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Chapter 1 Introduction

1.1 Background review

3D printing, fundamentally known as additive manufacturing (AM) is a process where
products are monotonically build layer by layer through computer aided controlled operations.
A virtual model is first designed with suitable computer aided design (CAD) software, then
translated into standard tessellation language (.stl) electronic data understandable by the
printer. The electronic data is then used to control the motion and trajectory of the printing
head fitted with focused heat source. This selectively melts and consolidates commonly used
feedstock material (usually in powder or filament form) to create 3D parts. 3D printing
provides real-time rapid prototyping of product models making it possible to visualize the
design prior to actual production. It also eliminates trial and error, reduces cost and time
implications during manufacturing process. These virtual manufacturing techniques speeds
up design iterations and allow designers, researchers, and manufacturers to generate
prototypes within the shortest time possible, obtain feedback and refine designs through early
error detection and correction.

3D printed components offer a high degree of geometrical flexibility and accuracy
without almost any loss of material. This leads to resource savings and eco-design
optimization. This state-of-the-art manufacturing technology produce not only functional
research prototypes in order to enhance product quality, process parameters, and material
universalisation during design process but also full scale components for actual applications.

The history of additive manufacturing dates back to late 19" century in the fields of
topography and photo sculpture [1]. Although experiments occurred as far back as the 1960s
in the photo-glyph recording technique that selectively exposed layers of a transparent photo
emulsion while scanning cross sections of the object to be replicated [2], it was not until 1983

when pioneers Charles Hull (founder of 3D Systems) and Scott Crump (founder of Stratasys)



developed modern day range of technologies now known as 3D printing [3]. They worked on
additive processes such as Stereolithography (SLA) and selective laser sintering (SLS) that
created solid objects layer by layer using 3D CAD data and ultra violet light to cure photo
polymeric resins. As the processes evolved, they became known as additive manufacturing
(AM) [4]. Additive manufacturing began with limited set of processes and materials with a
primary goal of producing prototypes. However, the early 1990s saw an era of spontaneous
emergence of new AM technologies and materials. Fast forward to date, sophisticated AM
technologies have been developed and extensive research on materials is being conducted [5].
In addition, the focus has shifted from prototyping to fabrication of full scale functional parts
[1]. Fig. 1.1 illustrates the progressive developments in AM technologies and materials that

have taken place through time.
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Fig. 1.1 Progressive development in AM technologies and material.

Additive manufacturing has been categorized into seven broad techniques depending on
the nature and aggregate level of feedstock material as well as the binding mechanism
between joined layers [6]. For the past three decades, establishment and advancements in

these techniques relied heavily on curiosity and inventiveness rather than problem-solving [7].



VAT photopolymerization is the oldest of all AM processes where an ultraviolet (UV)
light is used to selectively cure a vat of liquid photopolymer resin layer by layer. The UV
light is moved on the X-Y plane (using motor controlled mirrors) chemically hardening the
resin onto a build platform. The substrate is then lowered a specified z distance and a new
layer is cured. This process is repeated one cross-section at a time until the 3D part is
completed. The vat is then drained and the model removed [4, 8]. Support structures may at
times be necessary and are therefore added to provide support to thin sections and overhangs
during the process. Post processing curing is done to instil high level accuracy, good surface
finish, and necessary strength on the parts for structural applications.

In Material jetting method, droplets of liquid monomers are selectively deposited layer
after layer generating 3D objects. Material is jetted from a thermally or piezoelectrically
heated print head onto a build platform using either a continuous or drop on demand (DOD)
approach. Using photopolymer material for building and waxes for support, 3D structures are
created and exposed to UV light for curing [9-11]. Since material must be deposited in drops,
the number of materials available for use is limited. Photopolymers and waxes are suitable
and commonly used materials, owing to their viscous nature and ability to form drops.
However, dedicated research on ceramics and metals has been carried out as they are more
promising for future applications [12-15]. Through this process, high accuracy parts with
multi-colour schemes can be produced using multiple materials in a single part.

The binder jetting process uses a set of nozzles to systematically print liquid bonding
agents between and within powder layers to create 3D parts. Normally, the process starts by
spreading a thin layer of metal or ceramic powder on the build platform followed by selective
deposition of the binder material as dictated by the CAD model to form the first layer. This
process is repeated until the entire part is completed. In addition, post-processing of the green

3D part is mandatory [16] where curing, de-powdering, sintering, infiltration, heat treatment



and finishing operations are carried out to instil superior mechanical properties on the
finished part [17]. As the build part lie on the loose powder bed, binder jetted 3D parts can be
produced without support structures. However, a major drawback to this process is the
prolonged post-processing times which may incur significant costs and delays in delivery of
parts [18]. Specific binder jetting processes include polyjet, smooth curvature printing, and
multi-jet modeling. Typical materials used in this processes are powdered plastics, metal,
ceramics, glass, and sand.

Another key AM process is the material extrusion method. In this technique, a
thermoplastic material (filament) is constantly fed through a heated nozzle or orifice, melted
and extruded in tracks or beads which combine to form a layer. As the material solidifies, the
build platform moves down and the nozzle traverses the x and y axes depositing additional
layers to create multi-layer models [4, 10]. This is the most commonly used AM technique
for making research/design models, domestic and consumer products [7-11]. However, its
adoption in fabricating functional prototypes is limited due to the inferior mechanical
properties of the materials. Fused deposition modelling (FDM) and fused filament fabrication
(FFF) are commonly used material extrusion processes [17]. See Fig. 1.2 for the schematic

illustration of material extrusion process.
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Fig 1.2 Material extrusion process.
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The powder bed fusion (PBF) process use either laser or electron beam to melt and
consolidate material powder together layer by layer [4, 18]. In all PBF processes, the powder
is uniformly spread on a substrate and high power laser or electron beam directed thereby
selectively sintering the powder into a layer. The build platform is moved a unit layer
distance downwards and more powder fed from replenishing reservoirs or hoppers, spread
using rollers or squeegeeing blades and the process of selective sintering repeated [4, 6, 9],
see Fig. 1.3. Loose and un-sintered powder material is used to support the object being
produced, thus reducing the need for support systems. After the process, the excess/residue
powder is recovered and recycled back to the system for utilization. Examples of PBF
processes are direct metal laser sintering (DMLS), electron beam melting (EBM), selective
heat sintering (SHS), selective laser melting (SLM) and selective laser sintering (SLS) [9, 11,
19, 20]. Of these processes, selective laser melting (SLM) and electron beam melting (EBM)
are the most popular for additive manufacture of metals and ceramics [6]. These methods
have been very instrumental in fabricating fully functional parts for aerospace, medical,

automobile applications, and prototypes among other products for in-house use [3].
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Fig. 1.3 Schematic overview of the select laser melting process both at machine and powder
scales.



Direct energy deposition process is another laser based AM process where metallic
material usually in powder or wire form is melted with a laser or other energy source and
simultaneously deposited. This process is similar to material-extrusion except that, the nozzle
is mounted on a multi-axis arm that can move in multiple directions melting and depositing
the wire or powder feed material onto a part. Direct energy deposition processes include laser
engineered net shaping (LENS), directed light fabrication (DLF), direct metal deposition
(DMD), 3D laser cladding. They are used primarily to add features to an existing structure
(such as adding strengthening ribs onto a plate) or for repair of damaged or worn parts [4, 10].

The sheet lamination method is a three-step AM process where a laminate is placed on a
substrate, bonded by heated rollers to form a layer, and then cut according to slice contour.
Then another sheet of laminate material is placed over previous layer and bonded. After each
layer bonding, a laser or knife continuously cuts the border around the desired part and excess
material is removed [4]. This process is repeated until the part is completed. Examples of
sheet lamination technologies include laminated object manufacture (LOM), selective
deposition lamination (SDL), and ultrasonic additive manufacturing (UAM). Typical
materials used in these processes are plastic sheets, paper, and metal foils.

The hybrid system is an AM technique in which either selective laser melting (a form of
PBF) or laser metal deposition (a form of DED) is combined with CNC machining, which
allows additive manufacturing and subtractive machining to be performed in a single machine
to fabricate 3D part [21]. This system utilizes the strength of both AM and subtractive
processes to minimize post-processing operations such as machining. The process is
associated with excellent surface finish and accurate dimension of the final parts. An example
of hybrid system currently in use is metal laser sintering hybrid machining (MLSHM).

The current demand in customized intricate parts, reduced product cycle times, and cost

has given impetus to the recent exponential growth in AM technologies. Recent studies by



Wohler associates in Wohler’s report 2017 indicate that, AM industry grew by 17.4% in
worldwide revenues, for a total of $6.063 billion [22]. Although this growth was slightly
lower compared to an increase of 25.9% in 2015, vibrant activities in the AM industry were
recorded. For example, 97 manufacturers sold AM systems in 2016 — an increase from 62 in
2015 and 49 in 2014 [22, 23]. This positive trend was expected to continue in the future.

As mentioned in the different categories of AM processes, a wide variety of material is
available for AM technologies. These includes polymers, metals, ceramics, and composites
[24]. From the statistics on AM service providers [22], as indicated in Fig. 1.4, polymers are
the dominant materials providing half of material requirement in AM applications. Clearly,
nearly half of 3D printing service providers are now offering metal additive manufacturing
capabilities. One of the reason for such a trend is the heightened shift of AM focus to

generate fully functional parts.

Polymer and metal

\ 29.2%

Fig. 1.4 Chart showing material utilization in AM processes. Source: Wohlers Report 2017.

These materials come in different states (resin, filament, pellets, granules, powder etc.)
and have different properties. AM technology was first used to produce plastic prototypes
from liquid photopolymer resins. Since then, the technology has advanced and become more

capable of producing complex, near-net shaped objects from a wide variety of materials. As a



matter of fact, specific materials have been developed and used directly to make functional
parts. However, there are as many materials for 3D printing as the number of 3D printer
manufacturers [23]. This is due to competition and lack of standards governing 3D printing
material development.

The success of additive manufacturing (AM) technologies in complementing
conventional manufacturing processes is overwhelming. Numerous industrial sectors such as
aerospace, automotive, medical, energy, and tool and die making have tapped into the
imminent potential in AM technologies to produce geometrically complex parts [6]. Contrary
to conventional manufacturing where parts are fabricated by subtracting material, AM
processes fabricate parts by adding material layer by layer. This elicits remarkable reduction
in production time and cost through reduced machine set-up and tooling, potential part count
reduction, and associated assembly time reduction [25, 26]. AM processes were first limited
to rapid manufacturing of prototypes and porous structures using polymer materials [27-30].
Ever since, the technology has seen tremendous breakthroughs and has risen through ranks;
from making prototypes to parts with improved density, applications in making tool inserts,
and conformal cooling channels [2, 6]. Currently, AM has ventured into the high-end
applications (in aerospace and medicine) which demand the manufacture of reliably dense
parts with a number of high-performance engineering materials such as steel, aluminium,
titanium, CoCrMo alloys, and nickel-super alloys such as Inconel 625 and 718 etc. [6, 26, 31].
It is therefore crucial for the stakeholders in AM to have not only profound knowledge of the
process itself, but also of the microstructure resulting from the process parameters and
consequently of the properties of the manufactured parts [32]. Out of the numerous metal AM
processes available [4, 11, 21], powder bed fusion (PBF) has the greatest potential in meeting

the prevailing demand on end-use AM parts. Consequently, there has been more research in



PBF than any other metal AM processes [26]. However, FDM process remains indispensable
in making prototypes for design visualization and is therefore being pursued to date [33].

In order to contribute positively to the ultimate understanding of the processing-
structure-property-performance in AM processes, fused deposition modelling process and
powder bed fusion process (specifically selective laser melting) were investigated in this

study.

1.2 Fused deposition modelling (FDM)

This is one of the most frequently used additive manufacturing technology for
fabricating thermoplastic parts that are mainly used as rapid prototypes for industrial
purposes [33-36]. The interest in FDM has been fuelled by availability of a wide range of
materials [8] (for example PLA, ABS, PEEK etc.), expired patents [23, 34], compact and
cheap machines, and recyclability of FDM models [33, 36] making the whole process
ecologically friendly. Just like any other AM process, FDM has the potential to save cost and
time by saving costs on raw material and shortening the time from design to manufacture.
Furthermore, with advancement in 3D FDM machines, this technique has become more
promising in the manufacture of large customized end-use products [23]. However, some
technicalities on the compatibility of presently available materials and a wide range of
processing parameters have hindered full scale implementation of FDM technology. These
limitations may be overcome by developing new materials with superior characteristics and
highly compatible with this technology. Another convenient approach may be to suitably
adjust the process parameters in order to improve the as-built part properties [35]. As the
properties of FDMed parts depend to a large extend on the process parameter and partly on
the materials used, there is a need for process parameter optimization from both technological

and economic point of view [27] as well as material development and universalization.



Tensile strength and surface finish are the two main properties that dictate the
engineering applications of FDMed parts. The strength of FDMed component primarily
depends on five important process parameters. These are, layer thickness, building orientation,
raster direction, raster to raster gap (air gap), and extrusion temperature [35]. As a
consequence, many scientists have delved into optimization of these select process
parameters in relation to a specific evaluation criterion, for instance surface quality,
geometrical accuracy, processing time, repeatability, and mechanical properties [27, 33, 35-
39]. To date, conclusive relations between FDM process parameters and part properties are
not yet fully established. Even though extensive experimental determinations have been made,
realization of full characteristics of these relations remains an open research problem [33].
This research sought to investigate and optimise select process parameters in order to

contribute improved parts and resource-efficient FDM process.

1.3 Selective laser melting (SLM)

Selective laser melting (SLM) is one the leading powder based fusion additive
manufacturing (AM) process where components are fabricated by fusing loose powder layer
by layer. Through this process, near-net shape, geometrically complex parts with elaborate
internal features can be produced at reduced time, cost, and inventories [5]. SLMed parts
have similar or superior mechanical properties compared to those produced by conventional
means. Moreover, SLM promotes the possibility of producing large customized products and
is currently a promising technique to manufacture functionally graded multi-material parts
[40]. The process allows the efficient use of material due to the possibility to recycle and
reuse un-melted metal powder [6]. Unlike many other conventional manufacturing processes,
SLM does not require specialized tooling and therefore, it is a convenient process for short

production runs. This process has found a lot of applications in the automotive, aerospace,
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medical, tool and die making industries [6, 18-20, 22]. A good example is in the aerospace
industry where SLM has become an alternative to conventional machining of complex
metallic parts whose “buy to fly ratio” is critical. In addition, lightweight components similar
to cellular structures have been fabricated using SLM as an inspiration from natural systems.
These cellular metal structures have been used in various industrial applications such as heat
exchangers (in automotive and aerospace industries) owing to their valuable characteristics of
low density, high strength, good energy absorption and good thermal properties [5].

To date, SLM is regarded as the most versatile AM process because of its ability to
process virtually any material. Indeed, a wide spectrum of materials including Al-based
alloys, Ti-based alloys, Fe-based alloys, Ni-based alloys, Co-based alloys, Cu-based alloys,
and their composites have been processed using SLM [5, 18, 39, 41-43]. Moreover, previous
studies also show that SLM is capable of producing amorphous materials because of the rapid
cooling rates exhibited during the process [44, 45]. The surface integrity, microstructure, and
mechanical properties of SLMed products have been shown to rely heavily on the process
parameters during the process [18]. A plethora of process parameters including scan speed,
laser power, hatch spacing, spot diameter, overlap rate, layer thickness, scan strategy, etc.,
provide a large process window for generating SLMed parts with a wide range of properties.
However, these process parameters have to be carefully adjusted in order to fabricate defect-
free parts [46].

Many approaches have been adopted towards optimal process parameters. For example,
single track experiments performed by combining and controlling the process parameters to
obtain suitable melt pool formation [47], and parts with maximum relative density [48]. In
addition, design of experiment (DOE) methods, as well as simulation approach, has been
used for the optimization process [49, 50]. However, two or more of these approaches must

be used to increase the effectiveness of the optimization process.
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1.4 Carbon fiber reinforced plastic composites in AM technology

Composites are often paraded as the materials of the future. Their strength properties
offer an incredible advantage over any other material. Some leading composites that can be
produced using AM technology include polymer matrix, metal matrix, ceramic matrix, fiber
and particulate reinforced composites [24]. Their high strength and stiffness properties
combined with low weight results in specific-strength and specific-stiffness several times
greater than those of steel or aluminum. Therefore, offering an incredible advantage over
most structural and sub-structural materials. Fiber reinforced composite is one of the most
extensively used composite in the industry for high-performance applications [51]. Indeed,
CFRP composites constitute about 50% of the material requirement during the construction
of Boeing 787 [28, 52]. In addition, the material is at the forefront in the manufacture of
Airbus A320 aircrafts and BMW i-series automobiles among others [28]. Among the
numerous AM techniques, fused deposition modelling (FDM) and laminated object
modelling (LOM) are the most suited AM methods used to process fiber reinforced
composites. A pre-prepared mixture of proper material (usually carbon fiber in a determined
matrix such as ABS, PLA, PC, PA etc.,) in filament form for FDM is extruded through a
preheated nozzle layer after layer forming a 3D part, and in laminate form for LOM followed
by laminate to laminate bonding up until a 3D part is generated. Fully functional carbon fiber
3D printers have been able to produce intricate, detailed, and strong parts greatly surpassing
or matching the capabilities of conventionally manufactured counterparts at a reduced cost
and at the same time allowing users to tailor their properties with entirely new carbon fiber
reinforced polymer (CFRP) structures [28, 51]. However, the full potential in carbon fiber
reinforced composites (such as cheap feedstock compared to costly powdered alloys used in

some metal 3D printers, and much lower energy required to heat a thermoplastic or reactive
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polymer than the energy required to fuse metals) is yet to be realized. This is due, in part, to
limited investment in this area and overzealous concern in the inherent physical limitations
associated with processing parameters. In addition, challenges of surface quality, strength and
retaining the long or continuous fibers rather than short fibers in the matrix during AM
processes have stalled the full implementation of additive manufacturing of fiber reinforced
composites. Process parameter optimization has been proposed as a means of controlling the
surface quality and strength of AM processed CFR composites. In addition, the problem of
carbon fiber length reduction in the filament during production process has been counteracted
by developing a big area additive manufacturing (BAAM) style printer that uses pellets as
feedstock instead of a filament [28]. The composite industry is bound to gain most from the
improvement of 3D printing technologies in order to meet the needs of high-performance
industries. Indeed, optimization of process parameters especially in FDM of CFR-plastic
composites will provide a pool of standardized information which will be vital in propelling

the AM technology-CFRP material union as the future frontier in the manufacturing industry.

1.5 Steels in AM technology

Steel remains the dominant engineering material for structural and sub-structural
applications [53]. Indeed, its unique versatility makes it inevitable in virtually every phase of
our lives from housing, food supply and transport to energy delivery, machinery, and
healthcare [54]. Their array of properties including high strength, corrosion resistance, good
ductility, low cost, and recyclability etc., is due to existence of many grades of steels [6].
These properties have put steel in the forefront among other metal materials [24] in AM
industry. Some leading grades of steel that have been processed using AM technologies
include austenitic stainless steels, maraging steel, precipitation hardenable stainless steels,

martensitic cutlery grade, and tool steels [6, 55-57]. Electron beam melting (EBM) and
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selective laser melting (SLM) are the two leading metal AM techniques used to process steel
materials. These techniques share the same approach where the starting point is a 3D CAD
model which is virtually sliced into thin layers. Then based on this data, the physical part is
built by repetitive deposition of single layer and locally melting of the powder material by a
heat source.

Metal 3D printing of maraging steel and austenitic stainless steel has taken a leap into
commercialisation at a fast rate. This is because the materials process relatively easily
compared to others and due to the fact that SLM has the potential of producing no wastage
during processing minimizing on cost. Besides, these alloys satisfy typical requirements of
general-purpose applications, as well as increased requirements on strength and hardness, e.g.
for die and tool applications [3]. On the one hand, the allotropy of iron based alloys in
combination with the high temperature gradients involved in SLM offers the potential to
generate unique microstructures which influence the resultant mechanical properties.
However, because of their nature and SLM process conditions, these alloy materials produce
different phase compositions which must be carefully controlled to yield best mechanical
properties. As such, process parameter optimization is necessary. Part of the current research
focussed on investigating the process parameters and their influences on microstructure and

mechanical properties of SLMed 18Ni (300-grade) maraging and SUS316L stainless steels.

1.6 Post heat treatment of additively manufactured (AMed) parts

Additively manufactured metal parts are characterized by unique microstructure due to
the complex thermal cycles involving continuous re-heating of already solidified layers
followed by rapid cooling. This often generates stresses that must be relieved after the
process (SLM or LBM) is completed. In addition, an in-situ heat treatment occur which at

times foster desired and/or undesired effects such as decomposition of brittle phases into
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more ductile variants, segregation of alloying elements and grain growth [6]. The fine
microstructure exhibited in as-built AM parts provide considerably high levels of strength
and hardness [58] although undeniably inferior to heat treated conventionally manufactured
counterparts. To optimise on the parts’ performance, the microstructure and properties of the
final part may however be adjusted in a wide range by a subsequent post process heat
treatment. A series of heat treatments that SLMed parts may be subjected to include solution
treatment, annealing, and precipitation hardening [24, 59]. Since the mechanical properties of
AM parts depend partly on the densification levels and resultant microstructure, the
combined effect of the densification behavior and post process heat treatment must be
established if optimum mechanical properties are to be obtained. Previous studies show that,
heat treatment alters the microstructure and hardness but has no measurable effect on the
porosity in terms of pore quantity as well as size and shape [6, 59]. This is because, some
material properties such as porosity and/or density are independent of any form of heat
treatment and the only way to control them is by manipulating the process parameters. As this
research focussed on optimizing the SLM process parameters, post process heat treatment
remained an important component of the manufacturing process that was considered for all
SLMed parts in order to instil better mechanical properties. The choice of the post process
heat treatment adopted depended largely on the specific type of AM method and materials

used, and the required mechanical property of the finished part.

1.7 Challenges facing AM technologies

Many researchers have reported machine, material, operations, and maintenance costs as
the leading challenges towards the adoption of AM technologies [24, 60, 61]. Another
shortfall of the technology is the scope of materials available or lack of universal material

that can be used by all AM machines [61]. Indeed, each machine manufacturer has a specific
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material for their machines [62, 63]. As such, material standardization has lagged behind. A
glaring lack of standards for AM processes, machines, calibration, testing, and financial
interest of machine manufacturers hinder the uptake of AM processes [60]. Many AM
machine developers instituted bidding patents that restricted the improvement of existing
machine technologies as well as development of new approaches to improve their
performance [23]. Challenges of intellectual property rights infringement rose after the
emergence of 3D printing marketplaces and downloadable open-source projects challenging
the current legal landscape and social regulations that safeguard inventors against
infringement. The inability of organizations and researchers to manufacture products that are
consistent [61] across machines, operators, and manufacturing facilities has caused stagnation
of the process. The existing AM systems are limited (the size of parts) to ‘‘in the box’’
manufacturing of parts. This makes it difficult to produce large components for aerospace,
marine, and other industrial applications. Additional fundamental challenges are in material
processing, the control of localized microstructure to instil requisite properties, attainment of
fine feature size and dimensional tolerances, improved surface finish, and accelerating

processing speed [7].

1.8 Problem statement

In as much as additive manufacturing technologies offers cost, material, and time saving
opportunities over conventional manufacturing, and have a remarkable potential in the
aerospace, automotive, and medical device markets to produce near-net-shape metallic
components, it is not enough for the AMed 3D parts to have the same shape as
conventionally fabricated ones. In these demanding applications, they must also have
material properties that meet or exceed their conventionally processed counterparts.

Therefore, AM process parameters and any subsequent thermal processing must be optimized
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in order to obtain the required mechanical properties. In addition, there is also a demand to
develop a better understanding of the basic physics of AM processes to capture the
complexity in the multiple interacting physical phenomena [64]. A predictive triple helix
(process-structure-property) relationship integrated with CAD, CAE, and CAM tools must be
established [60]. Challenges of poor quality surfaces, residual stresses, uncontrolled localized
composition and microstructure, failure to attain fine feature sizes and dimensional tolerances,
and low processing speed have significantly hindered AM part property optimization,
adoption and commercialization.

To exploit the unique AM characteristics and potential of producing epitaxial metallic
structures, fabricating multiple and functionally graded materials, and embedded components
during fabrication processes, a suitable processing window for the material and process must
be established. However, such processing window is very wide [18, 55] making it difficult to
optimise the processing conditions. In addition, each process, machine type and powder
material potentially creates a new set of design rules and restrictions [62]. A one-size-fits all
rule is yet to be arrived at, designers come to learn of the critical design-process rule while
building a deliverable AM component [63].

To this end, understanding the effects of processing parameters on the microstructure
evolution and mechanical properties during SLM has been the impetus of most research in
AM technologies [26, 40-42, 47, 49, 55, 58]. However, there is limited literature on surface
roughness and process parameter optimization on super alloys and Ni, Co rich alloy materials
processed by laser sintering. In addition, a process map for SLMed maraging steel is yet to be
established. As such, this study keenly investigated the influences of different processing
parameters on CFR-ABS composite, and 18Ni (300-grade) maraging and SUS316L stainless
steels respectively processed through FDM, and selective laser melting (SLM) with a view to

optimise them. Thereafter, the optimized process parameter were used to generate a process
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map for maraging steel and contribute new knowledge towards a comprehensive material

property database and testing methodology on FDM and SLM as key AM processes.

1.9 Objectives of the study

The main objective of this study was to determine the effects of the various 3D printing

process parameters on the quality of the product, and to identify the optimum process

parameters and material properties during FDM of carbon fiber reinforced plastic composites

and metal 3D printing of 18Ni (300-grade) maraging and SUS316L stainless steels.

To achieve this, the following specific objectives had to be accomplished.

1.

Determine the effects of process parameters such as printing speed, layer thickness,
and raster direction on the microstructure and mechanical properties of 3D printed
CFR-ABS materials.

Determine the effects of laser power, scan speed, pitch, and spot diameter on the
microstructure of 18Ni (300-grade) maraging steel and SUS316L stainless steel.
Determine optimum processing parameters that foster optimum relative density and
microstructure for both maraging steel and SUS316L stainless steel.

Determine the optimum mechanical properties from the resultant optimum
microstructure conditions that would give the material a near-net-shape and optimum
performance characteristics during SLM.

Determine the optimum heat treatment conditions that would foster maximum
mechanical properties for maraging steel.

Generate process maps for SLM of maraging and SUS316L steels.
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1.10 Thesis outline

This research focused on 3D additive manufacturing and characterization of high-
performance materials, and is organized in six Chapters.

In Chapter 1, the background of the current work and the literature which covers
different additive manufacturing technologies, processes/methods, materials, challenges, and
gaps have been discussed. In addition, clarifications on the context of this research and the
objectives of the study have also been laid out.

The effects of process parameters on the microstructure and mechanical properties of
CFR-plastic composites is fully described in Chapter 2.

Chapter 3 describes the process parameter optimization and the corresponding
microstructure evolution, phase transformations, and mechanical property variations during
SLM of 18Ni (300-grade) maraging steel with the optimized process parameters being
summarized into a process map.

In order to improve the mechanical properties of the as-built SLMed maraging steel
parts, Chapter 4 presents post process heat treatment processes and the corresponding
microstructure evolution, phase transformations, hardness and mechanical property
optimization.

Process parameter optimization and their effects on the microstructure, and mechanical
properties of SLMed SUS316L stainless steel are fully described in Chapter 5. Furthermore,
the corresponding optimized process parameters are summarized into a process map.

Finally, in Chapter 6, general conclusions and summary of the current work,

recommendations for future work and some achievements pegged on this work are presented.
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Chapter 2 Microstructure and Mechanical Properties of 3D Printed Carbon Fiber

Reinforced Plastic Composites

2.1 Introduction

3D printing is a fused deposition modelling (FDM) additive manufacturing (AM)
technology that is used to generate unique products from technically developed CAD models.
Special design softwares are used to design and transfer point cloud data to a 3D printer. The
process entails a collection of settings including speed, size, support, material, and quality
control which must be set to ensure desired output is realized. Based on the process
parameters selected, the digital model is translated into line-by-line printer instructions often
termed as the G-code. The electronic data (G-code) control the toolpath, position, and speed
thereby ensuring the execution of predetermined motions. The material usually in filament
form is conveyed from a reel to the preheated nozzle by motorized gears. It is then heated to
some temperatures slightly above the melting point and immediately deposited onto the build
platform. Once a layer is completed, the build platform is moved a unit layer distance
downwards and a subsequent layer laid. This process is repeated layer after layer until the
entire product is completed. Since the material undergoes repeated heating and cooling, it is
important to select a material that is capable of withstanding this complicated thermal
variations. 3D printing can produce prototypes and end-use parts with intricate geometries
that are difficult or impossible to manufacture by conventional methods at reduced cycle time,
inventory, and cost [1].

A limited scope of material (including polymers, metals, ceramics, and composites) is
available for the additive manufacturing of functional parts. Among them, composites are
often paraded as the materials of the future. Their high strength and stiffness properties

combined with low weight results in strength-to-weight and stiffness-to-weight ratios several
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times greater than those of steel or aluminum. Therefore, offering an incredible advantage
over most structural and sub-structural materials. Some leading composites include polymer
matrix, metal matrix, ceramic matrix, fiber and particulate reinforced composites. Fiber
reinforced composites are used for many applications in the aerospace and automotive
industry due to their high specific strength. Indeed, with the Boeing 787, carbon fiber
reinforced composites constitute about 50% of the material requirement during their
construction [2]. In addition, the material is taking a mainstream stronghold in the
manufacture of Airbus A320 aircrafts and BMW i-series among others [3]. Traditional
manufacturing methods for composites (for example injection molding, pultrusion processes,
and machining) are time consuming and labor intensive, which leads to high costs. To
remedy this, manufacturers have emphasized on paradigm shift to automated composite
manufacturing i.e., automated tape layup (ATL), automated fiber placement (AFP), filament
winding (FW), and additive manufacturing technology in order to improve process and cost
efficiency [4]. The adoption of additive manufacturing is anchored on its ability to produce
CFR-ABS products with complex geometries that are difficult or impossible to manufacture
by conventional methods at reduced cycle time and costs. In addition, design visualization as
a proof of concept and modification prior to actual fabrication is possible [1].

Over the last three decades, AM technology has progressed from simple 3D printers
used for rapid prototyping in non-structural resins to refined rapid manufacturing systems that
can be used to create fully functional parts in different engineering materials directly without
the use of additional tooling [5]. Most work to date has been conducted using polymer
materials, but the development of AM processes such as selective laser melting (SLM),
electron beam melting (EBM), and laser engineered net shaping (LENS) have enabled

fabrication of 3D parts from metals, ceramics, and metal-matrix composites [6].
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Unlike in the conventional manufacturing processes where the properties of the finished
parts are predictable, 3D-printed parts have dynamic and unpredictable properties which
depend more on the manufacturing process than the material [7]. Many researchers have
investigated the influences of process parameters on mechanical properties of 3D printed
products. The effects of parameters such as build orientation, layer thickness, air gap
(overlap), and build platform/nozzle temperature on surface quality have been investigated
[8-12]. The authors reported that layer thickness and build orientation were the significant
factors in determining the surface quality of built parts. They concluded that small layer
thickness results in higher surface quality at increased building time. Moreover, the part
surface which is perpendicular to the building direction has smoother structure as compared
to the other (parallel to building direction) surfaces [13].

Onwubolu et al. [14] used the group method for data modelling to predict the
anisotropic characteristics of FDM parts. In their study, the authors found that tensile strength
was greatest for parts with fibers aligned along the axis of the tension force. They concluded
that, minimum layer thickness, negative air gap, and 0° part orientation (with the part
orientation parallel to the direction of lading) result in maximum tensile properties. The
complexity and challenges associated with FDM limit experimental process parameter-
anisotropic property optimization.

The main objective of this research was to investigate the influence of process
parameters on the microstructure and mechanical properties of 3D printed CFR-ABS material.
In this study, an experimental approach (design of experiment) was adopted in order to
optimize layer thickness, printing speed, and raster direction. ABS material reinforced with
15 wt% carbon fibers (CFR-ABS) in a nano-scale was printed, iterative adjustments on these
parameters were done, and the changes in their intrinsic properties with respect to the process

parameters were investigated. In addition, ABS samples were printed for comparison
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purposes. Microstructure evaluation and mechanical tests were carried out on the 3D printed

CFR-ABS samples with a view to optimize and enhance final product performance.

2.2 Experimental procedure
2.2.1 Sample preparation

ABS and CFR-ABS filament materials (3DXTECH, MI, USA) with a diameter of 1.75
mm were used in preparing the test samples. Bellolu-200 series 3D printer was used to print
standard tensile test samples with a gauge section of 34 mm in length, 6 mm in width, and 3
mm in thickness as per the D638-2a ASTM standards [15]. The samples were designed using
Solidworks design software and the CAD data transferred into the 3D printer. The nozzle was
first preheated and the filament fitted. Kaptone tape was stuck on the build platform and ABS
slurry smeared to ensure the sample adhered properly during the entire printing process. As
shown in Fig. 2.1, the filament is fed into the preheating nozzle with the help of driver gears
and grooved bearing which provide sufficient feeding and extrusion pressure once the
material is melted. 3D parts are build layer after layer with the filament material heated to
glass transition state and extruded through the nozzle at a constant temperature [6]. The
nozzle moves on the X-Y plane as the tool path dictated by the 3D CAD data depositing a
pre-determined layer onto the build platform. When the layer is completed, the build platform
moves down (a specified z) for one layer height to allow for the successive layer deposition.

This process is repeated until the final 3D part is completed.
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Fig. 2.1. Schematic illustration of FDM 3D-printing process.

The effect of process parameters, including nozzle and bed temperatures, layer thickness,
printing speed, and raster direction (see Table 2.1), on surface morphology, geometrical
shape, and mechanical properties of printed samples were investigated and the optimum

printing conditions were determined.

Table 2.1 Materials and process parameters used in the experiments.

Materials ABS, CFR-ABS (Carbon X ™)
Bed temperature (°C) 90-110

Nozzle temperature (°C) 235, 243

Printing speed (mm/min) 2000, 3200, 4000

Layer thickness (mm) 0.1,0.2,0.3

Raster direction (degrees )  0°, 45°, 90°

For each set of process parameters (layer thickness and printing speed), three samples were
printed in three different raster directions (Fig. 2.2). No post processing was performed for

printed test samples.
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Fig. 2.2 Raster directions.

2.2.2  Characterization

The microstructure was observed using optical microscopy (OM) and scanning electron
microscopy (SEM). A non-contact laser reflectance VHX-5000 digital microscope (Keyence,
Japan) was used to evaluate the surface roughness (Ra) of the samples. An average of three
Ra measurements was taken at each processing condition. The tensile tests were performed at
room temperature with a crosshead speed of 1 mm/min (corresponding to an initial strain rate
of 4.9x10™*s™") using a 50 kN Shimadzu universal testing machine. The strain was determined
by measuring machine crosshead displacement during the tensile tests, and at least three
samples for each condition were tested. In addition, fractographic examinations on the tensile

tested samples were done to evaluate the failure behavior.

2.3 Results and discussion
2.3.1 Effects of process parameters on surface morphology and geometrical shape

The surface quality and sample geometry are primarily influenced by layer thickness,
printing speed, and raster direction or building orientation. As the layer thickness increased,
the accuracy of the overall finished sample geometry decreased and the outline more readily

displayed the ‘staircase’ phenomenon (coarse and wavy surface/edge). As shown in Fig. 2.3
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(a)-(c), the surface roughness was relatively low at the smallest layer thickness of 0.1 mm,
and increased with the increase in layer thickness irrespective of the raster direction used.
Furthermore, it is evident that 3D printed CFR-ABS samples had relatively higher values of
surface roughness compared to ABS samples. Processing the samples at low printing speed
(2000 mm/min) and high printing speed (4000 mm/min) resulted in poor surface quality.
Therefore, an intermediate printing speed seems to be beneficial to the surface quality of the
printed samples. In this study, the best surface quality with a roughness value of 14.32 um
was achieved at a printing speed of 3200 mm/min and small layer thickness of 0.1 mm (Fig.
2.3 (a)). Indeed, increasing the layer thickness from 0.1 to 0.3 mm, the surface apparently
transformed into a rough surface characterized by clearly visible threads of deposed material

as shown in Fig. 2.4.
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Fig. 2.3 Surface roughness of 3D printed ABS and CFR-ABS samples at raster angles of (a)
0, (b) 45", and (c) 90" under different layer thicknesses and printing speeds.
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As shown in Fig. 2.3, the raster direction significantly affected the surface accuracy.
Good surface quality was obtained on samples processed at raster directions of 0° and 90°. At
a raster angle of 45° (Fig. 3 (b)), relatively poor surface (21.81 < Ra < 33.2) was obtained for
CFR-ABS samples processed at a layer thickness of 0.3 mm due to heightened ‘staircase
phenomenon’ (high degree of surface waviness). Similar phenomena have been reported by
numerous researchers [16-20], they deduced that surface accuracy was maximized by
minimizing average weighted layer thickness, maximizing the area of non-stepped surfaces,
and orienting the surface either horizontally (0° raster direction) or vertically (90° raster
direction). However, in complex surfaces, this is not always achievable, so it is then

preferable to orient it as near vertical as possible.

i'l'ivlvl‘l'l'l'|‘I'|'l'l"'l'|'|'|'| e | (RRN | (REN!

0 1 2 3 4 5

Fig. 2.4. Tensile test samples showing the variations in the surface quality with different layer
thicknesses of (a) 0.lmm, (b) 0.2 mm, and (c) 0.3 mm. All the samples were printed at
printing speed of 3200 mm/min.

2.3.2  Microstructure characterization

Figs 2.5 and 2 6 respectively show the OM and SEM images on the vertical cross
sections (parallel to the building direction) revealing the integrity of bonding as well as
distributions of pores and carbon fibers under different conditions of layer thickness and
printing speed. Clearly, continuous body of deposited material without visible layers (Sample

4 in Fig.2.5) and uniformly distributed carbon fibers (Fig. 2.6 (a)) were observed in the

35



sample printed at a small layer thickness of 0.1 mm and intermediate printing speed of 3200
mm/min. This demonstrates that high-quality bonding occurred during printing. However,
microscopic gaps, randomly distributed carbon fibers (Fig. 2.6(b)), and layer/layer
intersection lines were found in the samples processed at high (4000 mm/min) and low (2000
mm/min) printing speeds (Samples 1 and 7 in Fig. 5). When the layer thickness was increased
to 0.2 and 0.3 mm, a lot of gaps remained as seen in Fig. 2.5 (Samples 2, 3, 5, 6, 8, and 9). It
seems that the size and number of these irregularly shaped gaps increase with increase in
layer thickness and printing speed. In addition, discrete layers are visible with most carbon

fibers discharged randomly (Fig. 2.6(c)) in the ABS matrix.
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Fig. 2.5 Optical microscopy images on the vertical cross sections parallel to the building

direction of 3D printed sample showing the effects of layer thickness and printing speed on
inter-layer bonding and pore distributions. The arrow indicates the building direction.
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Indeed, large layer thickness results in poor inter-layer bonding regardless of the
printing speed. This is because large layer thickness (large nozzle diameter) provides a larger
surface area exposing the extrudate to the atmosphere. This makes the semi-melted material
to experience slight cooling before the start of the fusion process due to the high thermal
gradient between the already solidified layers and the cooling extrudate. Reduced fluidity of
the extrudate causes insufficient filling resulting in gaps and poor inter-layer bonding. Further
SEM observations shown in Fig. 2.7 revealed the inclinations of reinforcing fibers, pore
shape and distribution with respect to the raster direction. The short carbon fibers, displayed
in grayish dots in the ABS matrix, appeared out of /into the plane for samples processed at a

raster direction of 0° (Fig. 2.7(a) and (b)).

Fig. 2.6. SEM images on the vertical cross sections parallel to the building direction of 3D
printed sample at layer thickness and printing speed of (a) 0.1 mm and 3200 mm/min (b) 0.1
mm and 2000 mm/min, and (c) 0.3 mm and 4000 mm/min, respectively. The arrow indicates
the building direction.

Some voids (dark dots) are believed to be attributed to pull-out of fibers during failure of
the samples in the tensile test. Moreover, other triangular shaped pores which are not due to
fiber pull-out are also noticeable. The appearance of such pores may result from gas escaping
during printing. For samples processed at a raster direction of 45° shown in Fig. 2.7(b), the
reinforcing carbon fibers were seen in the crossed deposition directions and the pores left by
fiber pull-out and other pores were also observed. The lateral deposition lines, carbon fibers,

and pores resembling cylinders are observed in sample (Fig. 2.7(c)) fabricated at a raster
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direction of 90°. The latter are as a result of the fiber pull-out during failure of the samples,
while tested by a tensile load applied perpendicularly to the material deposition direction.
Other pores, which are not due to fiber pull-out, are also noticed in other SEM images in Fig
2.7. It is clear that, the short carbon fibers dispersed in the ABS matrix was highly oriented to
the printing directions. This is because the extrusion nozzle melts the ABS and the fibers
inside the deposited material have a tendency to become aligned to the extrusion direction of
the molten thermoplastic during 3D printing. Moreover, the quantity of the pull-out fibers in
the fracture surface is determined by the adhesion at the interface of the carbon fiber and
ABS matrix. Poor adhesive bond results in many pull-out fibers. Otherwise, few or no pull-
out is exhibited. In this study, samples processed at a printing speed of 3200 mm/min, layer
thickness of 0.1 mm, and at a raster direction of 0° had fewer pull-out fibers and hardly any

pores.

S4800 1.0kV 23 4mm x700 SE(M}

Fig. 2.7 Fracture surfaces of CFR-ABS samples printed at raster angles of (a) and (b) 0°, (c)
and (d) 45°, and (e) and (f) 90° under the conditions of printing speed of 3200 mm/min and
layer thickness of 0.1 mm. The arrow indicates the building direction.
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2.3.3 Effect of process parameters on mechanical properties of CFR-ABS composites

The tensile test results shown in Fig. 2.8 clearly reveal that, 3D printed CFR-ABS
composites have lower tensile strength and smaller amount of ductility compared to ABS
samples. In addition, samples printed at small layer thickness possess higher tensile strength
compared to those produced at large layer thickness. One of the probable reasons for this
variations in tensile strength with layer thickness is that, small layer thickness may allow
sufficient residual heat energy to activate the surfaces of the adjacent regions causing good
inter-layer bonding. In this way, properly bonded layers offer high resistance to deformation,
giving rise to high tensile strength at small layer thickness. Conversely, insufficient
preheating may occur when printing at large layer thickness thereby reducing the degree of
inter-layer bonding. The distinct boundaries between new and previously deposited material
are possible fracture origins where the layers can be easily separated, hence reducing yield
and tensile strength.

The rate of material solidification after deposition is critical in determining the resultant
properties. Epitaxial solidification is necessary to ensure material bond instantaneously upon
deposition. Due to solidification inefficiencies, the 3D printed ABS and CFR-ABS samples
are subject to flaws consisting of both extensive pores (volume error), weak inter-layer
bonding (see Fig. 2.5), and insufficient bonding between the carbon fibers and the matrix.
These defects make the effective area (supporting the load) smaller than in case of the
injection molded parts, which increases the overall stress and decreases strength thereby

limiting the tensile strength of the printed samples.
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Fig. 2.8 Nominal stress-strain curves of ABS and CFR-ABS composites printed at 3200
mm/min and layer thickness ranging from 0.1 to 0.3 mm.

As shown in Table 2.2, samples printed from 15 wt% CFR-ABS material had reduced
tensile strength compared to their ABS counterparts. This reduction in tensile strength may be
associated with the presence of weak bonding at the interface between the carbon fiber and
the ABS matrix. According to Fig. 2.9(a) and (b), considerable gaps are visible between the
ABS matrix and carbon fibers indicating the poor interfacial adhesion between the matrix and
carbon fibers. When such weakly bonded CFR-ABS samples are subjected to tensile loads,
the carbon fibers do not rupture with the fracture of matrix due to disrupted transfer of shear
from the matrix to the carbon fibers limiting the strength of the material. Excess shear
between the matrix and carbon boundary causes failure of the samples with fracture surfaces
having pull-out fibers and pull-out complementary holes, respectively as indicated by the
complete and dotted arrows in Fig. 2.9. Clearly, maximum tensile strength of 49.03 MPa was
obtained in the CFR-ABS sample printed at a medium speed of 3200 mm/min. On the other
hand, samples printed from ABS material at this speed displayed the highest tensile strength

(55.86 MPa). Decreasing or increasing the printing speed led to reduction in tensile strength
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of the 3D printed ABS and CFR-ABS samples. It can be deduced that, this intermediate
printing speed provided better bonding conditions, minimal formation of microscopic gaps,
and enhanced mechanical properties of both ABS and CFR-ABS composites.

Raster direction is the angle at which the layers are deposited with respect to the x-axis
of the build table. The typical raster directions are 0°/90°, 30°/60°, and 45°/45° [21]. It can
also be regarded as the angle between the loading force and the layer slicing plane [22]. From
the tensile test results, it is clear that samples printed at orientations other than zero degree
(0°) exhibited reduced tensile strength. Indeed, the higher the raster direction angle, the lower
the tensile strength, see Table 2.2. If this angle is higher than zero, the applied force is carried
not only by the material threads but also a certain portion of the load is applied to layer bonds,
which are very weak due to lack of material fusion between adjacent layers[13]. As shown in
Table 2.2, CFR-ABS samples printed at 0° had higher tensile strength while those printed at
raster direction perpendicular to the loading direction (90°) had lower tensile strength.
Beyond the critical raster direction angle range (5-30°) [13], the layer bond maximal strength

is reached faster than strength of the material itself causing disjoint of the layers.
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Table 2.2. Tensile test results of ABS and CFR-ABS composites printed at different

conditions.
Low speed Medium speed High speed
Raster Layer (2000 mm/min) (3200 mm/min) (4000 mm/min)
(:(iirectiogl thzckm)ess Tensile strength (MPa)
egree mm CFR- CFR- CFR-
ABS ABS ABS ABS ABS ABS
0.1 44.18 47.80 55.86 49.03 53.58 44.95
0 0.2 40.72 32.18 42.77 41.85 37.06 40.62
0.3 41.25 31.56 41.12 31.24 37.33 33.13
0.1 43.08 43.33 48.15 36.76 45.34 34.35
45 0.2 42.11 40.66 47.28 26.85 41.65 31.75
0.3 43.59 34.35 43.43 22.88 38.27 29.81
0.1 41.63 39.10 48.11 30.40 40.60 37.09
90 0.2 40.80 35.02 45.56 28.24 41.89 34.08
0.3 35.97 31.07 36.36 27.60 35.52 32.47
Young’s Modulus (GPa)
0.1 1.55 4.79 1.65 1.99 1.72 2.22
0 0.2 1.46 4.34 1.62 2.41 1.58 2.33
0.3 1.66 4.01 1.67 1.92 1.51 1.84
0.1 1.72 4.67 1.71 1.40 1.75 1.58
45 0.2 1.68 3.93 1.82 1.18 1.84 1.39
0.3 1.85 4.36 1.75 1.56 1.65 1.40
0.1 1.88 3.71 1.96 1.35 1.60 1.61
90 0.2 1.91 3.61 1.86 1.87 1.67 1.28
0.3 1.65 3.35 1.78 1.24 1.68 1.62
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Fig. 2.9 FESEM images of fracture surfaces of CFR-ABS composite printed at 3200 mm/min,
0°, and layer thickness of 0.1 mm showing “pullout” phenomenon and weak adhesive
bonding between carbon fibers and ABS matrix. The complete arrows indicate “pullout”
fibers, while dotted arrows indicate “pullout” complementary holes.

As shown in Fig. 2.10, samples loaded in the direction perpendicular to the 90° raster
direction had lower tensile ductility than those loaded parallel to 0° raster direction. This is
because, in the latter failure occurred due to layer shearing at significantly high elongation
offering more load bearing capabilities unlike in the former, where failure was due to layer
separation at minimal elongation. The results show that, CRF-ABS samples printed at 3200
mm/min and a raster direction of 45° exhibited tremendous ductility. Moreover, small layer
thickness and higher printing speed on 3D printed ABS samples resulted in enhanced
ductility. Samples printed with CFR-ABS material had high values of Young’s modulus, this
value decreased with increase in layer thickness and printing speed. The raster direction
which determines the carbon fiber deposition direction adversely affected the stiffness of the
samples. As shown in Table 2.2, the value of Young’s modulus was high for CFR-ABS
composites processed at raster direction of 0° and low printing speed. This value decreased
with increase in layer thickness and printing speed. It can be concluded that the 3D printed
CFR-ABS composite has a stiffness behavior similar to unidirectional fiber reinforced

composites, as indeed a composite reinforced with short fibers ends up highly oriented along
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the 3D printing direction. The higher values of Young’s modulus of the carbon fiber material

accounts for the increased stiffness in CFR-ABS samples.
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Fig. 2.10 Effects of raster direction (a) 0° (b) 45° (c) 90°, layer thickness and printing speed
(2000, 3200, 4000 mm/min) on percentage elongation of 3D printed ABS/CFR-ABS samples.

The fracture of 3D-printed CFR-ABS composites occurs mainly via damage to the raster
with the staircase effect immensely contributing to the failure. As the tensile load increases,
the failure begins at the weakest raster specifically at the cusp point (Fig. 2.11) and next
weakest raster will break, in sequence, this fissure propagates through weak inter-layer bond
(as shown in Fig. 2.12) until total failure of the sample occurs. Fractographic observations on
the tensile test fracture surfaces (of 3D printed ABS samples) as shown in Fig. 2.13 revealed

that samples printed at a raster direction of 0° exhibited ductile rupture dominated by dimples
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while those printed at raster directions of 45° and 90° had brittle rupture characterized by
quasi-cleavages and cleavage facets respectively. This observation is in agreement with the
percentage elongation findings shown in Fig. 2.10. Entirely brittle fracture is observed for all
the samples printed with CFR-ABS composite. Carbon fiber threads are seen to break without
any considerable elongation. Quasi-cleavages are seen on the fracture surfaces (Fig. 2.7(b),

(d), and (f)) depicting a brittle rupture mode.

$4800 1.0kV 8.3mm x400 SE(M) m $4800 1.0kV 8.3mm x2.00k SE(M)

Fig. 2.11. FESEM image of vertical cross section (parallel to the building direction) showing
the staircase effect with the cusp point (enclosed in a bright rectangle). The arrow indicate the
building direction.
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S4800 1.0kV 8.3mm x600 SE(M) S4800 1.0kV 8.4mm x5.00k SE(M)

Fig. 2.12. FESEM image of vertical cross section (parallel to the building direction) showing
the weak inter-layer bonding. The arrow indicate the building direction.

P

Fig. 2.13. Fracture surfaces of ABS samples printed at; printing speed (3200 mm/min), layer
thickness (0.1 mm) and raster direction of (a) 0°, (b) 45°, and (c) 90°. The arrow indicate the
building direction.

2.4 Conclusions

In this study, the influence of process parameters such as layer thickness, printing speed,
and raster direction on the surface quality, microstructure, and mechanical properties has
been investigated. Minimum layer thickness promotes better surface quality and improved
tensile strength for both ABS and CFR-ABS materials. Processing the samples at the
optimum printing speed of 3200 mm/min and a layer thickness of 0.1 mm resulted in high
tensile strength of 55.86 MPa and 49.03 MPa for 3D printed ABS and CFR-ABS samples
respectively. Increase in layer thickness from 0.1 to 0.3 mm led to a decrease in tensile

strength at all printing speeds. Samples printed with 15 wt% CFR-ABS material had reduced
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tensile strength compared to those from ABS material. This may have been due to weak
adhesion bond between the carbon fiber and the ABS matrix. Maximum tensile strength of
49.03 MPa was obtained for the 3D printed CFR-ABS samples at medium speed of 3200
mm/min. On the other hand, samples printed with ABS material at this speed (3200 mm/min)
displayed the highest tensile strength (55.86 MPa). It can be deduced that, this intermediate
printing speed combined with small layer thickness provides better bonding conditions and
enhanced mechanical properties for both ABS and CFR-ABS composites. However,
increasing or decreasing the printing speed leads to reduction in their tensile strength.

The raster direction has a great influence on the tensile strength of 3D printed
ABS/CFR-ABS samples. Indeed, the 0° raster direction produced the strongest samples for
all printing speeds and layer thicknesses. This is mainly because the layers are parallel to the
direction in which the load is applied and could sustain more shearing loads. Conversely,
parts with a raster direction of 90° were the weakest.

Samples printed at a raster direction of 0° exhibited ductile rupture dominated by
dimples while those printed at raster direction of 45° and 90° had brittle rupture with the
fracture surfaces characterized by quasi-cleavages and cleavage facets respectively. Entirely
brittle fracture is observed for all samples printed with CFR-ABS material because, extruded

carbon fiber threads within the ABS matrix break without any considerable elongation.
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Chapter 3 Optimization of Selective Laser Melting Parameters and their Influences

on Microstructure and Hardness of Maraging Steel

3.1 Introduction

Selective laser melting (SLM) is one of the additive manufacturing (AM) technologies
where 3D parts are generated by monotonic and selective deposition of thin layers of material
through computer aided operations. This process employs 3D CAD data as a digital
information source and energy in the form of high power laser beam to create 3D parts by
fusing fine metallic particles together layer by layer [1]. It can produce products with
complex geometries that are difficult or impossible to manufacture by conventional methods
at reduced cycle time and costs. In addition, design visualization as a proof of concept and
modification prior to actual fabrication is possible.

In this technique, it is required to produce parts with mechanical properties superior to
or comparable with those produced by conventional processes. The mechanical properties of
AM parts depend on the materials and process parameters. Improper combination of process
parameters results in less dense and porous products which do not meet design specifications.
Unlike conventional manufacturing techniques where the properties of finished parts are
predictable, selective laser melted (SLMed) products are characterized by dynamic and
unpredictable properties which are influenced by both process parameters and post treatment
conditions [2]. The recent focus of AM technologies is no longer in rapid prototyping but in
the generation of end-use parts. With SLM, almost 100 % dense functional parts can be
produced using low cost powders such as brass, copper, Ti alloys, and stainless steels [3].

Maraging steels belong to a special class of low-carbon ultra-high-strength steels which
derive their high strength not from carbon, but from precipitation of intermetallic compounds

[4, 5]. Due to high strength, high toughness, good weldability, and excellent dimensional
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stability, maraging steels find widespread applications in automotive, aircraft and aerospace,
and tool and die industries, such as rocket motor casings and landing gears, conformal
cooling channels, shafts, and fasteners [6]. SLMed maraging steels exhibit relatively lower
mechanical properties in their as-built state. However, superior mechanical properties can be
obtained through precipitation hardening of intermetallic compounds by aging heat-treatment
[7].

The mechanical properties of SLMed parts depend to a large extent on the
microstructure inherited from rapid cooling and any subsequent heat treatment subjected to
them [8]. The process is governed not only by laser and scan related parameters, but also by
surface morphology given by the pre-deposited layers and the stochastic particle distribution
on the powder bed [9]. The solidification process and the resulting microstructure assume an
important role that still needs a deeper understanding and control. Therefore, much effort is
being dedicated towards demystifying the process and improving end-use part properties. To
this end, SLM process parameters ought to be carefully manipulated to yield optimum
conditions for desired mechanical properties.

A suitable processing window for maraging steels has not so far been established. As
reported by several researchers [6, 10], the combination of process parameters is normally
very wide, making it difficult to optimise the processing conditions. In addition, each process,
machine type and powder material potentially creates a new set of design rules and
restrictions [11]. An one-size-fits-all rule is not yet arrived at [12]. Designers come to learn of
the critical design- process rule while building a deliverable AM component. This has the
potential to lose money from scrapping a build, extend lead times by having a rework thus
affecting customer relationship by not delivering to expectations.

In this chapter, the process parameters including laser power, scan speed, pitch, and spot

diameter were varied and their effects on surface quality, relative density, microstructure, and
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hardness of SLMed 18Ni maraging steel were investigated. The purpose was to optimize the
process parameters and generate a process map, so as to obtain high-quality SLMed products
and contribute new knowledge towards SLM of maraging steels. Therefore, a process map
for the SLM of maraging steel was constructed and it was established that there existed a
relatively large processing window, where sound products with relatively high relative
density and good surface quality can be obtained. The optimum process conditions which
resulted in maximum relative density of 99.8% and good surface roughness of 35 um were
found to be laser power of 300 W, scan speed of 700 mm/sec, and energy density of 71.43

J/mm’ which falls within the identified processing window.

3.2 Experimental procedure
3.2.1 Sample preparation

Nitrogen gas-atomized 18Ni (300-grade) maraging steel powder (supplied by Sandvik
Osprey LTD (Neath, UK)) with an average particle size of 20 um as shown in Fig.3.1 was

used as the starting material. The chemical composition of the alloy is shown in Table 3.1.

Fig. 3.1 SEM image of 18Ni (300-grade) maraging steel powder.

53



Table 3.1 Chemical composition of maraging steel powder used in the experiment.

Alloyingelement Ni Co Mo Ti Cr Si Mn Al C P Fe

wt % 185 90 52 0.62 0.20 0.01 0.08 0.07 0.02 0.02 Balance

Matsuura LUMEX Avance-25 hybrid machine (Matsuura Machinery Corporation, Japan)
equipped with YD fiber laser was used to prepare test specimens measuring 10 mm x 10 mm
x 3 mm for microstructural examinations. The design of experiment (DOE) approach was
adopted in the optimization of the process parameters. Using different sets of laser power (P:
100 - 400 W), scan speed (v: 400 - 1000 mm/sec), pitch (4: 0.025 - 0.2 mm) and spot
diameter (d: 0.05 - 0.3 mm), the powders were selectively melted layer after layer until the
final 3D specimens were completed. For the simultaneous study of the effects of primary
process parameters and derived parameters on relative density, surface roughness, hardness,
and mechanical properties two separate DOE: full factorial designs; three primary factors
including laser power, scan speed, and pitch with three levels resulting in 27 experimental
combinations; and two derived parameters i.e., energy density and overlap rate with three
levels resulting in 9 experimental combinations. The layer thickness (#) was maintained at
0.05 mm. The as-built specimens were removed from the steel base plate by wire EDM

cutting.

3.2.2  Characterization

Before microstructure characterization, the specimens were ground using sand paper
(grit size 150-1500), followed by polishing with a set of decreasing size alumina suspensions
and emery cloth (3 - 1 um) in a Doctor-lap grinding machine (Maruto Instrument Co., Ltd.,
Japan) and finally polished in a VibroMet"” 2 vibratory polisher (Buehler, US) for 1-2 h. A
non-contact laser reflectance VHX-5000 digital microscope (Keyence, Osaka, Japan) was

used to evaluate the surface roughness (Ra) of the specimens. An average of six Ra
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measurements was taken after filtering to eliminate background noise at each processing
condition. The relative density of the specimens was determined using the Archimedes
method and the results were presented as the arithmetic means of three different
measurements at each processing condition. Nital solution was used to etch polished
specimens for 3 - 45s. The microstructure was observed using Olympus BX60M optical
microscope (OM) and JEOL JXA-8900RL (JEOL Ltd., Japan) Electron Probe Microanalyzer
(EPMA)/ scanning electron microscope (SEM). Orientation imaging microscopy (OIM)
analysis was performed using JOEL JSM-7001FA (JEOL Ltd., Japan) SEM equipped with an
electron backscattered diffraction (EBSD) system. In order to obtain high resolution EBDS
maps, vibration polishing was carried out for 2 h, and an acceleration voltage of 15 kV and
scan step size of 0.1 pm were used. The OIM maps were obtained from analysis of EBSD
data by the software TSL-OIM analysis 6.2. The micro-hardness (HV) values of the as-built
specimens were measured using HMV-2000 micro-Vickers tester (Shimadzu Corporation,
Japan) at 19.61 N and the results presented as the arithmetic means of twelve measurements

at each processing condition.

3.3 Results and discussion
3.3.1 Effects of process parameters on relative density and surface morphology

The densification level is a fundamental property that determines the resultant
mechanical properties of SLMed parts and influences their performance. Laser power, scan
speed, pitch, and spot diameter were identified to greatly affect the relative density of SLMed
specimens. Fig. 3.2 shows variations of relative density of the as-built specimens with various
process parameters. At a laser power of 100 W, the relative density of the specimen was
97.9% (Fig. 3.2(a)). As the laser power increased, the relative density gradually increased,

and a maximum value of 99.8% was obtained at 300 W. Beyond 300 W, the relative density
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decreased to 99.2% at the maximum laser power of 400 W. It can be seen from Fig. 3.2(b)
that the relative density increased from 98.4 to 99.8% as the scan speed increased from 400 to
700 mm/sec. Above 700 mm/sec, the relative density was reduced to 98.7% at the maximum
scan speed of 1000 mm/sec. As shown in Fig. 3.2(¢c), setting the pitch at 0.025 mm resulted in
a low relative density (97.0%) while increasing the pitch to 0.12 mm, the relative density
rapidly increased to 99.8%. Further increase in the pitch led to small changes in relative
density, for example, a slightly lower value of 99.5% was attained when the pitch equalled
the spot diameter (0.2 mm).

Overlap rate, which relates to spot diameter (d) and pitch (%) as expressed by Eq. (1)
[13], was used to evaluate the influences of pitch and spot diameter on relative density of as-
built specimens.

Overlap rate (%) = (1 — h/d) x 100 (1)

The results shown in Fig. 3.2(c) were obtained under the condition of d=0.2mm. When
the pitch is below 0.1 mm, adjacent scan tracks are constantly intersecting (intra-layer
overlapping). This track overlapping configuration produces a continuous layer as well as a
continuous entity responsible for SLM powder consolidation [14]. When laser power, scan
speed, and layer thickness keep constant, the absorbed energy per unit volume increases with
decreasing pitch (see Eq. (2)). Therefore, too small pitch implies too much energy input,
which may deteriorate surface quality as well as decrease relative density [13, 14]. On the
other hand, large pitch deters proper melting of powder bed due to reduced intra-layer
overlapping. Pores and separation zones (space between adjacent scan tracks when the pitch
is greater than the spot diameter) may develop resulting in the decrease in relative density. At
a pitch of 0.12 mm, mixed overlapping including both intra-layer and inter-layer overlapping
dominates leading to increase in energy absorption between adjacent tracks and neighbouring

layers. Consequently, high degree of powder fusion takes place resulting in optimum melting
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regime and very high relative density (99.8%). Fig. 3.2(d) shows that, a spot diameter of
0.025 mm (less than the pitch) resulted in a low relative density (95.9%). This is because,
small spot diameter fused narrower scan tracks (with gaps between adjacent tracks)
constituting pores and the reduced relative density. Increase in the spot diameter led to
increase in the relative density to 98.8% at d= 0.075 mm. The relative density remained
almost constant with increase in spot diameter up to 0.2 mm (default spot diameter) where it
peaks at 99.8%. However, further increase in spot diameter led to a drop in relative density.
Critically low relative density of 92.7% was obtained at a spot diameter of 0.3 mm. This is
because as the spot diameter increases, the powder-laser contact area is increased yet the
energy delivered to melt the powder remains constant. This tends to lower the melting
efficiency and may compromise on the fusion process leading to intra-layer and/or inter-layer
porosity. These findings are confirmed further by considering the relationship between

relative density and overlap rate shown in Fig. 3.2(e).
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Fig. 3.2 Effects of process parameters on relative density of as-built SLMed specimens.

When the spot diameter is equal to the pitch (0% overlap), a high relative density
(99.5%) was obtained (Fig. 3.2(e)). This is because even at zero percent overlap, the width of
the laid track is larger than the focused laser spot diameter due to the heat transferred to the
powder bed. This may produce good track-to-track merging characterized by fewer pores
(high relative density) and better surface for the finishing passes in the SLM process. It is
evident that increase in overlap rate to 16.7% leads to a slight decrease in relative density

before increasing to a maximum of 99.8% at 40% overlap. It is likely that some pores and
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separation zones are formed along the length of the scan tracks causing the reduction in
relative density. Similar phenomenon has also been reported by Pupo et al [15] at an overlap
rate of (20£11.99) %. A maximum relative density of 99.8% was obtained at 40% overlap
(Fig. 3.2(e)). This is occasioned by optimal re-melting of scan tracks, which ensures effective
molten powder consolidation and conversion into tracks each perfectly cohesive with one
another resulting in the maximum relative density. However, further increase in overlap rate
resulted in drastic reduction in relative density. Low relative density (98.3%) was obtained at
75% overlap, because a larger overlap rate may cause multiple re-melting of scan tracks due
to large energy density. As such, some elements with low melting points may vaporize
leaving blow holes or pores hence the reduction in relative density.

Energy density (E) is an important parameter in SLM. It relates to laser power (P), scan
speed (v), pitch (%), and layer thickness (7) and can be calculated using Eq. (2) [2, 16].

E = P/(vht) (2)

The amount of laser energy delivered should be large enough for the powders to completely
melt, undergo epitaxial solidification, and form fully dense parts. As shown in Fig. 3.2(f),
higher energy density resulted in higher relative density. However, excessively high energy
density caused reduction of relative density of the SLMed specimens. The maximum relative
density attained was 99.8% at an energy density of 71.43 J/mm®, which corresponds to scan
speed of 700 mm/sec and laser power of 300 W. Processing the specimens at very low energy
density (16.67 J/mm’) and exceedingly high energy density (365.71 J/mm’) resulted in low
values of relative density.

Fig. 3.3 shows the optical microscopy (OM) images on the horizontal (top views
perpendicular to the building direction) and vertical (side views parallel to the building
direction) cross sections of as-built specimens, revealing the pore distributions and relative

density values under different conditions of energy density and laser power. Clearly, a lot of
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pores remained in the specimen built at low energy density and laser power. The pores are
larger and more irregular in the horizontal cross section than in the vertical section (Sample 7
shown in Fig. 3.3(a) and (b) respectively).

It seems that the irregularly shaped pores are oriented along the scanning direction in the
horizontal section (Fig. 3.3(a)), and along the building direction in the vertical section (Fig.
3.3(b)). At high energy density and laser power, numerous pores still persisted. The excessive
energy per unit volume may cause the formation of large melt pool, vaporization of some
elements with low melting points, and escaping of entrapped gases during the cooling cycle.
These result in almost round pores as shown in Sample 3 (Fig. 3.3(a) and (b)). Samples 3, 7,
and 9 in Fig. 3.3(a) and (b) had relative density values of less than 98% and showed large and
irregular shaped pores. On the other hand, both cross sections as shown in Samples 1, 2, 4, 6,
and 8 had relative density of 98.4 - 98.9% and displayed small closed and homogenously
distributed pores with almost regular shape. Sample 5 had the maximum relative density of

99.8% and had hardly any pores.
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Fig. 3.3 OM images on (a) horizontal (b) vertical cross sections of as-built specimens
showing the distribution of pores and changes in relative density with variations in energy
density, laser power, and scan speed. The dotted arrows indicate laser scanning direction
while the solid arrow indicates the building direction.

The SEM images in Fig. 3.4 show the top-surface morphologies of the as-built
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specimens. Rougher surfaces were observed at the minimum (16.67 J/mm?) and maximum
(166.67 J/mm®) values of energy density, as shown in Fig. 3.4(a) and (c), respectively. At
lower energy density, insufficient fusion causes the formation of distinct scan tracks with
visible gaps (as indicated by the arrows in Fig. 3.4(a)) between two neighboring scan tracks.
Moreover, some powder particles (marked by a rectangle) can be seen on the surface. These
particles are believed to arise from un-melted powder due to lower energy density, which
results in low relative density of the as-built specimen. On the other hand, some larger
spherical particles (balls) remained on the surface (Fig 3.4(c)) under the conditions of high
energy density. Similar particles appear small in both size and number on the as-built
specimen processed at optimum condition (Fig. 3.4(b)). The formation of spherical
particles/balls during SLM process, termed as balling phenomenon, is believed to result from
shrinkage of melted track so as to reduce surface energy under the action of surface tension
[17]. It has been categorized as a typical microstructural defect in SLMed parts [17, 18] and
is inevitable in most powder bed fusion methods of additive manufacturing technologies. The
main causes of balling include low energy density and high thermal gradient, capillarity
instabilities, poor wettability of molten powder, and large melt pool accompanied by

prolonged cooling time [18-22].

b

Scanning direction

-

Fig. 3.4 SEM images on top surfaces of as-built specimens processed at (a) minimum (16.67
J/mm’), (b) optimum (71.43 J/mm"), and (¢) maximum (166.67 J/mm’) energy density. The
arrows indicate gaps between scan tracks while the rectangles show resultant surface balling.
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As depicted in Fig. 3.4(c), newly formed larger particles appear on the surface, which is
believed to be due to the formation of large melt pool and prolonged cooling time at the
maximum energy density resulting in spheroidization (balling) of the melt pool. Proper fusion
was attained at the optimum energy density (71.43 J/mm”) accounting for the reduced balling
and well spread scan tracks (Fig. 3.4(b)). Accordingly, relatively smooth surface with a
roughness value of Ra= 35 um was obtained under this optimum condition while poor surface

qualities were attained at low and high values of energy density (Fig. 3.5).
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Fig. 3.5 Variations of surface roughness of as-built specimens with energy density.

3.3.2 Process parameter optimization and processing window demarcation

According to the above results in Section 3.3.1, a process map with schematic
illustration of the SLM process for maraging steel powders can be obtained as shown in Fig.
3.6. The intra-layer (dark ovals at the intersections between two adjacent scan tracks) and
inter-layer (bright ovals at the intersections between neighboring layers) overlapping
phenomena that cause powder fusion is also highlighted. Clearly, there exist several
processing regions which correspond to different relative density values, microstructure, and

hence mechanical properties of the SLMed products. Significantly low energy input is
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experienced in Region I due to low laser power and scan speed. As a result, insufficient
melting gives rise to low quality products with high porosity and poor mechanical strength.
Slight increases in both laser power and scan speed cause an increase in the energy input in
Region II. This causes limited fusion of the powders resulting in distinct scan tracks and
pronounced surface balling as shown in Fig. 3.4(a). A relatively large processing window is
obtained in Region III (forming zone) where adequate powder fusion occurs. The laser power
and scan speed in this region are high enough to cause proper fusion of the powders resulting
in sound products with relatively high density, flatter scan tracks, and improved surface finish.
Our experimental results revealed that the relative density values of the samples obtained
range from 98 to 99% in this region. Within Region III, there is a limited zone, Region IV,
which provides optimum processing region where the SLM products have high density and
good surface quality. The relatively high laser power and scan speed in this region enable
proper fusion of the powders, thus leading to high relative density values of more than 99%
and well-spread scan tracks with good surface quality. In fact, the as-built specimens with
very high relative density (99.8%) and good surface roughness (35 um) (Fig. 3.4(b)) were
obtained at a laser power of 300 W, scan speed of 700 mm/sec, and energy density of 71.43
J/mm’ which falls within this region. Regions V and VI represent high energy input zones,
where high energy density is delivered causing excessive powder fusion. This may result in
well-spread scan tracks, large melt pools, and large surface balling due to the rapid cooling
cycle during SLM process (see Fig. 3.4(c)). At a laser power of larger than 400 W, the energy

input is so high that the product surfaces are burnt.
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Fig. 3.6 Schematic illustration of SLM process integrated with a process map that relates
laser power, scan speed, and energy density.

3.3.3 Effects of process parameters on microstructure and hardness of as-built specimens
The horizontal cross-sectional OM image of polished/etched as-built specimen shown in
Fig. 3.7(a) revealed clear scan tracks and discontinuous nature of the melting process induced
by pulsating laser beam. Typical semi-elliptical scan tracks of solidified melt pools with long
axis parallel to the building direction (due to deep melt pool), and the overlapping among
different scan tracks were observed on the vertical cross section (parallel to the building
direction) shown in Fig. 3.7(b). During SLM, thermal gradient is maximum at the leading
edge of the laser beam and the scan track growth is proportional to thermal gradient.
Therefore, scan tracks cool faster at the leading edge of the laser beam resulting in their semi-
elliptical shape. The dark regions between scan tracks reveal the heterogeneous distributions
of the alloy elements in the as-built specimens. Besides, the overlapping laser beam (re-
scanning) may introduce high energy at the intersections thereby depleting some elements

[22]. The complicated thermal processes experienced during SLM lead to cellular

65



solidification structure and epitaxial growth across different track boundaries.

o e

i
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v

Fig. 3.7 (a) Horizontal and (b) vertical cross-sectional OM images, (c) horizontal and (d)
vertical cross-sectional SEM images of as-built specimen fabricated at optimum process
conditions. Bright dotted arrows show the laser scanning direction while the dark solid arrow
indicates the building direction.

As shown in Fig. 3.7(c), the horizontal cross section of the as-built specimen consists of
submicron sized cellular microstructure with intercellular spacing less than lum. This
contributes to the excellent strength and hardness in SLMed maraging steel parts compared to
their conventional counterparts. On the other hand, the microstructure in the vertical cross
section (Fig. 3.7(d)) of the as-built specimen is characterized by fine columnar and/or
dendritic grains due to rapid solidification of melt pool. The grains propagated away from the

grain boundaries due to existence of higher thermal gradient at these interfaces.
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Fig. 3.8 shows the EBSD data on horizontal cross section of the as-built specimen. From
the phase map shown in Fig. 3.8(a), the as-built specimen was not fully martensitic as trace
amount of y phase remained. The high cooling rates exhibited during solidification resulted in
the formation of predominantly martensite matrix and prohibited the precipitation of the
intermetallic compounds. However, some alloying elements such Ni, Co, Mo, etc., remained
in supersaturated solution (y —phase) resulting in the trace amounts of austenite. The IPF map
in Fig. 3.8(b) show the grain size, shape and orientation of the as-built specimen processed at
the optimum conditions. The average grain size of the as-built specimen was 0.982 + 0.961
um. Clearly, it seems that some grains in the as-built specimen were oriented along the laser
scanning direction (Fig. 3.8(b)), this might be the result of solidification of the melt pool
because the temperature gradient reaches the maximum at the leading edge of the laser beam.
The grain boundary map shown in Fig. 3.8(c) indicated that the as-built specimen had higher
fraction (51.6%) of small angle grain boundaries (SAGBs) with misorientation angles of <15°.
This may be due to its fine grain microstructure resulting from rapid epitaxial solidification

during SLM process.
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Fig. 3.8 EBSD data (a) phase, (b) IPF, and (c) grain boundary maps on horizontal cross
sections of as-built specimen. Bright dotted arrow shows the laser scanning direction.

The variations of Vickers hardness of the as-built specimen as a function of energy
density is shown in Fig. 3.9. It is evident that processing the specimen at low and high values
of energy density resulted in low hardness values. The as-built specimens had Vickers
hardness values ranging from 330-403 HV depending on the processing energy density.
These values are characteristically higher compared with 280 HV of wrought maraging steel

in as-built state [6].
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Fig. 3.9 Variations of Vickers hardness of as-built specimen as a function of energy density.

The high Vickers hardness value in SLMed maraging steel parts in as built state is
attributed to the fine grain microstructure with intercellular spacing less than 1pum and the
numerous small angle grain boundaries (SAGBs) with misorientation angles <15°, see Fig.
3.7(c) and (d) and Fig. 3.8(c). These small micron-sized intragranular sub-grains impede and

block dislocation motion imposing a hardening effect on the as-built specimen.

3.4 Conclusions

In this chapter, the influence of process parameters, such as scan speed, laser power,
spot diameter and pitch, on densification behavior and surface morphology of SLMed
maraging steel has been investigated and a process map has been constructed. In the SLM of
18Ni maraging steel, there exists a relatively large processing window, where sound products
with relatively high relative density, flatter scan tracks, and good surface quality can be
obtained. For example, the optimum process conditions were found to be scan speed of 700

mm/sec, laser power of 300 W, overlap rate of 40%, and energy density of 71.43 J/mm’.
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These resulted in a maximum relative density of 99.8% and good surface quality with a
roughness value of Ra= 35 um. The as-built specimen was not fully martensitic since trace
amount of y phase remained after the solidification process. The average grain size of the as-
built specimen was 0.982 + 0.961 um and were basically oriented along the laser scanning
direction. Moreover, as-built specimen consists of submicron sized cellular microstructure
with intercellular spacing less than lpum. This contributes to the excellent strength and
hardness in SLMed maraging steel parts. Processing the specimen at low and high values of
energy density resulted in low hardness values. Vickers hardness values ranging from 330-
403 HV were obtained in this study. These values were much higher that 280 HV of

conventional maraging steel in the same state.
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Chapter 4 Effects of Post Heat Treatment on Microstructure and Mechanical

Properties of Selective Laser Melted Maraging Steel

4.1 Introduction

Selective laser melted maraging steel specimens have been successfully fabricated using
the optimum process parameters in Chapter 3. The SLMed specimens have excellent relative
density of 99.8% and remarkable surface quality. However, their mechanical properties are
quite low and therefore need further improvement. As a matter of fact, the mechanical
properties of SLMed parts depend to a large extend on the microstructure inherited from the
rapid cooling and any subsequent heat treatment subjected to them [1]. In addition, the
complex thermal cycle exhibited during SLM cause an epitaxial solidification process which
gives rise to fine microstructure in the as-built parts. This provide considerably high level of
strength and hardness than that of conventionally manufactured counterparts in the non-heat-
treated state [2]. The microstructure dynamics in maraging steel make them better candidates
for SLM and applications in aerospace, tool and die making, and automotive industries [3, 4].
Maraging is a term coined from the martensite age hardening of low-carbon, iron-nickel lath
martensite. These category of steels are dominated by martensite matrix and hence the only
transformation that occurs at ordinary cooling rates is martensite formation. However, under
some processing conditions such as SLM and aging, a duplex phase structure consisting of
metastable martensite and austenite equilibrium phases may arise [5]. The martensite without
carbon is quite soft, but heavily distorted by a high dislocation density. Hardening and
strengthening of these steels are subsequently produced by aging the as-built parts for several
hours at 450-510 °C, caused by precipitation of intermetallic phases such as Ni3 (Ti, Mo) and
the formation of a more stable phase Fe;Mo that demands higher exposure times [4]. By

subjecting the as-built SLMed specimens to post heat treatments such as solution treatment
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and aging, the microstructure can be carefully controlled and the mechanical properties
significantly improved to match or exceed those fabricated by conventional means [5]. Many
earlier studies on maraging steels have focused on the precipitation behaviour and the effect
of austenite reversion during the maraging heat treatment [1, 3, 6-11]. According to the
researchers, segregation and precipitation of Ni, Mo, and Ti may occur at the grain
boundaries due to different localized processing temperatures leading to formation of
supersaturated solid solution (austenite phase) with the martensite matrix [3, 9, 11]. They
asserted that, presence of reversed austenite in the SLMed parts could lead to reduced
hardness, yield strength, and ultimate tensile strength but it would enhance the tensile
ductility and impact strength in the initial stages of overaging [1, 12]. Therefore, as a remedy
to austenite reversion, solution treatment and appropriate aging conditions ought to be
adopted. With this in mind, the purpose of this chapter was to investigate the effects of
solution treatment and aging heat treatment on the microstructure and mechanical properties

of SLMed maraging steels.

In the current work solution treatment at 820 °C for 1 h followed by aging at 460 °C for
5 h lead to significant improvement in hardness, yield strength, tensile strength and the
Young’s modulus. These were attributed to the elimination of austenite phase during solution
treatment and the precipitation of fine intermetallic compounds in the martensite matrix

during the aging process.

4.2 Experimental procedure
4.2.1 Sample preparation
Nitrogen gas-atomized 18Ni (300-grade) maraging steel powder with an average particle

size of 20 um was used as the starting material. The chemical composition of the alloy is

shown in Table 3.1. Matsuura LUMEX Avance-25 hybrid machine (Matsuura Machinery
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Corporation, Japan) equipped with Yb fiber laser was used to prepare test specimens
measuring 10 mm x 10 mm % 3 mm for microstructural examinations. Using different sets of
laser power (P: 100 - 400 W), scan speed (v: 400 - 1000 mm/sec), pitch (4: 0.025 - 0.2 mm)
and spot diameter (d: 0.05 - 0.3 mm), the powders were selectively melted layer after layer
until the final 3D specimens were completed. The layer thickness (#) was maintained at 0.05
mm. In order to examine the effect of building direction on mechanical properties,
horizontally and vertically oriented sheet tensile specimens with a gauge section of 34 mm in
length, 6 mm in width, and 3 mm in thickness as shown in Fig. 4.1 were built with a set of
process parameters chosen in terms of maximal density of as-built specimens and optimal
laser energy density. The as-built specimens were removed from the steel base plate by wire

EDM cutting.

S
. 10mm

Fig. 4.1 (a) Horizontally and (b) vertically oriented standard tensile specimens fabricated at
selected process parameters with Z and X axes as the building and laser scanning directions
respectively.

4.2.2 Heat treatment
Some specimens were solution-treated (STed) at 820 °C for 1 h. Using design of
experiment (DOE) approach, the specimens were aged at 460 - 600 °C for 0.5 - 24 h then

cooled to room temperature.
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4.2.3 Chacterization

Before microstructure characterization, the specimens were ground using sand paper
(grit size 150-1500), followed by polishing with a set of decreasing size alumina suspensions
on an emery cloth up to 1 um in a Doctor-lap grinding machine (Maruto Instrument Co., Ltd.,
Japan) and finally polished in a VibroMet® 2 vibratory polisher (Buehler, US) for 1-2 h. Nital
solution was used to etch polished specimens for 3 - 45s. The microstructure of the as-built,
solution treated, and solution treated and aged specimens was then observed using Olympus
BX60M optical microscope (OM) and JEOL JXA-8900RL (JEOL Ltd., Japan) Electron
Probe Microanalyzer (EPMA)/ scanning electron microscope (SEM). Orientation imaging
microscopy (OIM) analysis was performed using JOEL JSM-7001FA (JEOL Ltd., Japan)
SEM equipped with an electron backscattered diffraction (EBSD) system. In order to obtain
high resolution EBDS maps, vibration polishing was carried out for 2 h, and an acceleration
voltage of 15 kV and scan step size of 0.1 um were used. The OIM maps were obtained from
analysis of EBSD data by the software TSL-OIM analysis 6.2. Phase identification was
performed by X-ray diffraction (XRD, Rigaku, JAPAN) with Cu Ka radiation, in step scan
mode with step size of 0.02°, time per step 3s, and angular interval 30-90°. The micro-
hardness (HV) values of the as-built and aged specimens were measured using HMV-2000
micro-Vickers tester (Shimadzu Corporation, Japan) at 19.61 N and the results presented as
the arithmetic means of twelve measurements at each processing condition. Tensile tests were
carried out on the horizontally and vertically oriented specimens in as-built and solution
treated and aged (STAed) conditions. The surfaces of all tensile specimens were polished
until #1500 emery paper to reduce surface flaws. The tensile tests were performed at room
temperature with a crosshead speed of 1 mm/min (corresponding to an initial strain rate of
4.90 x10™s™) using a 50 kN Shimadzu universal testing machine. The strain was determined

by measuring machine crosshead displacement during the tensile tests. At the same time, the
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strain in the elastic deformation regions was simultaneously measured with a KFG-1-120-C1-
23 strain gage (Kyowa, Japan). At least three specimens for each condition were tested. In
addition, fractographic examinations on the tensile tested specimens were done to evaluate

the failure behavior.

4.3 Results and discussion
4.3.1 Microstructure of as-built as well as solution-treated and aged specimens

Fig. 4.2 illustrates the XRD patterns of the raw powder, as-built, aged, and solution-
treated/aged (STAed) specimens. Although the atomized maraging steel powder only
contains the martensite (o) phase, a small peak corresponding to (220), of the austenite (y)
phase appears in the as-built specimen. After aging at 460 °C for 5 h, the intensity of (220),
peak becomes stronger, revealing the formation of more y phase during the aging. This
suggests that the phase transformation from o’ to y occurs during the aging process.
Furthermore, when as-built specimen was subjected to solution treatment (ST), the (220),
peak completely disappeared, indicating that y phase formed during ST at 820 °C is
completely transformed into o’ phase during cooling process. This is due, in part, to non-
uniform processing temperatures throughout SLM process, which causes the martensite phase
in the starting powder to transform into austenite during SLM. The segregation and
heterogeneous distributions of alloying elements may promote reversion of martensite to
austenite during cooling process. Similar phenomenon has also been found in some work [6,
8]. However, the solution treatment at 820 °C, which is higher than the austenite finish
temperature (750 °C), makes the alloying elements to homogeneously dissolve into austenite
solid solution. In the subsequent cooling, the austenite phase can be transformed into
martensite completely (the martensite start temperature (M;) and finish temperature (My) are

164 °C and 61 °C, respectively [4]).
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On the other hand, when the STed specimens were subjected to aging at 460 — 600 °C
for 0.5 — 5 h, no o’y phase transformation occurred and the (220), peak disappeared
completely. This is because the STed specimens have homogeneous alloying compositions
and martensite microstructure. In addition, the aging temperatures are lower than the
austenite start temperature (650 °C). However, if the aging time is prolonged (>10 h),
martensite decomposition to austenite may occur. This phenomenon has been reported in

wrought maraging steel [5, 13-16], where excess heat treatment was performed.
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Fig. 4.2 XRD patterns of maraging steel powder and the specimens as-built and treated under
different conditions.

Moreover, it seems that no evident change in the intensity of o’ phase with (110) and
(200) orientations occurs, but the intensity of (211) peak has been reduced after ST at 820 °C
for 1 h and aging at 460 °C for 5 h. Note that no peaks from intermetallic compounds, such as

NizMo, NizTi and Fe,Mo, have been detected in aged specimens. This is presumably
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associated with extremely small sizes of the intermetallic precipitates. Additionally, high
cooling rates during solidification resulted in formation of o’ phase and prohibited
precipitation of the intermetallic compounds. Instead, the alloy elements such as Ni, Co, Mo,
etc, remained in a supersaturated solid solution [17].

Solution treatment and aging of the as-built specimen (depicted in Fig. 3.7(a)-(d))
resulted in complete disappearance of scan tracks and solidification traces. The cellular
structure was replaced by massive unstable martensite microstructure characterized by fine

bundles of parallel, heavily dislocated laths as shown in Fig. 4.3(a) and (b).

Fig. 4.3 (a) Horizontal and (b) vertical cross-sectional SEM images of the specimen solution-
treated at 820 °C for 1 h and aged at 460 °C for 5 h.

Fig. 4.4 shows the EBSD data on horizontal cross sections of as-built, aged, and STAed
specimens. From the phase maps shown in Fig. 4.4(a)-(c), the as-built specimen was not fully
martensitic and trace amount of y phase remained. After aging at 460 °C for 5 h, the quantity
of vy phase increased (Fig. 4.4(b)). Solution treatment at 820 °C for 1 h and aging at 460 °C
for 5 h led to substantial reduction of the y phase (Fig. 4.4(c)). At the same time, it appears
that trace amount of Ni;Ti particles precipitated in the matrix during the aging. These

findings are in good agreement with the XRD results shown in Fig. 4.2. However, it should
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be noted that it is difficult to detect all precipitates because of their extremely small sizes.
The quantity of precipitates is trivial as portrayed in Fig. 4.4(c) since the EBSD analysis used
in this research could be performed for only Ni3Ti precipitates. The other possible

precipitates including NisMo and Fe,Mo were included in the martensite matrix.

Iron — Alpha : PR 1959 B B Iron — Alpha 0.986
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: : 2 [ Nickel Titanium (H) ~ 0.011

Fig. 4.4 EBSD data on horizontal cross sections of (a), (d), and (g) as-built, (b), (e), and (h)
aged (460 °C for 5 h), and (c), (f), and (i) STAed (STed at 820 °C for 1 h and aged at 460 °C
for 5 h) specimens. (a)-(c) phase maps, (d)-(f) IPF maps, and (g)-(i) grain boundary maps.
Bright dotted arrow shows the laser scanning direction.
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The IPF maps in Fig. 4.4(d)-(f) show the grain size, shape and orientation in as-built,
aged, and STAed specimens. The average grain sizes for the as-built, aged, and STAed
specimens were 0.982 £ 0.961 um, 0.951 + 0.905 um, and 1.272 £+ 1.238 pum, respectively.
The as-built and aged specimens exhibited almost the same average grain size, while the
STAed specimen had a larger grain size due to grain growth during solution treatment at a
high temperature. On the other hand, it seems that some grains in the as-built specimen were
oriented along the laser scanning direction (Fig. 4.4(d)), this might be the result of
solidification of the melt pool because the temperature gradient reaches the maximum at the
leading edge of the laser beam. However, this elongated grain morphology became weak
after aging. As shown in Fig. 4.4(f), the solution treatment and aging resulted in a significant
change in grain orientation. This change in orientation is believed to be attributed to the
solution treatment during STA process. A high heating temperature and long soaking time
during the solution treatment lead to all alloying elements being dissolved into the matrix to
form a supersaturated solid solution (austenite phase). Moreover, the cooling rate is quite
slow during the solution treatment process. These certainly result in a different grain

orientation from both as-built and aged specimens (Fig. 4.3(d) and (e)).

The grain boundary maps shown in Fig. 4.4(g)-(i) indicated that the as-built specimen
had higher fraction (51.6%) of small angle grain boundaries (SAGBs) with misorientation
angles of <15°. This may be due to its fine grain microstructure resulting from rapid epitaxial
solidification during SLM process. Furthermore, the aged specimen had the highest fraction
(60.4%) of SAGBs, presumably due to formation of extremely small precipitates which
impede movement of dislocations [18, 19]. On the other hand, the STAed specimen contained
a large fraction (>51%) of high angle grain boundaries (HAGBs) due to slow cooling after

solution treatment. These results are in good agreement with the IPF findings.
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4.3.2 Effects of solution treatment and aging on mechanical properties

Maraging steels are age-hardenable through aging in a temperature range of 400-650 °C
[12, 17]. Aging at temperatures below 450 °C produces ordered and coherent
precipitated phases, while rapid and intense aging takes place at temperatures between 450

and 600 °C [15, 16]. Fig. 4.5 illustrates the variations of Vickers hardness as a function of

energy density.
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Fig. 4.5 Variations of Vickers hardness of as-built, aged and STAed specimens as a function
of energy density.

Compared to conventional maraging steel products, which have a hardness value of 280
HV in martensite state [13], all the as-built specimens showed higher hardness values (330-
403 HV) although the hardness depends on the energy density delivered. The higher hardness
values of the as-built specimens are attributed to fine columnar and/or dendritic
microstructure obtained during rapid cooling in the SLM process, see Fig. 3.7(c) and (d).
When the as-built specimens were subjected to aging treatment at different temperatures or

times, the hardness tremendously increased due to the formation of fine precipitates of
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intermetallic compounds such as Nis;Ti in the martensite matrix as mentioned above. For
example, when the as-built specimen prepared using an optimum energy density of 71.43
J/mm’ was aged at 480 °C and 460 °C for 5 h, the hardness values increased to 593 HV and
610 HV, respectively. These values are close to or slightly higher than 594 HV of
conventional age-hardened maraging steel [1]. Nevertheless, from the XRD and EBSD
results shown in Figs. 4.2 and 4.4, some retained y phase existed in as-built and aged
specimen, which results in reduction of hardness. Therefore, to further improve the hardness
value, solution treatment seems to be necessary prior to aging. As shown in Fig. 4.5, after
solution treatment at 820 °C for 1 h, the aging treatment at 480 °C and 460 °C for 5 h led to
higher hardness values compared to the aged samples without solution treatment.

Fig. 4.6 shows the dependence of Vickers hardness on aging temperature and time for
the samples which were built at the optimum energy density and solution-treated at 820 °C
for 1 h, followed by aging at different temperatures and times. The initial aging caused a
rapid increase in hardness at all the aging temperatures. The aging treatment at 460 °C
exhibited a high hardness level and the maximum hardness value attained was 618 HV after
aging at 460 °C for 5 h. Prolonging the aging time to 24 h caused a gradual decline in

hardness.
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Fig. 4.6 Dependence of Vickers hardness on aging temperature and time for the specimens
built at optimum energy density and solution-treated at 820 °C for 1 h.

Moreover, the aging at temperatures above 550 °C showed much lower hardness
values. The main reason for hardness reduction at longer times and higher temperatures is
believed to be due to particle coarsening of the precipitating phases, i.e., overaging [13].
Another reason may be the precipitation of Fe;Mo and partial dissolution of the Ni3(Ti,Mo)
intermetallic compound giving rise to formation of and Ni-rich y phase [15-17].

Fig. 4.7 shows the stress-strain curves obtained from tensile tests in different loading
directions for the as-built and STAed specimens. The as-built specimens exhibited good
ductility (10.38 %), low tensile strength (1125 MPa), and low values of Young’s modulus
(163 GPa). However, solution treatment and aging led to significant increase in tensile
strength, slight rise in Young’s modulus (185 GPa), and a drastic reduction in ductility
(5.27 %). The maximum tensile strength obtained was 2033 MPa after STA. This significant
enhancement in strength is due to precipitation of fine intermetallic compounds in the
martensite matrix during the aging process. Moreover, the increase in Young’s modulus in

the solution treated/aged specimens is also associated with the formation of large amount of
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fine-sized intermetallic precipitates during the STA process. This is because various
intermetallic compounds distributed in the STAed specimens have much higher Young’s
modulus than the martensite matrix.

With regard to the influence of building direction on mechanical properties, as shown in
Fig. 4.7, the vertical specimens with the building direction parallel to the loading direction
had slightly lower tensile strength and much lower elongation than the horizontal specimens
with the building direction perpendicular to the loading direction. This is because, in the
horizontal specimens, failure occurs due to layer shearing at significantly high elongation
offering more load bearing capabilities unlike in the vertical specimens, where failure is due

to layer separation at minimal elongation.
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Fig. 4.7 Nominal stress - strain curves for as-built with optimum process parameters and
STAed (STed at 820 °C for 1 h and aged at 460 °C for 5 h) specimens. The tensile tests were
performed with loading directions perpendicular (horizontal) and parallel (vertical) to the
building direction. The inserted figure shows the stress-strain curves in elastic deformation
regions obtained by using strain gages.
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Fig. 4.8 shows fracture surfaces of the tensile specimens in as-built and STAed
conditions. It is evident that the fracture surface of the as-built specimen consisted mainly of
fine dimples as shown in Fig. 4.8(a). This depicts an entirely transgranular rupture mode
referred to as micro void coalescence [20]. On the other hand, the rupture in the STAed
specimen showed brittle appearance characterized by quasi-cleavages (Fig. 4.8(b)). In
addition, specimens processed at low and high energy density exhibited brittle fracture due to
fusion inefficiencies while those processed at the optimum energy density of 71.43 J/mm’

had a ductile fracture.

Fig. 4.8 SEM images showing fracture surfaces of (a) as-built and (b) STAed specimens.
Solid arrows indicate dimples while dotted arrows show fracture cleaves.

Charpy impact test was also carried out on the SLMed specimens in as-built and STAed
conditions. As shown in Fig. 4.9, the impact energy is much higher (94 J) in the optimized
specimen in the as-built state than in the specimens processed at minimum (16.67 J/mm’®) and
maximum (166.67 J/mm”’) energy density, 13 J and 45 J, respectively. Evidently, STA leads
to a significant decrease in the impact energy (Fig. 4.9), and a transition from ductile to brittle

rupture in the optimized specimen, see Fig. 4.10. The decrease in impact energy and
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occurrence of brittle fracture in the STAed specimens is due to the precipitation of fine

intermetallic compounds which limit their ductile deformation.
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Fig. 4.9 Charpy impact energy of the as-built and STAed specimens processed at minimum
(16.67 J/mm’) optimum (71.43 J/mm°), and maximum (166.67 J/mm®) energy density.

Fig. 4.10 SEM images showing Charpy impact test fracture surfaces of (a) as-built and (b)
STAed specimens. Solid arrows indicate dimples while dotted arrows show quasi-cleavages.
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4.4 Conclusions

In this chapter, the effect of solution treatment and aging heat treatment on the
microstructure and mechanical properties of SLMed maraging steels has been investigated. It
has been found that, the as-built specimens consisted of predominantly martensite with trace
amount of austenite phase. During aging, the quantity of austenite phase increased due to
reversion of martensite to austenite. To optimize the microstructure and mechanical
properties, it is necessary to perform solution treatment prior to aging for SLMed products. It
has been found that the solution treatment caused almost complete disappearance of austenite
phase in subsequently aged specimens. Furthermore, the microstructure of as-built specimens
was characterized by fine columnar and/or dendritic grains with a submicron order due to
rapid solidification of melt pool. Solution treatment and aging resulted in grain growth of the

martensite matrix and a significant change in grain orientation.

With regard to the mechanical properties, the SLMed products exhibited higher strength
and hardness than conventionally fabricated ones in their martensite state. The maximum
hardness value obtained in this research was 618 HV after solution treatment at 820 °C for 1
h and aging at 460 °C for 5 h. As-built specimens exhibited ductile fracture while aging and
STA prompted brittle fracture on the SLMed specimens. When as-built specimen was
subjected to solution treatment and aging, the maximum tensile strength obtained was 2033
MPa, while the tensile ductility significantly decreased from 10.38 % to 5.27 %. Moreover,
the SLMed specimens with the building direction parallel to the loading direction had slightly
lower tensile strength and much lower elongation than those with the building direction
perpendicular to the loading direction. The as-built specimen in optimized conditions had
higher impact energy of 94 J compared to 13 J and 45 J of specimens processed at minimum

and maximum energy density, respectively. In addition, it exhibited ductile rupture
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characterized by dimples while STA led to a significant decrease in impact energy and

occurrence of brittle rupture in all the specimens irrespective of the processing conditions.
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Chapter 5 Optimization of Selective Laser Melting Parameters and their Influences

on Microstructure and Hardness of SUS316L Stainless Steel

5.1 Introduction

As described in Chapter 3, SLMed parts should possess mechanical properties superior
to or comparable with those produced by conventional processes. Such mechanical properties
often depend not only on the materials but also on the process parameters adopted. Improper
combination of process parameters results in less dense and porous products which do not
meet design specifications. Unlike conventional manufacturing techniques where the
properties of finished parts are predictable, selective laser melted (SLMed) products are
characterized by fluctuating properties which depend partly on process parameters, cold
working, and post annealing conditions [1]. SLMed parts possess high compactness close to
100% and mechanical property near to wrought piece. This has significantly contributed to
the paradigm shift of AM technologies from rapid prototyping to generation of end-use parts
and the needs of personalized customization for example in implant tooth, artificial bone, and
medical guide [2]. With SLM, functional parts can be produced using low cost powders such

as brass, copper, Ti alloys, and stainless steels [3].

SUS316L stainless steel is in the category of austenitic stainless steels that cannot be
strengthened by heat treatment. They are essentially non-magnetic in the annealed state and
can be hardened by cold working. Their excellent cryogenic properties coupled with good
high-temperature strength, oxidation and corrosion resistance makes them valuable in a
diversified range of uses, including nuclear reactor vessels, heat exchangers, components for
chemical processing and pulp and paper industries, domestic appliances, and household
utensils [4]. However, conventional manufacture of SUS316L parts is time consuming, costly,

and limited in terms of complexity and customization. Consequently, SLM has been adopted
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in the production of stainless steel bone scaffold, titanium alloy tooth, aircraft engine parts,
among other components with a view to exploit the merits of flexible/ intricate geometry,
short cycle times, reduced cost and tooling associated with the process [2, 5, 6]. Recent
studies on SLM of SUS316L stainless steel have focussed on the relationship between
process parameters and mechanical properties [6-8]. However, optimization of the process
parameters, their effects on the microstructure and corrosion behavior is still not well studied

yet [8, 9].

In this chapter, the process parameters including laser power, scan speed, pitch, and spot
diameter were varied and their effects on relative density, surface quality, microstructure, and
hardness of SLMed SUS316L stainless steel were investigated. The purpose was to optimise
the process parameters so as to obtain high-quality SLMed products and contribute new

knowledge towards SLMed stainless steel parts.

5.2 Experimental procedure
5.2.1 Sample preparation

Nitrogen gas-atomized SUS316L stainless steel powder (Matsuura stainless 316L) with
an average particle size of 21 um as shown in Fig. 5.1 was used as the starting material. The

chemical composition of the alloy is shown in Table 5.1.

i Y 20 um

Fig.5.1 SEM image of SUS316L stainless steel powder.
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Table 5.1 Chemical composition of SUS316L stainless steel powder used in the experiment.

Alloying element Cr Ni Mo Si Mn P C S Fe

wt % 17.50 12.53 2.10 091 0.80 0.024 0.017 0.011 Balance

Matsuura LUMEX Avance-25 hybrid machine (Matsuura Machinery Corporation, Japan)
equipped with Yb fiber laser was used to prepare test specimens measuring 10 mm x 10 mm
x 3 mm for microstructural examinations. The design of experiment (DOE) approach was
adopted in the optimization of the process parameters. Using different sets of laser power (P:
100 - 400 W), scan speed (v: 400 - 1000 mm/sec), pitch (4: 0.025 - 0.2 mm) and spot
diameter (d: 0.05 - 0.3 mm), the powders were selectively melted layer after layer until the
final 3D specimens were completed. The layer thickness (#) was maintained at 0.05 mm. The

as-built specimens were removed from the steel base plate by wire EDM cutting.

5.2.2 Characterization

A non-contact laser reflectance VHX-5000 digital microscope (Keyence, Japan) was
used to evaluate the surface roughness (Ra) of the as-built specimens. An average of six Ra
measurements was taken after filtering to eliminate background noise at each processing
condition. The relative density of the specimens was determined using the Archimedes
method and the results were presented as the arithmetic means of three different
measurements at each processing condition. V2A etchant (100 ml hydrochloric acid, 100 ml
water, 10 ml nitric acid) was used to etch polished specimens at room temperature for 5-7
min. The microstructure was observed using optical microscope (OM) and scanning electron
microscope (SEM). The micro-hardness (HV) values of the as-built and aged specimens were

measured using HMV-2000 micro-Vickers tester (Shimadzu Corporation, Japan) at 19.61 N
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and the results presented as the arithmetic means of twelve measurements at each processing

condition.

5.3 Results and discussion
5.3.1 Effects of process parameters on relative density and surface quality

As shown in Fig. 5.2(a), when the scanning speed was increased from 400 to 700
mm/sec, the relative density increased from 97.9 to 99.2%. Above 700 mm/sec, the relative
density decreased to 98.8% at the maximum scanning speed of 1000 mm/sec. At a laser
power of 100 W, the relative density of the specimen was 98.6%, and as the laser power
increased, the relative density increased to 99.2% at 320 W, see Fig. 5.2(b). Beyond 300 W,
the relative density decreased to 99.2% at the maximum laser power of 400 W. From Fig.
5.2(c), small and large values of the pitch had significant impact on the relative density of the
specimen. Indeed, setting the pitch at 0.05 mm resulted in a low relative density of 98.5%
while increasing the pitch to 0.12 mm, the relative density gradually increased to 99.2%. Any
further increase in the pitch led to a drastic reduction in the relative density. Critically low
value of relative density was obtained when the pitch was increased to 0.02 mm, a value

equal to the spot diameter.

The relative density remained fairly constant for small values of spot diameter (i.e., less
than 0.1 mm). However, beyond 0.1 mm, the value of relative density increased to 99.2%
when the spot diameter was 0.2 mm. Further increase in spot diameter led to a decrease in
relative density as shown in Fig. 5.2(d). To evaluate the influence of derived parameters on
relative density of the as-built specimen, overlap rate which relates spot diameter and pitch as
expressed in Eq. (1) in Section 3.3.1 was considered. The results depicted in Fig. 5.2 (e)

indicates that, at 0% overlap rate, critically low value of relative density (93.3%) was
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obtained. When the overlap rate was increased to 20%, the relative density rapidly increased

to

99.0%. It is evident that, the relative density remained fairly constant for overlap rates

between 20 and 62.5% with peak value of 99.2% at an overlap rate of 40%. Further increase
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Fig. 5.2 Effects of process parameters on relative density of as-built SLMed specimens.

Energy density (E) is an important parameter in SLM. It relates to laser power (P), scan

speed (v), pitch (%), and layer thickness () and can be calculated using Eq. (2) in Section

3.3.1. The amount of laser energy delivered should be large enough for the powders to
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completely melt, undergo epitaxial solidification, and form fully dense parts. As shown in Fig.
5.2(f), higher energy density resulted in higher relative density. However, excessively high
energy density caused reduction of relative density of the SLMed specimens. The maximum
relative density attained was 99.2% at an energy density of 77.92 J/mm’, which corresponds
to scan speed of 700 mm/sec and laser power of 320 W. Processing the specimens at very low
energy density (16.67 J/mm®) and exceedingly high energy density (200.98 J/mm®) resulted

in low values of relative density.

Fig. 5.3 shows the optical microscopy (OM) images on the horizontal cross sections of
as-built specimens, revealing the shape and distribution of pores with varying energy density.
It is evident that, specimens processed at low energy density had large number of irregular-
shaped pores while those processed at high energy density had many crevice-like pores
elongated along the laser scanning direction. The presence of these pores resulted in lower
values of relative density (96.8% and 98.2%) as shown in Fig. 5.3(a) and Fig. 5.3(c)
respectively. On the other hand, as-built specimen processed at an energy density of 77.92
J/mm® had hardly any pores resulting in maximum relative density of 99.2%, see Fig. 5.3(b).
At high energy density, extended crevice-like pores persisted in the as-built specimen, this
may be due to the residual thermal internal stresses generated by rapid epitaxial solidification.
Moreover, the alloying elements in the steel composition may have different thermal
coefficients which upon heating may result in a thermal miss-match that generates stress.
These stresses could cause micro-cracks inside the steel microstructure as shown in Fig.

5.3(c).
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Fig. 5.3 OM images on horizontal cross section of as-built specimens showing the
distribution of pores and changes in relative density with variations in energy density. The
dotted arrows indicate laser scanning direction.

The surface quality of SLMed SUS316L steel is instrumental in the overall performance
of the parts. Poor surface quality may be a source failure (e.g., corrosion start point, crack
initiation zone etc.) when the specimens are in use [10]. The SEM images in Fig. 5.4 show
the top-surface morphologies of the as-built specimens. Rougher surfaces were observed at
the minimum (16.67 J/mm®) and maximum (200 J/mm?) values of energy density, as shown
in Fig. 5.4(a) and (c), respectively. At lower energy density, insufficient fusion causes the
formation of distinct scan tracks with visible gaps and macro pores (as indicated by the
arrows in Fig. 5.4(a)) between two neighboring scan tracks. Moreover, macro pores
containing some powder particles (marked by a rectangle) can be seen on the surface. These
particles are believed to arise from un-melted powder due to lower energy density, which
results in low relative density of the as-built specimen. On the other hand, some larger
spherical particles (balls) and circumstantial cracks remained on the surface (Fig 5.4(c))
under the conditions of high energy density. Similar particles appear small in both size and
number on the as-built specimen processed at optimum condition (Fig. 5.4(b)). The formation

of these particles (balling) is extensively discussed in Section 3.3.1.
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Fig. 5.4 SEM images on top surfaces of as-built specimens processed at (a) minimum (16.67
J/mm?®), (b) optimum (77.92 J/mm’), and (¢) maximum (200 J/mm") energy density. The
complete arrows indicate gaps and macro pores between scan tracks while the rectangles
show resultant surface balling. The dotted arrows indicate laser scanning direction.

As depicted in Fig. 5.4 (c), newly formed large particles with crevices appear on the surface.
This could be due to the formation of large melt pool and prolonged cooling time at
maximum energy density resulting in spheroidization and cracking. Proper melting was
attained at the optimum energy density (77.92 J/mm’) leading to reduced balling and well

spread scan tracks (Fig. 5.4 (b)).

The surface roughness of SLMed SUS316L steel is greatly influenced by the energy
density and overlap rate as discerned in Fig. 5.5(a) and (b) respectively. Clearly, low and high
values of energy density resulted in poor surface qualities. In this study, relatively smooth
surface with a surface roughness of 10.16 um was obtained for as-built specimens processed
at an energy density of 77.92 J/mm’, see Fig. 5.5 (a). From Fig. 5.5(b), a zero (0%) overlap

rate resulted in poor surface, increasing the overlap rate led to a significant improvement in

101



the surface roughness. Indeed, relatively smooth surface with a roughness value of Ra= 9.95
um was obtained at 40% overlap. Further increase in overlap rate led to deterioration of the
surface quality (Fig. 5.5 (b)). Based on condition of optimal relative density (99.2%) and
surface quality (9.95 um), the optimized process parameters were found to be laser power of

320 W, scan speed of 700 mm/s, energy density of 77.92 J/mm’, and overlap rate of 40%.
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Fig. 5.5 Variations of surface roughness of as-built specimens with (a) energy density and (b)
overlap rate.

5.3.2  SLM Processing window of SUS316L stainless steel
From the preliminary results in Section 5.3.1, the interactions among laser power, scan
speed, and energy density have been used to successfully develop a process map based on the

formability of SUS316L powders for fabricating single layer and multi-layer 3D parts.
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Fig. 5.6 Schematic illustration of SLM process integrated with a process map that relates
laser power, scan speed, and energy density.

Clearly, there exists several processing regions which correspond to different relative
density values, microstructure, and hence mechanical properties of SLMed SUS316L
products. The too low energy zone demarcated in Region I is elicited by the lowest energy
density for all the scan speeds used combined with relatively low laser power. As a result, the
melting temperature of SUS316L powder (1400 °C) may not be reached which results in
partial melting of the powders. The laser energy density is insufficient to generate adequate
liquid phase and consequently leads to a poor bond neck between the particulates. Even
though there was some fusion between the particles during the SLM process, fragile samples
without mechanical strength are obtained and numerous un-melted powder fragments
(balling) existed on the surface. Specimens fabricated using the process parameters in this
zone have many defects such as balling, delamination, brittle fracture, and high porosity as

shown in Fig. 5.4(a). A relatively large processing window is obtained in Region II (forming
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zone) where adequate powder fusion occurs. The laser power and scan speed in this region
are high enough to cause sound metallurgical bonding of the powders resulting in high
quality products with relatively high density, flatter scan tracks, and improved surface finish
without obvious macro-defects.

Our experimental results revealed that the relative density values of the samples
obtained range from 98 to 99% in this region. It can be deduced that, the good range of
energy densities in the forming zone increase the powder bed temperature, while reducing the
viscosity of the melt pool such that the melt can be spread properly on the previously
processed powder layer, thereby facilitating more efficient densification with solid powdered
particles. Within Region II, there is a limited zone, Region III, which provides optimum
processing region where the SLM products have high density and good surface quality. The
relatively high laser power and scan speed in this region enable proper fusion of the powders,
thus leading to high relative density values of more than 99% and well-spread scan tracks
with good surface quality. In fact, the as-built specimens with very high relative density
(99.2%) and good surface roughness (9.95 um) (Figs. 5.4(b) and 5.5(b)) were obtained at a
laser power of 320 W, scan speed of 700 mm/sec, and energy density of 77.92 J/mm® which
falls within this region. Regions IV and V represent high energy input zones, where high
energy density is delivered causing excessive powder fusion, probable evaporation, and
ionization of the powders. This may result in well-spread scan tracks, large melt pools, and
large surface balling due to the rapid cooling cycle during SLM process (see Fig. 5.4(c)). Ata
laser power of larger than 400 W, the energy input is so high that the powder is blown off

resulting in no track formation or at times burnt product surfaces.
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5.3.3 Effects of process parameters on microstructure and micro-hardness

The horizontal cross-sectional OM image of polished/etched as-built specimen shown in
Fig. 5.7(a) revealed clear scan tracks and discontinuous nature of the melting process induced
by pulsating laser beam. Distinct pools pertaining different layers are visible on the same
track The SEM image in Fig. 5.7(b), taken at high magnification reveal the expected cellular
solidification microstructure and evidence of epitaxial growth across different track
boundaries. More rich structural features can be found at an even smaller; sub-micron and
nano levels. As seen in the SEM image of etched specimen shown in Fig. 5.7(b), inside the
smaller micro-grains, intragranular 0.5-1um-sized sub-grains with a cellular structure exist.
These sub-grains are confined by the bigger micro-grains of size 5-10 um. The sub-grains
formed have a cellular/columnar structure which contributes to the excellent strength and
hardness in SLMed SUS316L stainless steel parts compared to their conventional

counterparts.

Fig. 5.7 Horizontal cross-sectional (a) OM (b) SEM images of as-built specimen fabricated at

optimum process conditions. Bright dotted arrows show the laser scanning direction.

Fig. 5.8 shows the XRD patterns of the SUS316L stainless steel raw powder and the as-
built specimen. Clearly, nitrogen gas atomized SUS316L powder consists of entirely

austenitic phase with a preferred orientation of (111),. Similarly, SLMed parts had singular
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austenitic phase, without any traces of secondary ferrite phase or iron oxide. This is due to the
high cooling rate which inhibits any time for diffusion to take place and therefore avoids any
transformation or secondary phase formation. However, the crystallographic texture is seen to

significantly change to (220), presumably due to the influences of the scanning strategy and

building direction.
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Fig. 5.8 XRD patterns of SUS316L stainless steel powder and the SLMed specimen in as-

built condition.

The micro-hardness of the as-built specimen shown in Fig. 5.9 indicates that, SLMed
specimen (with maximum relative density) in the as-built state had a micro-hardness of

around 241 HV which is slightly higher compared with that of conventionally fabricated

SUS316IL specimen (150-200 HV) [11].
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Fig. 5.9 Variations of Vickers hardness of as-built specimen as a function of energy density.

The high micro-hardness can be attributed to the numerous grain boundaries of the small
micron-sized intragranular sub-grains which impede and block dislocation motion imposing a
hardening effect on the as-built specimen. Hardness of metals and alloys can be directly
related to yield strength as both are mechanical properties that are related to resistance of

material to deformation.

5.4 Conclusions

The process parameters including laser power, scan speed, pitch, and spot diameter were
varied and their effects on relative density, surface quality, microstructure, and hardness of
SLMed SUS316L stainless steel have been established. The optimized process parameters
that resulted in high-quality SLMed products with relative density of 99.2%, surface
roughness of 9.95 um, micro-hardness of 241 HV were found to be; Laser power of 320 W,
scan speed of 700 J/mm’, and overlap rate of 40%. A formative process map on the SLM of
SUS316L stainless steel has been constructed. There exists a relatively large processing
window, where sound products with relatively high relative density, flatter scan tracks, and
good surface quality can be obtained. For example, the optimum process conditions were
found to be scan speed of 700 mm/sec, laser power of 320 W, overlap rate of 40%, and
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energy density of 77.92 J/mm’. These resulted in a maximum relative density of 99.2% and

good surface quality with a roughness value of Ra=9.95 um.

In addition, as-built specimen consists of sub-micron sized cellular microstructure with
intercellular spacing less than 1pum. This contributes to the excellent strength and hardness in

SLMed SUS316L stainless steel parts.
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Chapter 6 Summary

During product development, nothing communicates an idea more than a model. 3D
additive manufacturing (AM) technologies are used to generate and optimize design models
(through rapid prototyping) as a proof of concept before actual product fabrication. Through
this processes, prototypes and/or fully functional parts can be generated using different
material including polymers, metals, ceramics, and composites etc. However, some of these
parts (for example from non-structural resins) have inferior mechanical properties compared
to conventionally manufactured ones. This may be due to intrinsic material properties, choice
of AM process and associated process parameters, and the post process operations. Therefore,
materials and AM process must be carefully selected to yield requisite properties, in addition,
proper post process treatment must be carried out to improve on these properties to suit
design specifications. In the present work, high-performance materials including CFR-ABS
composites, 18Ni (300-grade) maraging and SUS316L stainless steels were processed
through fused deposition modelling and selective laser melting, respectively. The purpose
was to optimise the FDM and SLM process parameters, so as to obtain high-quality
FDMed/SLMed products. The main results obtained in the present research can be

summarized as follows.

Chapter 1 described the background of present research highlighting the limited
literature on surface roughness and process parameter optimization on high-performance
materials (such as CFR-ABS composites, super alloys and Ni, Co rich alloy materials
processed by laser sintering). In order to supplement this deficit, it was proposed to
investigate the influences of different processing parameters on CFR-ABS composite and
18Ni (300-grade) maraging and SUS316L stainless steels, respectively processed through
FDM and selective laser melting (SLM) with a view to optimise them. In addition, different

additive manufacturing technologies, processes/methods, materials, challenges, and gaps
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have been discussed. The purpose of the present research was to determine the effect of the
various printing process parameters on the quality of the product, and to identify the optimum
process parameters and material properties for applications in FDM of carbon fiber reinforced

plastic composites and SLM of 18Ni (300-grade) maraging and SUS316L stainless steels.

In Chapter 2, the effects of process parameters such as printing speed, layer thickness,
and raster direction on the microstructure and mechanical properties of 3D printed ABS and
CFR-ABS materials have been investigated. It was found that low and high printing speed
resulted in low tensile strength and ductility while small layer thickness resulted in high
tensile strength. However, increasing the layer thickness led to a decrease in both tensile
ductility and strength. In addition, specimens printed at a raster direction of zero degree (0°)
had better mechanical properties compared to those at 45° and 90°. Reinforcing the ABS
material with carbon fiber led to better dimensional stability, decreased tensile strength, and
onset of brittleness. The best printing conditions were found to be printing speed of 3200
mm/min, layer thickness of 0.1 mm, and raster direction of zero degrees (0°). This resulted in
relatively high tensile strength of 55.86 MPa and 49.03 MPa for 3D printed ABS and CFR-
ABS specimens respectively. Specimens printed at a raster direction of 0° exhibited ductile
rupture dominated by dimples while those printed at raster direction of 45° and 90° had brittle
rupture characterized by quasi-cleavages. In addition, entirely brittle fracture is observed for

all specimens printed with CFR-ABS material.

In Chapter 3 optimization of selective laser melting parameters has been extensively
deciphered. The influences of various process parameters including laser power, scan speed,
pitch, and spot diameter on densification behavior, surface morphology, microstructure, and
mechanical properties of selective laser melted (SLMed) maraging steel have been
investigated. A process map for the SLM of maraging steel has been constructed. There exists
a relatively large processing window, where sound products with relatively high relative
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density and good surface quality can be obtained. For example, the optimum process
conditions were found to be scan speed of 700 mm/sec, laser power of 300 W, overlap rate of
40%, and energy density of 71.43 J/mm’. These resulted in a maximum relative density of

99.8% and good surface quality with a roughness value of Ra= 35 um.

Chapter 4 focused on the influence of post heat treatment on microstructure and
mechanical properties of maraging steel. As-built specimens contained martensite matrix
with trace amount of austenite phase. The quantity of austenite phase increased during aging
treatment due to reversion of martensite to austenite. Solution treatment/aging resulted in
elimination of the austenite phase and formation of intermetallic precipitates in the martensite
matrix. The as-built and aged specimens exhibited almost the same average grain size, while
solution treatment/aging resulted in grain growth of the martensite matrix and a significant
change in grain orientation. The results indicated that the SLMed specimens with the building
direction parallel to the loading direction had much lower elongation than those with the
building direction perpendicular to the loading direction. The maximum tensile strength and
hardness obtained were 2033 MPa and 618 HV respectively, after solution treatment at

820 °C for 1 h and aging at 460 °C for 5 h.

Finally, in Chapter 5, process parameters including laser power, scan speed, pitch, and
spot diameter were varied and their effects on relative density, surface quality, microstructure,
and hardness of SLMed SUS316L stainless steel were established. The optimized process
parameters that resulted in high-quality SLMed products with relative density of 99.2%,
surface roughness of 9.95 um, micro-hardness of 241 HV were found to be; Laser power of
320 W, scan speed of 700 mm/sec, overlap rate of 40%, and energy density of 77.92 J/mm”.
These results were summarized in a process map which could provide instructions in

choosing proper process parameters for subsequent SLM of SUS316L stainless steel parts.
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Therefore, the optimized process parameter on 3D printing of CFR-ABS composites and
SLM of 18Ni maraging and SUS316L stainless steels, and the generated process maps for
maraging and SUS316L steels will contribute new knowledge towards a comprehensive

material property database and testing methodology on FDM and SLLM as key AM processes.
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Recommendations for future work
For this study, further experiments on process parameter during FDM of CFRP-
Composites with different weight percentages (wt%) and investigate how this affects the

mechanical properties are recommended.

In general, nearly all 3D printing machines as well as designs treat each layer of powder
the same without giving considerations to thermal properties of the powder and structural
requirement of the design. In an ideal situation, different layers would demand different laser
scanning speeds and powders since the powder environment changes as the layer-by-layer
build up proceeds. For a more robust process control and optimization of 3D printing process,
the future focus should be on how to process a 3D part by instructing the machine on the right
powder and laser parameters for each layer. In addition, more emphasis should be put on the
in-situ measurement of temperature, cooling rate, and residual stresses in order to command

the machine to adjust the process parameters to conform to design specifications.
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