was replicated
six times to investigate the location effect on print quality. Minitab 19 software (Pennsylvania,
USA) was utilized to generate the various run sets seen in Table 3.3 based on the CCD template
shown in Figure 3.2. A total of 20 cubes with dimensions of (5x5x5) mm were designed, and each

cube was assigned different printing parameters following the order seen in Table 3.3.
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Figure 3.2: Schematic representation of a three-factor CCD.
Table 3.2: CCD factor levels and values.
Levels Laser power (W) Scan speed (mm/s) Hatch distance (um)

Lowest (- a) 69.3 159.1 26.1

Lower (-1) 100 500 50

Center point (0) 145 1000 85

Higher (1) 190 1500 120

Highest (o) 220.7 1840.9 143.9
Range 69.3 —220.7 159.1 - 1840.9 26.1 —143.9
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Table 3.3: CCD design set up for all factors.

Run Laser Power (W) Scan speed (mm/s) Hatch distance (um)
1 100 500 50
2 220.7 1000 85
3 145 1000 85
4 145 1000 85
5 190 1500 50
6 145 1000 85
7 145 1000 143.9
8 100 1500 50
9 69.3 1000 85
10 145 1000 85
11 190 500 120
12 190 1500 120
13 145 1000 85
14 190 500 50
15 145 1840.9 85
16 100 1500 120
17 100 500 120
18 145 1000 26.1
19 145 159.1 85
20 145 1000 85

Following the manufacturing process, the output (i.e., porosity) of all 20 manufactured samples is
measured and analyzed; then, a polynomial quadratic regression model is fitted for each output
using Minitab 19. The generalized quadratic regression model is defined as follows [97]:
Y=bo+ XiLibix; + XLy byxi® + Xl bijxix; + e (3.2)
where Y is the predicted response, x; and x; are the input factors; by is the intercept term, b; is the
linear term coefficient, b;; is the squared term coefficient, b;; is the interaction term coefficient,
and e is the observed experimental error. The polynomial quadratic regression model is widely
adopted as it considers non-linear effects and investigates the factor interaction influence on the
predicted response. Following the acquisition of the polynomial regression model, adequacy and
accuracy checking analysis is carried out to ensure that the fitted model is satisficing the regression

assumptions and provides tolerable approximations of the response; then, analysis of variance
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(ANOVA) is utilized along with surface and contour plots to study the influence of input factors
on the resulted porosity. Finally, the input factors are optimized using the regression model to
produce minimum Y values (i.e., minimum porosity); a flow diagram summary of the RSM 1is seen

in Figure 3.3.

Process factor selection ’ g Loz,
l *  Scan speed (v)
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i A 4 A 4 . . .
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Figure 3.3: RSM flow diagram.
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3.2.3. Mechanical testing

Tensile strength analysis was conducted on manufactured tensile samples using the optimized
parameter set that resulted from the RSM. A total of three cylindrical tensile samples were
manufactured by the ORLAS Coherent 250W LPBF printer. The tensile specimens were designed
according to the ASTM A370 / ASME SA-370 standard with a total length of 80 mm and a testing
diameter of 6.36 mm, as shown in Figure 3.4. The tensile testing was performed in a universal

testing machine at room temperature (25 °C), with a strain rate of 1073 s71,

Figure 3.4: Tensile sample geometry dimensions.

3.2.4. Characterization Methods

High-resolution microcomputed X-ray tomography was utilized in the porosity characterization
process. Using the ZEISS Xradia 620 Versa X-ray uCT (Oberkochen, Germany) with a voltage of
140 kV, a power of 21.01 W, and an exposure time of 3 s, micro CT reconstructed images were
generated which revealed the inner porosity profile of the LPBF manufactured samples. Then,
porosity characterization and quantification analysis were conducted using Dragonfly 21 software
(Montreal, Canada). Dragonfly porosity analysis is based on color-segmenting each layer of the
3D CT reconstructed images to distinguish between the solid material (purple) and pores (green),

as shown in Figure 3.5. The Olympus optical microscope (Tokyo, Japan) was utilized to capture
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OM images for different pore types. The microscopy sample preparation included mounting,

polishing, and chemical etching.

To observe the cross-section microstructure, samples were mounted and ground successively to
2000 grit, and then polished with diamond paste. After that, the polished specimens were etched
in a 3 wt% Nital solution. Field Emission - Scanning Electron Microscope (FE-SEM), Zeiss Sigma
(Gemie) was utilized for microstructural analysis. Furthermore, the XRD patterns were measured

using a Rigaku Ultima IV diffractometer (Co Ka radiation with a wavelength A =1.78886 A).
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Figure 3.5: Dragonfly color segmentation process: (a) CT scanned image layer; (b) Color segmentation.
3.3. Results and discussions
3.3.1. Porosity characterization analysis
All 20 samples were successfully printed, as seen in Figure 3.6. The resulting porosities for all

samples were measured and reported in Table 3.4. Figure 3.7 and Figure 3.8 show the various
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porosity formation regimes with increasing energy density. At lower energy densities, the meltpool
and scan track become shallow and thin, causing a lack of fusion between adjacent tracks and
successive layers, which results in the formation of large and irregular pores (i.e., lack-of-fusion
pores) seen in Figure 3.8 (a-c). It can be observed that increasing the energy density resulted in a
sharp decrease in the lack-of-fusion pores, where increasing the energy density from 22.22 J/mm3
to 68.24 J/mm3 showed a porosity reduction from 45.60 % to 4.61 % (Figure 3.7 “Red dots”).
Following the lack-of-fusion regime, a narrow optimal energy density range from 68.24 J/mm?3 to
126.67 J/mm?3 (Figure 3.7 “green diamonds”) is observed in terms of porosity reduction with a
porosity range from 0.33% to 0.04%. This intermediate regime is observed to have pores that are
relatively small Figure 3.8 (d&e), which are presumably attributed to trapped gas between powder
particles (i.e., metallurgical pores). A gradual increase in the porosity is observed following the
intermediate regime, with a porosity increase from 0.15% to 1.56% (Figure 3.7 “blue triangles”).
The gradual increase in porosity is attributed to keyhole mode porosity seen in Figure 3.8 (f-h),
which are present due to high energy densities that cause deep meltpools with strong dynamics

resulting in entrapped pore vapors as the meltpool propagates.

Examining the replicated center point samples (i.e., samples 3, 4, 6, 10, 13, and 20 based on Table
3.3) having a constant laser energy density of 68.24 J/mm?3, it is evident from porosity readings
that the sample location influences the resulting porosity. Although samples 3, 4, 6, and 10 showed
relatively close porosity readings within the 0.33 % to 0.85 % range; However, samples 13 and 20
are observed to experience significant irregularity in porosity readings with 2.26 % and 3.01%,
respectively. This can be attributed to positioning these samples farthest from the shielding gas
and recoater sweep directions as seen in Figure 3.6, resulting in insufficient shielding gas and

powder spread which can adversely affect the resulting sample density. Davidson and Ferrar et al.
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[90,99] reported similar observations and attributed the behavior to the sample location from the
sweep and shielding gas directions. One distinct note they reported is that the argon flow rate is
higher at the plate's front and decreases along the back, which leads to insufficient condensate
vapor removal, causing incident laser radiation absorption or laser beam scattering that results in
surface semi-sintered particles. As such, it is always favorable to position the samples in the middle

of the build plate whenever possible.

e e
Recoater sweep direction

Figure 3.6: Successfully printed samples based on CCD and their positions on the substrate.
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Table 3.4: Porosity results.

Run Laser Scan speed Hatch distance Layer thickness Laser energy density Eszl:Onslii;ltal
power (W) (mm/s) (nm) (nm) (J/mm3) P %)
1 100 500 50 25 160.00 0.36
2 220.7 1000 85 25 103.85 0.04
3 145 1000 85 25 68.24 0.69
4 145 1000 85 25 68.24 0.85
5 190 1500 50 25 101.33 0.13
6 145 1000 85 25 68.24 0.33
7 145 1000 143.9 25 4032 14.92
8 100 1500 50 25 53.33 15.28
9 69.3 1000 85 25 32.62 41.74
10 145 1000 85 25 68.24 0.40
11 190 500 120 25 126.67 0.15
12 190 1500 120 25 4222 29.60
13 145 1000 85 25 68.24 226
14 190 500 50 25 304.00 0.73
15 145 1840.9 85 25 37.07 17.80
16 100 1500 120 25 2222 45.60
17 100 500 120 25 66.67 4.61
18 145 1000 26.1 25 221.91 0.66
19 145 159.1 85 25 428.87 1.56
20 145 1000 85 25 68.24 3.01
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Figure 3.7: Porosity distribution with increasing energy density.
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Figure 3.8: Cross-section CT images of sample series for increasing energy density.

Further quantitative porosity analysis is conducted for the lack-of-fusion, metallurgical or gas, and
keyhole pore regimes based on samples 16, 2, and 19 with energy densities of 22.22 J/mm?3, 103.85
J/mm?3, and 428.87 J/mm?3, respectively. The pore size and shape for each regime are summarized
in Table 3.5 in terms of feret diameter and aspect ratio, respectively. The aspect ratio is a value
between (0 to 1) and provides insights into the pore shape where a low aspect ratio (less than 0.5)
indicates a flat-like shape (i.e., irregular), and a high aspect ratio (higher than 0.5) is an indication
of spherical pores. The lack-of-fusion pores are observed to be relatively large and have irregular
shapes with a mean feret diameter and mean aspect ratio of 0.26 mm and 0.33, respectively. This
is clearly seen in Figure 3.9 (a&d), with large irregular-shaped pores having trapped unmelted
powder particles, hence the resulting high porosity of 45.6%. As the energy density increases from
22.22 to 103.85 J/mm?3, an optimal intermediate regime is observed having relatively small and
spherical pores shown in Figure 3.9 (b&e) with a mean feret diameter and mean aspect ratio of

0.05 mm and 0.65, respectively. Following the intermediate regime and as the energy density
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increases from 103.85 J/mm?3 to 428.84 J/mm?3, a gradual increase in pores is observed which is

attributed to keyhole pores at higher energy densities. The pores are observed to be roundish and

slightly larger than the metallurgical or gas pores (i.e., intermediate regime) shown in Figure 3.9

(c&f) with a mean feret diameter and aspect ratio of 0.09 mm and 0.57, respectively.

Table 3.5: Pore shape and size in terms of aspect ratio and feret diameter.

Sample 16 2 19
Power (w) 100 220.7 145
Scan speed (mm/s) 1500 1000 159.1
Hatch distance (um) 120 85 85
Layer thickness (um) 25
Laser energy density (J/mm3) 2222 103.85 428.87
Pore type Lack of fusion Metallurgical or gas Keyhole
Min. | Max. Mean Min. | Max. Mean Min. | Max. Mean
Feret diameter (mm)
0.12 | 0.77 | 0.26+0.12 | 0.04 | 0.06 | 0.05+0.01 | 0.04 | 0.13 | 0.09 +0.02
Min. | Max. Mean Min. | Max. Mean Min. | Max. Mean
Aspect ratio
0.05 | 0.76 | 0.33+0.14 | 0.59 1 0.65+0.08 | 0.20 | 0.81 | 0.57+0.17
Porosity % 45.60 0.06 1.56
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Figure 3.9: Lack-of-fusion (sample 16), metallurgical or gas (sample 2), and keyhole (sample 19) pores: (a-c) 3D representation;
(d-f) OM images.
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3.3.2. Response surface methodology analysis

3.3.2.1. Regression model equation

A quadratic regression model is developed which correlates the laser power (p), scan speed (v),
and hatch distance (/) with the response (i.e., porosity) based on Equation (3.2). Using Minitab 19
software, the input factors (p, v, #) and experimental porosity results seen in Table 3.4 were used
as the base for the fitted regression model. The multiple regression analysis techniques found in
RSM are used to estimate the model's coefficients, and the response can be expressed by the

following quadratic Equation:

Porosity (%) = 88.5 — 0.901 (p) — 0.0155 (v) — 0.399 (4) + 0.003166 (p2) + 0.00001 (v?) +
0.00145 (h2) — 0.00015 (p.v) — 0.00046 (p.k) + 0.000401 (v.h) (3.3)

3.3.2.2. Model adequacy & accuracy checking

Model adequacy and accuracy checking is essential to check the fitted model and ensure that it
provides a fair approximation of the porosity response. Unless the regression model shows an
adequate fit, the analysis or optimization of the fitted response may result in poor or inaccurate
outcomes. The model adequacy is checked using the residuals, which result from the difference
between the observed values and fitted values predicted by the regression model. The normal
probability plot of the residuals seen in Figure 3.10 (a) is one way to check if the model satisfies
the normality assumption. It can be observed that the normality assumption is valid and satisfied
as the residuals are approximately distributed along a straight line. Figure 3.10 (b) shows the
predicted values distribution versus the residuals. It is evident that the residuals are randomly
distributed with no obvious trends, suggesting a constant variance between the residuals.

Therefore, the model satisfies the constant variance assumption.
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The regression model accuracy is evaluated using metrics such as the root mean squared error
(RMSE) and mean absolute error (MAE), which are calculated according to Equations (3.4) and

(3.5):

L on ) 0.5
RSME = (H i=1(Yi actual — YiPTEdiCted) ) S

1
MAE = HZ?=1|YL actual — ipredicted)l (3-5)

Where n is the number of samples, Y; 4cty,q:1 18 the resulting experimental porosity, and Y; pregictea
is the predicted porosity using the regression model. The RSME and MAE results for the developed
regression model are within the acceptable range with values of 4.735% and 3.917%, respectively.
The model adequacy and accuracy results are satisfactory; therefore, it can be concluded that the

regression model's fitting is sufficient to describe the porosity response.

Normal % probability
g
Standardized Residual

-3 -2 -1 [] 1 2 3 -10 0 10 20 30 40 50
Standardized Residual Predicted

Figure 3.10: (a) Normal probability plot of the residuals; (b) Predicted values vs. residuals.
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3.3.2.3. ANOVA and response surface analysis

The ANOVA analysis results seen in Table 3.6 indicate the statistical data of the regression model.
The significance of each calculated regression coefficient is tested and evaluated. These tests
indicate whether the terms significantly influence the response values. The P-value test results seen
in Figure 3.11 show how significant the effect of each term is on the resulting porosity, where a
calculated P-value of less than 0.05 is an indication that the term has a statistical significance of
95% confidence level. It is evident that the linear terms of laser power, scan speed, and hatch
distance have a significant effect on the resulting porosity with P-values o 0.001, 0.001, and 0.004,
respectively. The non-linear effect (i.e., squared term) is only observed to be significant for the
laser power with a P-value of 0.003, whereas higher p-values of 0.173 and 0.311 are seen for the
scan speed and hatch distance, respectively, indicating that the non-linear effect of these factors is
not significant. This can be observed from the factor vs. porosity main effect plots seen in Figure
3.12 (a), where a strong parabolic trend is seen with the laser power than speed and hatch factors.
Furthermore, the power vs. porosity plot additionally shows the sharp porosity decrease when
increasing the power from 69.3 W to around 150 W, followed by a gradual increase in porosity for
higher power values. Anton [78] reported a similar observation with increasing the laser power,
where he stated a very sharp lack of fusion porosity drop at low laser power values followed by a
gradual increase in keyhole porosity at higher power values. Moreover, the speed vs. porosity and
hatch vs. porosity plots (Figure 3.12 (a)) indicate that increasing the scan speed and hatch distance

results in higher porosity profiles.

Regarding the interaction term and as shown in Figure 3.11, the factor interaction between speed
and hatch (BC) is observed to be significant with a P-value of 0.011, whereas interactions between

power and speed (AB) and power and hatch (AC) are observed to be insignificant with P-values
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0f 0.163 and 0.755, respectively. This can be observed from the factor vs. porosity interaction plots
shown in Figure 3.12 (b), where increasing the laser power seems to not influence the speed and
hatch curves seen in the (power*speed) and (power*hatch) plots. However, as seen from the
(speed*hatch) plot, increasing the speed is observed to influence the various hatch curves, which

indicates a strong interaction effect between the speed and hatch factors.

Table 3.6: Model ANOVA results.

Source DF Adj SS ADJ MS F-Value P-Value
Model 9 3438.74 382.082 9.53 0.001
Linear 3 2294.29 764.762 19.07 0.000
A-Power (W) 1 814.20 814.198 20.30 0.001
B-Speed (mm/s) 1 920.97 920.971 22.97 0.001
C-Hatch (um) 1 559.12 559.118 13.94 0.004
Square 3 654.37 218.123 5.44 0.018
AA 1 592.51 592.508 14.78 0.003
BB 1 86.42 86.424 2.16 0.173
CcC 1 45.62 45.622 1.14 0.311
2-Way interaction 3 490.08 163.360 4.07 0.039
AB 1 91.09 91.091 227 0.163
AC 1 4.14 4.143 0.10 0.755
BC 1 394.85 394.847 9.85 0.011
Error 10 401.02 40.102
Lack-of-fit 5 375.03 75.006
Pure Error 5 25.99 5.198
Total 19 3839.76
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Figure 3.11: P-values of regression model terms.
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Based on the regression model, three-dimensional (3D) surface graphs and equivalent contour
plots seen in Figure 3.13 were generated to illustrate the influence of each process parameter (i.e.,
factors) on the resulting sample porosity. The influence of laser power and scan speed on the
porosity is shown in Figure 3.13 (a&b) at a fixed hatch distance of 50 um. It can be observed that
higher porosities are seen with decreasing the laser power and increasing the scan speed. When
the laser power goes to less than 80 W and the scan speed higher than 1400 mm/s, the porosity is
observed to be higher than 35%. This can be attributed to the resulting low energy density with
respectively lower and higher laser power and scan speed values leading to lack-of-fusion pores.
Although increasing the laser power while decreasing the scan speed shows a reducing trend in
the porosity; However, having extremely higher laser power and lower scan speed settings is
observed to adversely influence the sample density with a porosity range from (1 to 10)%. This
can be attributed to the resulting higher energy densities and the associated keyhole pores. This
indicates that extremely low laser powers coupled with high scan speeds or extremely high laser
powers coupled with low scan speeds should be avoided during the LPBF process to reduce the

resulting print porosity (i.e., improve the sample density).

Figure 3.13 (c&d) shows the effect of laser power and hatch distance on the porosity at a fixed
scan speed of 1000 mm/s. It is evident that a combination of low laser power and high hatch
distance results in a significant increase in the resulting porosity. This can be observed when setting
the laser power to less than 80 W and the hatch distance higher than 120 um, which resulted in a
porosity profile higher than 40%. This is attributed to having significantly low energy densities
(less than 22.86 J/mm?) leading to the prominent presence of lack-of-fusion pores, which indicates
that lower laser power and higher hatch distance settings should be avoided. Generally, a high

hatch distance must be avoided as it can cause insufficient laser overlap leading to poor melting of
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the powder. This can be observed at the higher ends of the laser power and hatch distance porosity
profiles in Figure 3.13 (c&d). Although the energy density is sufficient (E,= 73.33 J/mm3) having
a laser power and hatch distance of 220 W and 120 um, respectively; However, a high porosity
profile (10 — 15%) is observed, which can be attributed to the formation of lack-of-fusion pores

due to the poor melting resulting from insufficient laser overlap at high hatch distances.

Figure 3.13 (e&f) shows the effect of the scan speed and hatch distance on the resulting porosity
at a fixed laser power of 170 W. It can be observed that higher scan speeds coupled with high hatch
distances result in high porosity profiles. This is seen when setting the scan speed and hatch
distance to 1800 mm/s and 140 um, respectively, which resulted in a porosity profile higher than
40%. Although decreasing the scan speed and hatch distance results in a reduction in the porosity;
However, setting extremely low scan speeds and hatching distances is observed to increase the
porosity, which is attributed to the resulting high energy densities causing instabilities in the
meltpool and the formation of keyhole pores. This indicates that extremely high scan speeds
coupled with high hatch distances or extremely low scan speeds coupled with low hatch distances

should be avoided to maintain low porosity profiles during the LPBF printing process.
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Figure 3.13: Laser power, scan speed, and hatch distance influence on the porosity: (a, ¢, e) surface plots; (b, d, f) counter plots.
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3.3.2.4. Parameter optimization for porosity
The laser power, scan speed, and hatch distance parameters were optimized to achieve minimum
porosity outcomes. In order to increase the model's prediction accuracy, the highest non-significant

terms (AC and CC) were eliminated from the regression model, as seen in Eq (3.6):

Porosity (%) = 82.5 — 0.915 (p) — 0.0141 (v) — 0.219 (h) + 0.003079 (p?) + 0.000009 (v2) —
0.00015 (p.v) + 0.000401 (v.h) (3.6)

Minitab 19 was utilized to generate three optimized parameter sets capable of producing samples
with minimum porosities at an identified porosity range from 0 % to 1%, as seen in Table 3.7. All
three optimized sets (1, 2, and 3) have a fixed layer thickness of 25 pm with a calculated energy
density of 142.72 J/mm3, 97.69 J/mm?3, and 87.16 J/mm?3, respectively. Three replicated samples
were manufactured for each set at different locations (Figure 3.14) to validate each optimized
parameter set. The samples were organized into columns (left, middle, and right) where each
column has different position patterns (closest, middle, and farthest) from the shielding gas

direction, as seen in Figure 3.14.

Table 3.8 shows the experimental porosity results based on the optimized combination of printing
parameters. It can be observed that the three sets produced almost fully dense samples with relative
densities higher than 99.837% (i.e., porosities less than 0.163%). Furthermore, the experimental
porosity results agree well with the predicted values, with a maximum reported residual of 0.032,
indicating the possibility of successfully predicting the porosity using the regression model. One
distinct observation is that the first sample row closest to the shielding gas showed superior
porosity results than the other replicates (Table 3.8, green highlighted), which indicates that the
shielding gas direction effect is more significant than the sweep direction. Figure 3.15 shows cross-

section CT images of the optimized first row samples. Sample 1 showed higher porosity results
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than samples 2 and 3, which can be attributed to the relatively higher energy density of 142.72
J/mm?3 that resulted in the formation of keyhole pores seen in Figure 3.14 (a). Sample 2 (Figure
3.15 (b) & Figure 3.16) with a laser power, scan speed, and hatch distance of 217.4 W, 1735.7
mm/s, and 51.3 um, respectively, showed optimal reduced porosity results of 0.011% (i.e., a
relative density of 99.989%). As a result, set 2 was selected as the optimized printing parameters
for 2507 SDSS and was adopted in printing the tensile samples for tensile strength property

characterization.

Table 3.7: Optimized parameter sets for minimal porosity.

Speed Predicted Composite

IR LEONGF () (mm/s) LB i) porosity (%) desirability
1 209.6 1022.9 574 0.141 1.000
2 217.4 1735.7 51.3 0.039 1.000
3 145 1000.0 87.16 0.047 0.999

Table 3.8: Optimized parameters experimental vs. predicted porosity results.

SetSample P(o‘vVv;:r (i‘: :::; ‘:) }(I: It; ;1 Experfmental .poros1ty l;r : f(::lt te; Residual
Left Mid  Right Avg.
1 209.6 1022.9 574 0.167  0.055 0.266 | 0.163 0.141 0.022
2 217.4 1735.7 513 0.029  0.030 0.011 0.023 0.039 -0.016
3 145 1000.0 87.16 0.040 0.139  0.058 | 0.079 0.047 0.032
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Figure 3.14: Manufactured optimized samples.

Figure 3.15: Cross-section CT images of optimized first row samples: (a) Sample 1, (b) Sample 2; (c) Sample (3).

Figure 3.16: OM image of Set 2 optimized parameters.
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3.3.3. Microstructure analysis

The XRD patterns of 2507 SDSS in different process parameters employed in the LPBF process
are depicted in Figure 3.17. Duplex stainless steels consist of ferrite (bcc) and austenite (fcc)
phases. The formation of the ferritic microstructure is followed by nucleation of the austenite phase
at grain boundaries of the ferrite grains during the cooling cycle [88]. However, due to insufficient
time as a result of the high cooling rate in the LPBF process, the phase transformation from ferrite
to austenite is not favorable and this rapid cooling cycle in the LPBF process causes excessive
ferritization. As can be seen, with the increase of energy density during the LPBF process, the
diffraction intensities of the ferrite phase increase. Ferrite phase fraction increased from 73 % to
89.3 % and then 94.7 % with the increase of energy density from 22.22 J/mm3 to 97.69 J/mm3
(optimized set) and then 428.87 J/mm3, respectively. The reason for this change of ferrite fraction
with the increase of energy density could be related to chemical composition change due to
extremely high melt pool temperatures. It can be assumed that with increase of energy density,
austenite stabilizer elements such as N during LPBF processing will be vaporized and lower the
austenite content [100]. However, in order to get an optimal phase balance and restore the
equilibrium duplex microstructure and mechanical properties of DSSs, post-processing heat

treatment is recommended.

Kunz et al. [92] investigated the microstructure of LPBF produced 2507 SDSS parts and they
found out that ferrite is the dominant phase and there is a limited amount of austenite in grain
boundaries after the LPBF process. In order to increase the austenite fraction in duplex stainless
steel, further solution annealing and heat treatment are recommended as Kunz et al achieved 43.3%

after solution annealing. In another study on 2205 SDSS with chemical composition close to 2507
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, Haghdadi et al. [101], reported austenite fraction of 2% mostly distributed in grain boundaries

after LPBF process. Furthermore, they observed austenite promotion of 45% after heat treatment.

Figure 3.18 shows the microstructure evolution of the 2507 SDSS specimens at optimum energy
density along the building direction. As Kunz et al [92] observed in their study, the square-like
microstructure can be seen along the building direction which is due to the scanning strategy during
the LPBF process. In another study, Nigon et al. [102] observed the same kind of square-like

microstructure along the building direction of 2205 SDSS parts produced by LPBF.
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Figure 3.17: XRD patterns of 16, 2 (optimized), and 19 2507 SDSS samples.
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(a) (b)
Figure 3.18: Microstructure evolution of the 2507 SDSS specimens at optimum energy density; (a) SEM image, (b) OM image.

3.3.4. Tensile strength analysis

The printed tensile samples using the optimized printing parameters are shown in Figure 3.19, and
the resulting yield strength, ultimate tensile strength (UTS), and elongation tensile properties are
reported in Table 3.9. Sample 1 exhibited the highest yield and ultimate tensile strength of 1254.50
MPa and 1403.10 MPa, respectively, followed by sample 2 with a yield and ultimate tensile
strength of 1131.70 MPa and 1366.70 MPa, respectively. However, sample 3 exhibited the lowest
tensile properties with a yield and ultimate strength of 960.10 MPa and 1000.30 MPa, respectively.
This behavior can be attributed as mentioned before to the position of each sample from the
shielding gas. As shown in Figure 3.19, sample 3 is positioned farthest from the shielding gas,
leading to an insufficient shielding gas flow rate which adversely affects the sample density (i.e.,

causing reduced mechanical results).

Table 3.10 compares the average 2507 SDSS tensile properties of the printed three samples to the
DIN EN 10088-3 standard. The LPBF samples showed higher UTS of 1256.7 + 181.9 MPa, and
lower elongation of 10.7 + 1.7 %. This behavior can be attributed to the higher ferritic
microstructure of 89.3 %. Kunz et al. [92] reported a similar mechanical behavior of LPBF printed

samples with UTS and elongation of 1031 MPa and 14 %, respectively. They attributed this
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behavior to the resulting high ferritic microstructure of LPBF printed samples. Moreover, their
heat-treated samples showed an increase in the austenite formation leading to a reduction in tensile
strength and an increase in elongation (i.e., meeting the minimum requirements of the DIN EN

10088-3 standard).
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Figure 3.19: Printed tensile samples.
Table 3.9: Tensile test results of LPBF printed samples using the optimized parameters.
Sample 1 2 3
Yield strength (MPa) 1254.50 1131.70 960.10
Ultimate tensile strength (MPa) 1403.10 1366.70 1000.30
Elongation (%) 10.2 13.0 6.0
Table 3.10: 2507 SDSS tensile properties for LPBF samples and DIN EN 10088-3 standard.
Material Condition N:a‘zll;flzs"f Yield strength (MPa) UTS (MPa) Elongation (%)
DIN EN 10088-3 ) =500 700-900 ~25
2507 SDSS standard
LPBF 3 11154 +£120.7 1256.7 £ 181.9 10.7 £ 1.7
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Chapter 4: Conclusions and future work

4.1. Conclusions

The present work provides preliminary knowledge essential for heat transfer analysis of the
proposed novel cellular-walled pipe heat sink system fabricated via LPBF process. The selection
of the cellular structure type for enhanced heat transfer performance is investigated as well as
providing a detailed analysis of its dimensional behaviors. Parameters such as wall thickness,
surface area to volume ratio, pore size, and porosity were investigated at varying cellular structure
cell sizes and porosities. A detailed design of experiment was conducted to explore the selected
cellular structure dimensional trends, CAD to manufactured deviations, and the minimum wall
thickness and pore size that can successfully be printed (i.e., LPBF printing limitations). The

following is a summary of chapter (2) key findings:

e Previous studies showed that the Primitive TPMS lattice structure exhibited the highest heat
transfer improvement compared to other lattice structures. As a result, it was selected for the

proposed cellular-walled pipe heat sink system.

e Increasing the PTPMS lattice cell size from 2.9 to 10 mm showed an increase in the lattice
wall thickness and pore size but a decrease in the SA:Vol ratio, which is attributed to the
reduction in the number of cells within the lattice. However, increasing the lattice porosity
from 45 to 90% resulted in a decrease in the lattice wall thickness with an increase in both the
SA:Vol ratio and pore size. This behavior is attributed to the reduction in volume fraction with

increasing the lattice porosity.

e The lattice shrinkage rate is observed to be increasing with increasing the lattice cell size and

decreasing with increasing the lattice porosity. This is attributed to the behavior of the lattice
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volume fraction in both cases. Increasing the lattice cell size from 2.9 to 10 mm showed an
increase in the average shrinkage from 0.19 to 0.63 mm, respectively, whereas increasing the
lattice porosity from 45 to 90% showed an average shrinkage decrease from 0.82 to 0.18 mm,

respectively.

The printed lattices at varying cell sizes and porosities showed lower manufactured wall
thicknesses and higher SA:Vol ratios than CAD, which is attributed to shrinkage. Moreover,

larger manufactured pore sizes and porosities than CAD were observed in both studies as well.

Increasing the lattice cell size showed an increase in the CAD to manufactured deviations (i.e.,
lower dimensional accuracy) for the lattice wall thickness, pore size, and porosity. However,
it is observed that the CAD to manufactured SA:Vol ratio deviation decreases with increasing

the cell size.

The design of significantly small lattice cell sizes should be avoided, as at small cell sizes, the
average wall thickness becomes too thin (i.e., less than 0.175mm), causing high thermal
gradients, which results in the formation of inner gaps that can poorly influence the lattice

dimensional accuracy.

Increasing the lattice porosity showed a decrease in the wall thickness CAD to manufactured
deviation. Although other parameters: namely, SA:Vol ratio, pore size, and porosity seem to
follow a similar trend, where increasing the lattice shows higher deviations at lower porosities;
However, after a certain porosity threshold, the CAD to manufactured deviations are observed

to be decreasing.
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e The design of highly porous samples should be avoided as increasing the lattice porosity to
extreme levels results in significantly fine lattice wall thicknesses (i.e., less than 0.175 mm)

which causes the formation of gaps.

e The minimum lattice average wall thickness that can be successfully printed using the ORLAS

Coherent 250W with the identified process parameters seen in Table (2.2) is 0.152 mm.

e The Min. pore size that can be successfully printed using the ORLAS Coherent 250W with the

process parameters seen in Table (2.2) is found to be 0.317 mm.

Furthermore, a detailed printing parameter optimization study for 2507 super duplex stainless steel
powder material is investigated. The LPBF printing parameters, namely: laser power, scan speed,
and hatch distance, were optimized to print highly dense 2507 super duplex stainless steel samples.
A detailed design of experiment using the RSM was conducted to investigate the various pore
formation types along a wide energy density range (22.22 — 428.87 J/mm?3), analyze the influence
of each process parameter and their interactions on the resulting porosity, and find an optimal
parameter set capable of producing highly dense printed parts. Moreover, an investigation was
conducted on the microstructure and tensile properties of printed samples using the selected

optimized parameter set. The following is a summary of chapter (3) key findings:

e Being the most prevalent pore types associated with the printing process parameters; the lack-
of-fusion, gas or metallurgical, and keyhole pore regimes were identified for 2507 SDSS at
energy density ranges from 22.22 J/mm?3 to 68.24 J/mm3, 68.24 J/mm?3 to 126.67 J/mm?3, and
126.67 J/mm3 to 428.87 J/mm3, respectively, with corresponding porosity ranges from

45.60% to 4.61%, 0.33% to 0.04%, and 0.15% to 1.56%.
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A sharp decrease in the lack-of-fusion porosity is observed at low energy densities, where
increasing the energy density from 22.22 J/mm?3 to 68.24 J/mm3 resulted in a porosity decrease
from 45.60% to 0.33%. Conversely, a gradual increase in the keyhole porosity from 0.15% to
1.56% is observed at higher energy densities from 126.67 J/mm3 to 428.87 J/mm3,

respectively.

The sample's position from the shielding gas and coater sweep directions can influence the
resulting sample porosity. Positioning the samples far from both directions can adversely
influence the sample's density. However, the position influence seems to be more significant

from the shielding gas than the coater sweep.

The lack-of-fusion pores are relatively larger in size than the gas/metallurgical and keyhole
pores, with mean ferret diameters of 0.26 mm, 0.05 mm, and 0.09 mm, respectively. Moreover,
regarding the pore shape, the lack-of-fusion pores were observed to be irregular, with a mean
aspect ratio of 0.33. Although the gas/metallurgical and keyhole pores showed roundish
shapes; However, the gas/metallurgical pores were observed to be more spherical than keyhole

pores, with respective mean aspect ratios of 0.65 and 0.57.

A quadratic regression model between the input factors and the resulting porosity has been
developed using the RSM. Model adequacy and accuracy checking has been conducted, which
indicated that the model satisfies the residual normality and constant variance assumptions

with an RMSE and MAE of 4.735% and 3.917%, respectively.

The ANOVA analysis results showed that the linear terms of laser power, scan speed, and
hatch distance were statistically significant, with P-values of 0.001, 0.001, and 0.004,

respectively. However, the input factor non-linear effects were only observed to be significant
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for the laser power with a P-value of 0.003. Moreover, the factor interaction influence on the
porosity was only observed to be significant for speed and hatch factors, with a P-value of

0.011.

The influence of each input parameter on the porosity was investigated using 3D surface and
contour plots. Regarding power vs. speed plots, it was observed that low laser powers coupled
with high scan speeds resulted in a high porosity profile. Although a reduction in the porosity
is observed with increasing the laser power while decreasing the scan speed; however,
extremely high laser powers coupled with low scan speeds were observed to increase the

porosity due to the formation of keyhole pores at higher energy densities.

The power vs. hatch plots showed that high porosities are present when having a combination
of low laser power and high hatch distance. Moreover, it was observed that higher hatch
distances should be avoided to prevent insufficient laser overlap leading to poor melting of the

powder.

The speed vs. hatch plots indicated that higher porosities are seen when having higher scan
speeds coupled with high hatch distances. Although decreasing the scan speed and hatch
distance results in a reduction in the porosity; However, setting extremely low scan speeds and
hatching distances is observed to increase the porosity, which is attributed to the resulting high

energy densities.

The optimized parameters for laser power, scan speed, and hatch distance were 217.4 W,
1735.7 mm/s, and 51.3 pum, respectively, which were able to print samples with a relative

density of 99.961%.
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e Using the optimized parameter set, the as-built 2507 SDSS sample had a ferrite phase fraction
of 89.3% with a yield and ultimate tensile strength of 1115.4 + 120.7 MPa and 1256.7 + 181.9

MPa, respectively.

4.2. Future work

The present work addresses the challenges that need to be investigated before any heat transfer
analysis for the proposed cellular-walled pipe heat sink system. The Primitive TPMS lattice
structure was selected for its enhanced heat transfer performance and a detailed assessment of its
dimensional behavior is explored. Moreover, a detailed LPBF printing parameter optimization
study for 2507 SDSS material is investigated to ensure the manufacturability of cellular-walled
pipes using such material. Based on the thesis findings, the following research directions can be

explored by future researchers:

e A detailed thermal conductivity analysis can be performed based on the same Primitive TPMS
cell size and porosity studies seen in chapter (2). The Primitive TPMS lattice samples at
varying cell sizes and porosities, using 17-4 PH stainless steel as the printing material, are
already printed and available. However, printing these Primitive TPMS samples using 2507
SDSS are not yet available. Hence, the optimized printing parameters for 2507 SDSS seen in
chapter (3) can be utilized to print these samples. Following the acquisition of Primitive TPMS
samples manufactured with both stainless steel materials, the cell size and porosity variation
influence on the lattice conductive heat transfer performance can be analyzed numerically and
experimentally. The lattice dimensional data provided in chapter (2) can be utilized to explain
the various thermal conductivity trends as well as provide explanations for different numerical
and experimental conductive heat transfer performances at the same lattice cell size and
porosity.
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Following the conductive heat transfer analysis, a detailed convective heat transfer analysis
can be performed both numerically and experimentally. Using the already manufactured
Primitive TPMS lattices, the cell size and porosity variation influence on the lattice convective
heat transfer performance can be investigated. Once again, the dimensional data provided in
chapter (2) can be utilized to explain the resulting convective heat transfer performance or any
convective heat transfer deviations between numerical and experimental results at the same

cell size and porosity.

After establishing a solid understanding of conductive and convective heat transfer
performance for the Primitive TPMS lattice structure, a lattice grading approach can be
utilized. The grading approach can either vary the lattice porosity or the lattice cell size in a
certain direction for one lattice sample. Performing a heat transfer analysis for such lattices
and comparing their heat transfer performance with non-graded lattices could bring new

possibilities to better enhance the lattice heat transfer performance.

Finally, the Primitive TPMS walled pipe can be manufactured for enhanced heat transfer
performance based on the heat transfer analysis results. Experimental heat transfer analysis can
be conducted for both a solid pipe and our proposed cellular-walled pipe. The experimental
analysis can be based on passing a hot fluid through the pipe and measuring the fluid
temperature at the start and end of both pipes. The results should determine if our proposed
cellular-walled pipe with a circulating coolant provides higher heat dissipation than the

traditional solid pipe or not.
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