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The characterisation and monitoring of Ti-6Al-4V extra low interstitial (ELI)
powder is an important requirement for full qualification of medical implants and
aerospace components produced through Selective Laser Melting (SLM) and
Laser Engineered Net Shaping (LENS) systems. This is based on levels of
degradation of Ti-6Al-4V (ELI) powder observed during successive additive
manufacturing (AM) cycles in these systems. Such powder degradation is due to
the heating effect of the laser beam and the interaction of the powder with the
atmosphere in the build chamber and could lead to compromised properties of
the built part. The powder quality must be compared with the ASTM F3001
specification and this quality must be maintained throughout all production runs.
It is, therefore, important to understand the impact of various powder
characteristics in the as-received state and after reuse during successive AM

build cycles.

In this study the properties of the virgin, reused and stored Ti-6Al-4V (ELI)
powder were determined and compared with the powder specification. The
primary virgin powder batch was divided into three secondary virgin batches of
different particle size distributions by the supplier, TLS Technik GmbH. These
secondary virgin powder batches had the following particle size distributions:
Direct Metal Laser Sintering (DMLS) system of the Central University of
Technology, Free State (CUT), size range: <40 pm, Concept Laser
(LaserCusing) system of Stellenbosch University (SU), size range: 25 um — 55
pum and Laser Engineered Net Shaping (LENS) system of the Council for
Scientific and Industrial Research (CSIR), size range: 40 um — 100 pum. The
purpose of this work was to characterise the powder properties of the as-received
virgin powder for each of these batches and to subsequently monitor the
characteristics after selected reuse cycles in the three AM systems. The study
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also included characterisation of properties of stored virgin powder (stored for

Page |iv

18 months) as this was added in the DMLS machine during the recycling process.

Topping up of the reused powder with virgin powder after 10 cycles in the DMLS
system had a positive effect on maintaining the powder particle size distribution
and morphology. It was found that the powder could be recycled in the DMLS
up to 35 cycles. From the results it was concluded that the Ti-6Al-4V (ELI)
powder could be reused indefinitely in the DMLS system, provided the powder
in the dispenser bin of the machine was topped up with virgin powder as required.
The frequency of topping up would depend on the sizes of parts built in the
different cycles and the number of parts built per cycle. Typically, topping up

could be necessary after every 10 build cycles.

In the LaserCusing system, the powder was reused for only 10 build cycles
without any addition of virgin powder. This led to an unacceptable increase in
the oxygen level of the powder, indicating that further reuse of the powder in its

current state would not be feasible.
At the time of this study the effect of reuse of powder in the LENS system was

not studied further than analysis of the powder after one build cycle. Therefore,

no assessment of reuse of the powder in the LENS system could be made.

Keywords: Ti-6Al-4V (ELI) powder, Characterisation, DMLS, LaserCusing,
LENS, Powder properties
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Introduction

1.1 Background

Since the early 1990s, rapid prototyping has gained broad acceptance as a
manufacturing technology for the production of medical implants and aerospace
components. The annual worldwide growth rate of this technology over the
period 1989 to 2014 slowly escalated to 26.3% [1]. From 2011 — 2013, the rapid
prototyping applications increased at a growth rate of 32.3%. Due to the
increased use of the technology for manufacturing instead of just prototyping,
the terminology changed from rapid prototyping to additive manufacturing
(AM). The technology is cost-effective, wastes less material than conventional
production methods and is time efficient for fast production of complex
industrial products [2]. According to the American Society for Testing and
Materials (ASTM) International Standard Specification on AM technology, AM
Is defined as the “process of joining material to make objects from three
dimensional (3D) model data, usually layer by layer, as opposed to subtractive
manufacturing methodologies” [3]. AM is becoming one of the leading
commercial technologies which produces fully functional parts directly from

metallic powders without using any conventional tooling [1].

AM in South Africa started early in the 1990s with the escalation in adoption of
the technology starting to be seen from 2011 [1],[4]. Since South Africa has large
mineral reserves of titanium, the significant opportunities to develop medical
implants and high-value aerospace parts using locally produced titanium metal

was identified as a possible breakthrough area for the country [1]. AM
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technology has grown rapidly with collaboration between the government,

Chapter 1: Page |2

industry and academia. These sectors have been working together in raising AM
awareness, especially through the annual RAPDASA conferences. With new
developments and opportunities possible with AM, the final products produced
showed a rapid growth from 3.9% to 42.6% by 2014. The South African AM
Strategy was introduced to identify AM focus areas as high priorities based on
various AM fields. The development of this strategy was supported as an
outcome of the “roadmapping” for furthering successful assimilation of this
technology [1]. Figure 1.1 shows the industrial impact areas, as well as the
enabling capabilities and education needs, that were recommended in the South
African AM Strategy [1].

Qualified AM parts for medical and aerospace
Use of AM for production of medical and dental implants
Use of AM for production of medical devices
Production of parts for the Aerospace and military markets based on current customers and

AM for impact in traditional manufacturing sectors
* Improve efficiency of traditional manufacturing sectors through tooling development and
improved product development cycles
+ Refurbishment of previously unserviceable parts for the local industry by means of powder
deposition technology

New AM materials and technologies
* Development of Additive Manufacturing systems
* Development of Materials for AM
+ Development of new AM technologies

Education system

Enabling education system; Promotion and awareness

Enabling capability development
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Figure 1.1: Focus areas recommended for AM in South Africa [1],[5].

Identified areas have been focused towards quality development and AM
improvement in different fields. One of the areas includes qualification of AM
processes and post-processing techniques for applications in the medical

industry. Medical technology progressed widely with orthopaedic and dental
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implants fabricated to fit an individual physiology. For example, collaboration
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between CUT and other related parties resulted in the development of several
biomedical innovation projects [4]. However, the high quality demand on
applications, such as medical implants, requires the establishment of qualified
processes for AM production of parts. Knowledge of the properties of the
feedstock powder used for production is fundamental to the qualification of the

AM process chain.

The most prominent metal alloy used for medical and aerospace AM applications
is the Ti-6Al-4V (ELI) alloy, known as Grade 23. Its strength and
biocompatibility properties led to the powdered alloy having significant
importance for AM production. Therefore, understanding and controlling the Ti-
6Al-4V (ELI) powder properties have become increasingly important for
ensuring the quality of the built parts and the repeatability of the build process
[6],[7]. From an economic point of view, establishing recycling methodologies
to allow reuse of the metal powder is an important way of increasing the powder

lifetime and the cost—effectiveness of the technology.

1.2 Problem statement

Successful characterisation of the Ti-6Al-4V (ELI) powder and the qualification
of the AM process chain could create good opportunities for existing or new
South African enterprises to produce medical implants and aerospace
components through AM. Across the globe, various teams are working towards
qualification and certification of parts produced by different AM systems. A
number of articles have been published with respect to the reuse of powder to
build parts for different applications [6],[8],[9]. The local example is the South
African national programme on Qualification of Additive Manufacturing of Ti-

6Al-4V for Medical Implants and Aerospace Parts. This programme entails

© Central University of Technology, Free State



Qmaw University of
Chapter 1: :wemng,_ Froe St

comprehensive systematic research aimed at establishing a database of material

Page |4

and process data needed for qualification of the AM powders and post-process
treatments used for medical and aerospace applications [5]. For full qualification
of parts produced from Ti-6Al-4V (ELI) powder through AM, the material
properties and the processes in the process chain must comply with the relevant
ASTM international standard specifications [10],[11]. However, full
characterisation of Ti-6Al-4V (ELI) powder used in the DMLS system of the
CUT, the LaserCusing system of SU and the Laser Engineered Net Shaping
(LENS) system of CSIR has not been done before. Neither has the quality of the

powder after repeated reuse been monitored before.

1.3 Aim

This study is aimed at determining and monitoring the properties of Ti-6Al-4V
(ELI) powder, relevant for additive manufacturing of medical implants and
aerospace components, by using testing techniques available in South Africa.
The Ti-6Al-4V (ELI) powder will be characterised in the as-received or virgin
state and after exposure during repeated AM build cycles. The powder properties

will also be monitored after extended periods of storage.

1.4 Objectives

The study will be focused on analysing properties of different powders and
samples that will be taken from Ti-6Al-4V (ELI) powder used by the CUT Centre
for Rapid Prototyping and Manufacturing (CRPM), Stellenbosch University
(SU) and the National Laser Centre (NLC) of the CSIR in their different metal

additive manufacturing machines.
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The following objectives were set:

e To determine the chemical properties (elemental composition and gas
content) and physical properties (particle size distribution, particle
morphology or shape, flowability and density) of the Ti-6Al-4V (ELI)
virgin powder by using applicable standard procedures.

e To monitor the chemical properties (elemental composition and gas
content) and physical properties (particle size distribution, particle
morphology or shape, flowability and density) of the Ti-6Al-4V (ELI)
powder after reuse in repeated AM build cycles by using the same
applicable standard procedures.

e To determine the feasibility of reuse of Ti-6Al-4V (ELI) powder and the
maximum number of build cycles that this powder can be reused, before

non-compliance with the powder specification is observed.
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1.5 Layout of dissertation

Chapter 1 Introduction

Chapter 2 Literature review

Chapter 3 Methodology
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Chaper 4 Results and Discussion

Chapter 5 Conclusions and Recommendation

Figure 1.2: Schematic on the layout of dissertation
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Literature review

2.1 Titanium Alloys

Titanium exists in large quantities in the earth’s crust and is never found in its
pure state, but normally in the FeTiOj3 (ilmenite) or TiO; (rutile) mineral form
[12],[13]. The metal was discovered in the early 1790s by William Gregor and it
was not purified until the 1900s [12]. Production of titanium was initiated on a
large scale when Wilhelm Justine Kroll introduced a method for its production
called the Kroll process [12]. The method is still widely used today where TiO,
Is converted to titanium tetrachloride (TiCl,), which is subsequently mixed with
magnesium elements and heated up to form titanium sponge [14]. The processing

is difficult and expensive.

Titanium has very impressive properties when compared with other structural
materials. Titanium provides excellent corrosion resistance, high specific
strength and good mechanical properties [12],[13]. It is light in weight with a
density of 4.51 gcm=[13]. The melting point of pure titanium is 1660°C [14]. It
rapidly creates a protective TiO, layer on its surface when exposed to an
oxidizing atmosphere or at elevated temperature during the working of the metal.
Titanium has two crystal structures which undergo an allotropic transformation
at an elevated temperature [14]. The occurrence of titanium in two phases is of
importance, since it is the basis for achieving good mechanical properties. The
allotropic phase transformation from alpha (o) to beta () phase occurs at 882°C,
which is known as the B-transus temperature [12]. Above the temperature of
882°C, the body-centred cubic (BCC) structure is formed, which is referred to as

the B phase. Below this temperature, it has a hexagonal close- packed (HCP)
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crystal structure called the o phase. These crystal structures are shown below in
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Figure 2.1.

Figure 2.1: Body-centered cubic (BCC) and hexagonal close-packed (HCP)
crystal structures [12]

The microstructure determines the mechanical properties of the alloys which
depend on the arrangement of o and B phases present at room temperature.
Alloying elements in the material are used to adjust the properties through
balancing the chemical composition of the alloy and also modify strength and
density properties [14]. The alloying elements added to titanium are o and P
stabilizers, where an a stabilizer raises the a to B transformation temperature in
order to stabilize the o phase, while the B stabilizer lowers the transition
temperature and stabilises the p phase at room temperature [14]. As such,
titanium alloys can be classified into three different categories: a, a + B and 3
alloys [12]. The classification based on the type and amount of alloying elements

determines the dominate phase at room temperature.

Ti-6Al-4V is the most popular and most widely used titanium alloy, because of
its good balance of properties. Its composition of 6% by weight of aluminium
presents an o stabilizer and 4% by weight of vanadium presents a 3 stabilizer.
Advantages of Ti-6Al-4V (ELI) are its corrosion resistance, biocompatibility and
relatively low Young’s modulus for load-bearing applications such as implants.

Its corrosion resistance results from formation of a continuous protective oxide
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layer on the surface. Titanium metal is highly reactive and has an affinity for
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oxygen and this beneficial surface oxide layer protects the material when
exposed to air or moisture. The reason for its excellent biocompatibility is the
protective oxide layer which makes it less reactive in the human body and is the
material commonly used for implants needed for high strength in the human
body. This is because of all metallic biomaterials, the Young’s modulus of

titanium metal is closest to that of the human bone. [14].

Titanium alloys are available in several grades, however, there are two grades of
Ti-6Al-4V, namely grade 5 and grade 23. The two grades are similar except that
grade 23 contains reduced levels of interstitial gases. In Table 2.1, the chemical
composition of both titanium alloys is given as specified in the applicable ASTM
standards. Both material standards, ASTM F3001-14 and ASTM F 2924-14
[10],[11], cover additive manufacturing components produced in full melt
powder bed fusion systems. Ti-6Al-4V grade 23 (Ti-6Al-4V (ELD)), is
specifically used for medical implants because of the reduced levels of oxygen
and nitrogen in the material [17]. The current study is focussed on
characterisation of Ti-6Al-4V (ELI) powder that is used for medical applications

and which contains a maximum oxygen level of 13%.

Generally, poor powder quality can have a significant impact on the final AM
part properties. Due to the heating effect of the laser beam and its influence on
particles surrounding the beam path, the characterisation of the metal powder in
its virgin state and after reuse is an important factor in ensuring AM part quality.
Chemical and physical properties of titanium alloy can dramatically influence
the powder solidification and consolidation of an as-built part. Studies and
experiments have been of considerable interest over several years to understand
the relationship between the quality of the built part and the material properties
[9],[15]. Because titanium atoms bond strongly with oxygen and nitrogen, they
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may have both favourable and unfavourable effects on its physical and
mechanical properties [16]. An increase in the oxygen and nitrogen
concentration in the material causes an increase in hardness and strength, but

causes an embrittlement of the material [16].

Table 2.1: Chemical composition of titanium alloys used in additive manufacturing

[10,[11]
Element Element Ti-6Al-4V (weight %)
Types ASTM F2924 ASTM F3001 (ELI)
Grade 5 Grade 23
Interstital | Oxygen 0.20 0.13
Nitrogen 0.05 0.05
Carbon 0.08 0.08
Hydrogen 0.015 0.012
Alloying | Aluminium 55-6.75 55-6.5
Vanadium 35-45 6.5-45
Iron 0.30 0.25
Yttrium 0.005 0.005
Other elements, each 0.10 0.10
Other elements, total 0.40 0.40
Titanium remainder remainder

2.2 Production of titanium metal powder

The first step in understanding powder characterisation is to assess the methods
of production used. Titanium metal powder production can generally be divided
into three major stages. Briefly, the first stage involves using the Kroll process
in which the pure metal is extracted from the ore, followed by vacuum arc
refining and the production of pure or alloyed titanium metal. The second stage
1s powder production and the last stage 1s validation or quality control of powder

properties [18].
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From previous studies [18],[19],[20],[21],[22], gas atomization has been

Chapter 5: Page |11

identified as the best way to form spherical metal powders for AM processes due
to the geometrical properties of the powder it yields. Most of the work available
in the literature show that powder with spherical morphology is produced by free
fall and close-couple type atomization. In the Schwenck et al. [19] study, the
CuSnl10 powder quality, using both free fall and close-coupled atomized
systems, was investigated. In his findings, powder particles ranging between 80
pum and 160 pm produced by free fall atomization showed a decrease of
circularity from 0.96 to 0.77. The same trend was observed from close-coupled
results where fine particles (20 pum to 90um) showed a decrease of mean

circularity between 0.92 and 0.77.

Hong-wu et al [20] performed an experiment of atomizing copper melt using a
close-coupled atomizer system. The copper was heated up four times using
different temperatures, each lasting for 90 seconds. The atomisation process was
performed under pure nitrogen gas. In his findings, all four atomized powders
showed similar features, varying in diameter, but all highly spherical. In the
author’s conclusion, gas atomization powder is characterised by its spherical
nature [20]. Due to few agglomerated particles and satellites, excellent quality of

powder was produced [20].

According to Lagutkin et al [21], close-coupled gas atomization produces highly
spherical particles with median sizes ranging from 10 pumto 100 um. In his study,
pure tin was successfully atomized using the close-coupled atomization
technique with nitrogen as an atomizing gas. The particles were found to be
spherical when shown in SEM micrograph. Compared to other atomization
techniques, Lagutkin et al [21] concluded that close-coupled gas atomization was

a necessary technique for production of metal powders.
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None of the two powder production processes actually yield powder that is
hundred percent compliant with the required properties. The process of
atomization is defined as disintegration of liquid metal into fine droplets, which
are simultaneously cooled down and solidified to form spherical metal powders
[23]. There are two main gas atomization processes: free fall and close-coupled

atomization [23],[24],[25], (see schematic image in Figure 2.2).

e

Figure 2.2: Gas atomization designs: free fall (left) and close-coupled (right)
[24]
The difference between the two designs (free fall and close-coupled atomization)
Is the distance between the melt orifice and the nozzles of the gas [24]. The free-
fall configuration is characterised by a gap of several centimetres between the
melt orifice and the nozzles of the gas. During the production of powder, the
molten metal stream falls a certain distance before the gas stream impinges on
the melt. The challenge with the free-fall process is that by the time the gas has
travelled far enough to meet the metal stream, it has less kinetic energy (lower

velocity), which significantly reduces the yield of fine and spherical powders
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desired for AM applications [25]. The close-coupled system tends to be more
efficient due to the short distance between the gas nozzles and melt exit [24],
[23]. Close-coupled atomizers are of great interest in industry and the quality of
metal powder production is critical. In this configuration, the melt can interact
with a higher velocity gas as compared to the free-fall nozzles. According to
Achelis [22], a close-coupled configuration has a gas-recirculation zone, which
minimizes the formation of satellites and agglomeration during the process and
improves the flow conditions. A slight challenge which this configuration can
have, according to Fritsching et al. [23], is freezing of the melt at the nozzle tip,
which might affect expected properties. In the Fritsching research, the freezing
problem mostly occurred in the initial phase (first few seconds) when the melt
stream exits the nozzle for the first time and thereafter the process continues as

normal [23].

A picture of the process of breaking down liquid streams to result in droplets is
shown in Figure 2.3. The molten metal is pushed into the swirl chamber where it
flows until it is pressurised enough to leave the small cylindrical hole. Breaking
up is characterised by the breaking down of the filament into unstable ligaments
[22]. The thickness decreases in the flow direction and subsequently the breaking
up process continues to form small holes. This leads to detachment of larger
ligaments and efficient disintegration into small droplets by high kinetic energy
[22]. The image in Figure 2.3 shows a melt stream breaking up into a single

droplet just below the gas nozzles, pointed in red arrows.
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Figure 2.3: Image of liquid disintegration during atomization process [19]

In the Markusson findings [26 ], powders produced from gas atomization were
found to have higher pores which can be attributed to entrapment of the gas
bubbles due to the nature of the gas atomization process. The liquid pool has a
certain amount of interstitial gases which drives out the liquid before the
solidification process starts [27],[28]. If the liquid lifetime 1s very short,
depending on the processing parameters, the interstitial gases can be trapped

within the liquid phase and pores are formed after the solidification process — see

Figure 2.4 [27].
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Figure 2.4: Image of particle with pore [29]

The need to control interstitial elements during the powder production is
essential, especially when producing reactive alloys such as Ti-6Al-4V (ELI).
Due to its high surface area in the atomisation chamber, the powder tends to pick
up undesirable gases. Melting under vacuum and inert gas atmosphere, such as
argon, reduces pickup to an absolute minimum. Although interstitial elements
can be controlled during the powder production, there are still potential
contamination risks which can originate from the material used such as
atomizing gas nozzles and crucibles [18]. To avoid any cross-contamination, the

selection of the material is highly significant in ensuring purity.

2.3 Additive Manufacturing

AM is a technique of adding and solidifying one or more materials in powder
form to fabricate three dimensional (3D) parts by using an energy source,

typically a laser or electron beam. The energy source melts and fuses the powder

to produce parts in a layer-building fashion. The part is designed in 3D computer-
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aided design (CAD) software and converted to STL format (Standard
Tessellation Language) to build a model in a triangulated surface mesh of the
object [30]. The STL file format describes only the surface geometry of three-
dimensional objects through a triangulated surface mesh. Thereafter, the 3D
model is sliced into 2D sliced bounded layers. Based on the data in these 2D
layers, the AM process fuses the powders in 2D layers and builds a 3D part by
adding layer upon layer [30]. This technology is a software-driven process
without a human interface between the CAD model and the AM machine and
can create parts with undercuts and internal complexity, which would be difficult

or impossible for conventional machining to achieve.

There are various ways of classifying AM technologies used widely in the
industries. Many processes are applicable to various types of polymers, metals,
ceramic and composites using different techniques, such as Powder Bed Fusion
(PBF) and Directed Energy Deposition (DED) and other consolidation processes
[31]. A popular approach to classifying AM technologies is according to the
unique method the systems add and bond material in layers to form an object.
For example, in PBF processes, the systems can use Selective Laser Melting
(SLM) energy or Selective Electron Beam Melting (SEBM) energy to build
products. Both processes operate at different temperatures, where SEBM
manufactures at temperatures higher than 550°C [9] and SLM operates close to
room temperature. The overview of the different technologies grouped together

for metal applications is shown in Figure 2.5.
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Figure 2.5: Available AM technologies for metal powder applications (after
[31))

It should be noted that technologies considered in this section will only be SLM
processes, which are the EOS M280 Direct Melting Laser Sintering (DMLS)
system at CUT and the Concept Laser LaserCusing system at SU. The other
technology added 1s the DED process at the NLC which uses an Optomec MR750
LENS system. The systems use laser energy and operate close to room
temperature. The DMLS process 1s similar to the Concept Laser LaserCusing
process. The major difference between the processes is the thickness of the
powder layer. The DMLS system uses small-sized particles, whereas the
LaserCusing system is suitable for the use of small to medium-sized particles
[27]. The LENS system uses a larger particle size for manufacturing processes.

The fundamental differences in detail between these systems are as follows:
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e SLM is a powder bed technology in which a high-powered laser fuses
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compacted metal powder to selectively melt and weld the powder particles
together inside the build chamber. The system is modulated in such a way
that only the selected areas of the powder bed are affected. The fabrication
chamber is maintained close to room temperature to produce solid
components. The process chamber is filled with a purified inert gas, either
argon or nitrogen. For SLM of titanium alloys, an argon gas atmosphere is

used. Figure 2.6 gives a schematic diagram of the SLM process.

Figure 2.6: Schematic of selective laser melting process [32]

The system builds a part from the bottom layer to the top with each virgin
layer fused to the previous layer. The machine has two feed containers filled
with powder situated on top of pistons that move up and down during the
sintering process. A levelling roller or blade pushes the first fresh powder
across the fabrication powder bed to prepare for laser melting of the powder
particles. The first layer is fused by the laser beam and after each 2D section
of the part has been scanned, the powder bed is lowered by a certain thickness,
depending on the system used. The roller or blade sweeps a subsequent layer
of the virgin powder over the fabrication powder bed to be scanned and the
process continues layer by layer until the complete three-dimensional part is

produced.
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e LENS is a process where powder particles are blown through nozzles onto a
substrate and simultaneously fused by using laser energy. The heat generated
by the laser beam re-melts the previous layer and produces good interlayer
bonds. Fabrication of titanium alloy parts is performed close to room
temperature in an argon atmosphere. The diagram in Figure 2.7 illustrates the

operation of the LENS system.

|

Figure 2.7. Schematic diagram of the laser engineered net shaping powder
blown process [33]

During the direct laser deposition process, the laser beam is focused on the
particular area on the substrate. The powder is then delivered from both
nozzle systems, as shown in the diagram, into the melt pool. By the
movement of the work-piece, the process is repeated layer upon layer with
layer thicknesses of 250 um — 300 um until a solid three-dimensional part is

left on the substrate.
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A number of articles [31],[34],[35],[36] have been published with respect to the

capabilities of the AM technology and many applications have been discussed.
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Typical articles are those of Xiang et al. [36] and Sidambe [30], who used the
Selective Electron Beam Melting (SEBM) process to produce a porous titanium

implant to replace failed hard tissue (see Figure 2.8).

Figure 2.8: Repair of mandibular bone defect using Ti-6Al-4V material
produced from additive manufacturing technology [30]

2.4. Characterisation and Monitoring of Metal Powders

After the building process most of the powder is actually left in the bed. A small
amount of particles which lie closer to the build part, or the few particles that
drop off from the built part, tend to undergo physical and chemical changes. The
properties of the built products are strongly affected by process parameters,
including laser beam power, spot size, scanning speed as well as the various
powder characteristics such as particle size, size distribution, flowability and
density. Therefore, repeated heating cycles during subsequent AM processes
influence the powder and it gradually becomes aged [6],[8],[9].[15].[37].
Consequently, the surface morphology, size distribution and flowability are
affected. After recycling the powder for a number of times, the aging powder

may negatively affect the final product.
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Characterisation of metal powder using laser melting processes has been
discussed in the previous work of [6],[8],[9].[15]. Each study highlighted the
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observed changes in chemical and physical properties of recycled metal powder.
With so much powder left in the machine not being used during a build, there

could be a significant benefit obtained from recycling the unused powder.

Some factors taken into consideration were the number of times the powder was
reused in a machine and the influence of reuse on the built parts. The samples
analysed were taken from a virgin batch of powder and at various stages reuse.
McGlennen [8] named powder samples taken at different stages as short term
use, medium use and long term used. Each powder sample was analysed using
standard testing methods and compared with ASTM standard specifications.
Significant changes were observed over a series of builds with multiple times of
recycling the powder. The physical and chemical properties of the powder for
the series of builds deteriorated as compared to property values as specified by

the powder supplier.

The general agreement from previous work was to emphasise the importance of
understanding how the powder behaves at various stages of use, so that
prediction of the quality of AM parts can be made. The conclusion from their
work showed the relationship between metal properties and the machine

performance to be key for ensuring the quality of the finished part.

2.5 Characteristics of Ti-6Al-4V powder used for AM

In this part of the study, standardized methods for characterisation of metal
powder will be presented. Most of the standards mentioned here have been

developed and published by a technical committee of the ASTM.
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As AM is approaching maturity, the need to understand the effects of individual
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particle characteristics has become very clear. Although Ti-6Al-4V powder has
an excellent reputation for exceptional properties, concerns about the challenge
of changes in properties over long-term use have been raised [8],[9]. The
classification of powder properties into two main categories: physical and

chemical are shown in Figure 2.9.
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Figure 2.9: Classification of powder properties for characterisation of AM
powders (after [38])

Each property contributes to the characteristics of the parts produced. In-depth
understanding of the powder characteristics makes it possible to optimise the

process of reuse of the powder more than once.

2.5.1. Chemical Composition
Although Ti-6Al-4V (ELI) has an excellent reputation for corrosion resistance

and biocompatibility, the controversy around the release of vanadium and

aluminium deposition in human body tissues has been a challenge. According to
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Henriques et al. [39], vanadium contains cytotoxic effects that can cause adverse
tissue reactions, while aluminium can produce potential neurological disorders
in the human body and affect bone strength in the long term. However, the
existence of a passive oxide film on Ti-6Al-4V (ELI) material prevents metal
ions from being released from the alloy [13]. The content of aluminium and
vanadium must always be maintained within the limits of the standard

specifications during consecutive build cycles.

Another challenge is the reactivity of titanium with the interstitial gas elements.
The gases, oxygen and nitrogen, dissolve in the titanium crystal lattice as solid
solution without substituting titanium atom sites and occupy interstitial sites
[16]. This is illustrated in Figure 2.10. According to Akhtar [16], high
concentration levels of impurities, such as oxygen and nitrogen, can occupy
interstitial sites of the metal lattice or they can be trapped in the material as
molecular gases. Higher concentrations of interstitials in the alloy decrease the
toughness until the material eventually becomes brittle, which can result in
premature failure [13]. Ti-6Al-4V (ELI) has reduced interstitial levels and is used
for critical applications where enhanced ductility and toughness are produced by
keeping interstitial content at a very low level. It is important to note that
acceptable properties of a built part can be achieved when the chemistry is kept
within the specification limits [10],[11].

© Central University of Technology, Free State



Chapter 5: Page |24

LR
(X
..q

Figure 2.10: Interstitial gases diffusing into the material surface [13]

A limited number of studies have investigated the Ti-6Al-4V (ELI) powder
quality and chemistry in AM processes [9],[13]. Tang et al [9] studied recycling
of Ti-6Al-4V (ELI) powder in a SEBM system, measuring oxygen, vanadium
and aluminium contents. They found an increase of oxygen from 0.08 wt.% to
0.19 wt.% was observed after 21 cycles of reuse. Aluminium and vanadium
decreased with reuse of powder. The oxygen exceeded the 0.13% level of the
ASTM F3001 specification. They ascribed this pick-up of oxygen to repeated
heat exposure at the elevated operating temperature of the SEBM system
(550°C).

Axelsson [13] also investigated recycling of Ti-6Al-4V virgin powder obtained
from different manufacturers, using a SEBM system. The results from both
powders showed the oxygen and vanadium contents increased with the recycling
of the powder. At the elevated temperature, the pick-up of interstitials was seen
which could cause embrittlement in the material. To determine the chemical
composition in this study, inductively coupled plasma optical emission
spectroscopy (ICP-OES) and inert gas fusion were used. According to Akhtar et
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al. [16], the inert gas fusion technique is the faster and more accurate technique

for gaseous metal powder analysis.

2.5.2. Particle size and particle size distribution

The appropriate particle size and particle size distribution was found to be
prerequisites for processing operations and could have a significant effect on the
density of the finished object. In AM processes components that are to be
produced must have acceptable packing density and smooth surface finish, both
of which depend upon the particle size and particle size distribution of the
powder used. Particle size determines the minimum layer thickness of the
finished part that can be build [35]. Layer thicknesses that are smaller than the
maximum particle size lead to uneven powder spreading and uneven powder
layer thickness, when taking into consideration the interaction between the blade
and powder particles during the powder deposition stages of the building process.
Therefore, the desired layer thickness places a limit on the maximum particle

size that should be used.

A good quality produced part should have high density, as close as possible to
that of conventional materials [40]. Because good packing requires spherical
titanium particles for AM processes, powders are mainly produced by gas
atomization [13]. In all cases, powder suppliers provide size and size distribution
information, but that information needs to be confirmed for quality control
purposes. It can be clearly seen from previous studies that increased recycling of
powder tends to result in higher amounts of larger and non-spherical particles
[6],[8],[9].[27]. In processing operations, powder size distribution has to be

monitored at different stages for sustained compliance with requirements.
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Yadroitsev [27] found that fine particles tend to agglomerate due to the cohesive
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strength acting on individual particles, which affects not only the density of the
finished part but also the effective powder viscosity and powder deposition
properties. According to him, “fine particles provide a large surface area to
absorb more laser energy which increases particle temperature and the sintering
kinetics”. The particle diameter affects the process of laser melting with smaller
particles sintering faster than larger particles [27]. It is possible to get high
density values with different powder size distributions by “tailoring” the amount
of fine particles to yield superior packing characteristics of a produced part
Sutton et al. [35]. Some studies concluded that smaller particles fill small voids
between larger particles, and thus the packing density increases as illustrated in
Figure 2.11 [27],[35].

Wiper Direction Wiper Direction
¥ — "

Figure 2.11: Images illustrating the effect of tailoring of different particle size
distributions to achieve maximum density [35].

From Figure 2.11 it is clear that optimization of the powder layer density is
obtained by tailoring fine powder particles to fill the voids between the larger
particles. The addition of small size particles distributed in a fairly uniform
manner, which led to further densification, made it possible to achieve full
density built parts [35]. Nevertheless, the effects of recycling of particles lead to
changes of particles including agglomeration and poor melting regions, which

can be considered as porosity zones [29]. Segregation of different sizes of
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powder particles was found to result in inhomogeneous shrinkage behaviour,
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with certain regions having higher density than other regions, creating unwanted
voids [27]. For determination of the particle size distribution in this study, a

Microtrac SI/S3500 laser scattering system was applied.

2.5.3. Morphology

Sintering behaviour and powder flowability are also related to particle
morphology where similar attention must be given to morphologically dissimilar
powders. Powder morphology refers to the shape of the individual powder
particles. The combination of size and shape of particles is part of a
morphological factor which is necessary to achieve high density parts and good
flowability for deposition of even layers. If particles are not homogeneously
distributed based on shapes and sizes, anisotropic shrinkage during sintering may
occur [27]. According to Yadroitsev [27], anisotropy within the powder particles
leads to non-uniform shrinkage in the built part. The preferred morphology
needed for AM builds is smooth uniform spherical particle shapes because they

easily pass each other without creating spaces in between [27].

Powder reuse changes the shapes of particles and they become less spherical
where an increase of frictional surface area and less uniformity between settling
powder particles are observed. Previous studies on tracking of reused powders
showed that even a slight change in the aspect ratio of the particles can drastically
change the flow behaviour and degrade the properties of manufactured parts [7],
[41],[42]. According to Gu et al [42], a spherical particle shape yields less
internal friction in the powder, allowing it to be more easily deposited to obtain
higher layer density. Zhou [41] found that reuse increased the solid state
diffusion between particles, which leads to larger consolidated particles, as
illustrated in Figure 2.12.
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Figure 2.12: Description of change in morphology during laser sintering
process [41]

Sun et al. [7] analysed shapes of titanium particles (size range of 45 — 106 pum)
in as-received state and after reuse in SLM and SEMB processes. In their
findings, morphology characteristics changed with continuous reuse cycles. The
circularity of the powder particles decreased due to appearance of agglomeration
after successive reuse of 30 build cycles. There were small amount of powders
that were partially melted, forming metallurgical bonds and flowability was also

decreased.

2.5.4. Density

Most AM produced applications are largely dependent on higher metal density
to improve mechanical properties even after repeated reuse of Ti-6Al-4V (ELI)
powder [6]. Final part density has a strong dependence on physical properties
and parameters of the build process, such as absorption of the laser energy,
surface morphology of particles, and variation of particle sizes, surface
roughness and layer thickness [27],[35]. For example, an increase in layer
thickness, which is a very important parameter because of its dependence on
particle size and shape, leads to a decrease in density of the manufactured part.
According to Sutton et al [35], layer thickness determines the maximum particle
sizes to be used in the AM machine. An increase of layer thickness led to rougher

surfaces due to unmelted large particles.

© Central University of Technology, Free State



Chapter 5: Page |29

Parts produced through AM should have almost a hundred percent relative
density and smooth surface finish, which is directly dependent on physical
properties of the powder [9]. In a solid particle, the laser energy is more easily
absorbed and transferred with more significant amounts of heat to melt and
solidify powder particles rapidly into a solid layer [27]. In Yadroitsev’s findings
[27], building defects in finished parts occur by improper layer filling or variation
in beam energy, which results in poorly melted regions of powders. During the
period of sintering, the powder melts rapidly and consolidates into a liquid pool.
Clearly, there is a significant density change between the apparent density of the
powder after recoating and the density of the material after melting or during the
consolidation process [27],[28]. In Sharratt’s research [31], spherical pores were
attributed to entrapped gases, and non-spherical pores were attributed to lack of
fusion. Regardless of the type of porosity that might be found, its presence could
affect the performance of as-build parts and lower the density. It particularly
influences the mechanical strength and fatigue performance of the finished
products [31].

Due to different sizes and shapes of powder particles, measuring density by
weight is not reliable. Determination of “skeletal density” using pycnometer
analysis, which provides a true solid state density of the powder, is one of the
trusted measurements [28],[31],[43]. Since the metal powder size is in the tens
of micrometre range, it would be slow and difficult to assess pores in every
individual particle [15]. Measuring skeletal density provides an estimation of

quantity of defective particles with cracks, satellites, close and open pores.
Webb [43] discussed various methods of density determination. Gas pycnometer

was found to be an accurate and precise method of determining skeletal density.

In this method, a vessel with a known volume is used to measure the unknown
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volume of the sample. A sample is weighted and placed inside the pycnometry
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vessel. Helium flows into the container and subtracting the volume of helium
from the volume of the container gives the volume of the particles [43],[15],[31].
Density is simply dividing the mass of the powder particles by its volume. If
some particles are porous and cannot be detected by helium gas, then these pores
are considered as part of the powder and the particle density will be smaller than

the actual metal density [15].

2.5.5. Powder flowability

Characterisation of the flow of the powder is important because it relates directly
to the efficiency of powder distribution during the AM process. The quality of
the produced part depends on the powder flow, because high packing density is
required to ensure consistent constant layer thickness. In previous studies
[26],[6],[8], it was indicated that poor flowability was a consequence of the
combination of the effects of many variables such as particle size, shape and
moisture content. Therefore, the handling and storage of powder is essential for
maintaining good flowability. Successful AM builds with almost hundred
percent material density are obtained with smaller particles. However, a
challenge is the cohesive nature of such powder based on the attractive forces
between atoms [44]. It was also found from literature that repeated powder usage

changes powder flowability [6],[8].
Syeda et al. [6] investigated the flowability of fine powder (size range D90,

approximately 50 um) of the virgin Ti-6Al-4V powder and after reuse of 12

cycles.
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Figure 2.13: Powder in as-received and after reuse from the selective laser
melting process [6]

In his findings, smaller-sized powders displayed high agglomeration tendency,
resulting in poor flowability. Due to multiple recycling of the powder, the
proportion of larger particle sizes increased and the flowability improved [6].
McGlennen [8] analysed flowability in different stages (virgin, short use,
medium use and long-time use) of metal powder. He noticed that virgin fine
powder did not flow 1f not dried before the first use. In the author’s findings [8]
powder used for a short period shows different flow characteristics than long-
term use. Increase of usage creates higher amounts of larger particles which
indicates the slight increase in the median particle size, and has a significant
effect on the flowability. McGlennen [8] added that due to long-term use of the
powder 1n his experiment, changes in morphology and particle size resulted in

free and uniform powder flow [8].

Freeman Technology 4 (FT4) powder rheometer, previously described elsewhere
[45].[46],[47] 1s a new technique used to characterise powder flowability of
different particle sizes. The FT4 rheometer 1s recommended as a reliable
procedure as 1t was designed to characterise flowability of powder under various

conditions. The instrument measures several parameters which include dynamic
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flow and shear strength tests [47]. Each of these measurements will be discussed

1n the next section.
Shear cell measurements

Shears tests are carried out using the rotational shear cell accessories of the FT4
powder rheometer. The powder is conditioned to obtain a homogeneous
reproducible state, and compacted under normal load-to-measure stresses [45].
The flow measurements obtained are variations in shear stresses which are
required to produce changes in flow. According to the literature [45],[46],[47],
the test method had been proven to be valid and reproducible for a broad range
of powders. The Jenike flow factor 1s measured using the unconfined yield
strength (UY'S = 6.) and the major principal stress (MPS = 6,), according to the

equation below [45].

The characterisation of flow behaviour derived by Jenike theory is presented in

the Table 2.2 using the ratio of the stresses called the flowability index (ff.).

Table 2.2: Jenike’s theory based on the shear strength of material and determines
powder flowability [45].

Flow behaviour Jenike flow factor (ffc)
Free-flowing 10 < ff.
Easy-flowing 4 <{f.<10

Cohesive 2<ff.<4
Very cohesive 1<ffe<2
Non-flowing ff. <1
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Dynamic measurements

The dynamic flow test operates under free surface (low stress) conditions using
“lab scale” [46],[47]. The method consists of a blade moving upwards and
downwards through the bulk powder with a helix angle. The foundation for the
rheological measurements is a geometrically complex stainless steel blade which
rotates on a vertical axis while measuring the resistance of the powder to flow
dynamically. The principle of the device is based on twisting a rotating blade
downwards and upwards through the bulk powder to obtain different flow
patterns [47]. See the schematic in Figure 2.14, which describes the movement
of the blade through the bulk powder.

Vertica
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e

a = helix angle a = helix angle

Figure 2.14: Illustration of geometrically complex blade tip speed used in FT4
rheometer measuring powder flow with the helix angle [47].

During the movement of the blade, the torque and axial force required to move
the blade through the powder is determined to calculate the total energy input
required. Similarly, the force and the torque can also be measured when the blade
moves upwards in the clockwise direction. In that movement, the powder is
intended to be sliced and lifted for preparation of the next measurement [47]. The
basic flow energy (BFE) is obtained when the blade overcomes the stress by
rotating downward in the anticlockwise direction and the specific energy (SE) is
obtained during the upwards movement of the blade [45]. Higher SE and the

lower BFE measurements indicate good flowability of the powder. Sogaard et al
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[46] described the equations defining the output parameters for FT4 rheometer

measurements according to the following:

e Mpgpir and Vi are described as the mass and the volume of the powder

after any excess powder has been removed.

Conditioned bulk density (CBD) in g/ml = _’Zsplit

split
o Eu IS the energy measured during the downwards anticlockwise

movement of the blade.
Basic flow energy (BFE) in mJ = Eje

o  Econdgition IS the energy measured from upwards clockwise movement of the
blade

Specific energy (SE) in mJ/g = Zeondition

split
e The stability index Sl is the factor by which the measured flow energy

changes during repeated testing

Flow energy of test x

Stability index (SI) =

Flow energy of testy

2.6. Reuse of powders

Recycling is an attractive way to reduce the cost and waste material. During the
powder handling and loading of powder, the powder may pick up significant
amounts of oxygen. In most cases, only a small portion of powder is actually
melted and solidified into a build part. Most of the powder is left in the machine;
therefore, the recycling in the subsequent processes is essential. There are three
different steps that can be used to describe the reuse of powder. In the first step,

after all the powder is loaded into the AM system, the allowable fabrication

© Central University of Technology, Free State



[ Central University of
Technology, Free State

parameters are set and the part 1s produced. The second step 1s to remove the
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fabricated part from the machine and collect all used powder from the fabrication
container for the sieving process. The third step is to take samples for analysis
from the used powder, whereafter the rest of the powder is loaded into the AM
system and mixed with the remaining powder before starting the fabrication

process again (see the flow chart in Figure 2.15).

—

Solidified Sieving process
part of unused
removed powder

Next production *
cycle

Powder samples
prepared for test

analysis

Mixing of sieved
powder with powder
in machine

h

Figure 2.15: Reuse and sample-taking flow chart

In the various stages of heating, the effect of the laser energy changes the
physical and chemical properties of the metal powder. The powder 1s deposited
across a building platform for laser powder interaction where selected areas of
the powder and the unused powder age gradually. Consequently, the size, shape,
flowability and composition change (see Figure 2.16). Therefore, the aging of
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powder may affect the as-built part properties and limit the number of times that
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the powder can be reused in the machine.

Figure 2.16: Change in shape and size during the building processes [27]

A variety of studies on the reuse of Ti-6Al-4V powder metal have been
published. Renishaw [37] analysed the properties of Ti-6Al-4V powder after
reuse in an AM process until there was not enough powder for the next build.
The powder was reused over 20 builds and was still within ASTM limits.
Furthermore, 38 AM builds were carried out without adding any virgin powder
in the Renishaw AM 250 system. In their findings, the interstitial contents and
the flowability increased with the level of powder reuse. The powder

morphology did not change significantly throughout this study.

Tang et al. [9] evaluated changes of powder properties of Ti-6Al-4V after
multiple reuse cycles. They reused a batch of Ti-6Al-4V (ELI) powder in an
ARCAM selective electron beam melting (SEBM) machine, without topping up
the powder in the dispenser with virgin powder for 21 build cycles. In this
process, a temperature of 550°C was maintained in the build chamber. After four
cycles significant changes in the chemical properties were observed. Particles

were less spherical and satellites were attached to larger particles after 21 cycles.
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Seyda et al. [6] investigated the recycling process of Ti-6Al-4V powder (size
range 20 um — 50 um) using a laser melting process over several months. The
powder was reused for 12 cycles without introducing virgin powder into the
machine. This process was carried out at room temperature and after each build
the collected powder was sieved and reintroduced in the subsequent build cycles.
Powder size distribution, density and flowability were affected by the subsequent
reuse of powder from the same batch. An increase of the size range towards
coarser particles (51.18 um — 100 wm) was observed. The density increased and

the flowability improved.

Each study highlights the change in properties of recycled metal powder and
how, with modifications to the manufacturing process, the reduction of the cost
and material savings can be obtained. From an economic point of view, it is
important to develop a recycling methodology to reuse the metal powder. It
seems that the topping up of the powder remaining in the machine with virgin

powder has a positive influence.

2.7. Powder Sampling

To ensure that the powder characterisation through analysis of different
properties is valid, it is essential that the procedure for obtaining a proper
representative sample for analysis is sound. The small amount of powder
collected from a bulk quantity should represent the properties of the entire bulk.
Any contamination of the sample by dust or other foreign material is likely to
endanger the validity of the subsequent analyses [48],[49]. Various methods can
be used to obtain the samples, but the most common procedures used are the

scooping method and using a Keystone sampler instrument [48],[50].
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Figure 2.17: The Keystone Sampler instrument and steel spatula apparatus
[48],[49].

Scooping is the method of using a spatula to scoop off some powder from the
surface of the bulk powder. Although this is the easier method for sampling, it
raises questions of chemical degradation in the upper powder layers. According
to Brittain [50], particle segregation will result on the top layer of the powder
and would bias the particle size distribution towards larger particles. He
concluded that scooping from a container is the worst possible way of obtaining
samples unless the container is shaken before sampling [50]. Significant
improvement in sampling powder at rest can be obtained by using a “Keystone
sampler”. The Keystone Sampler is a long rod device with a sample chamber
along its length that can be opened and closed by twisting a handle. It can be

placed in multiple representative locations to take out powder samples.
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Methodology

The material used in this study was gas atomized Ti-6Al-4V (ELI) powder with
a specific particle size distribution (PSD) required for each of the AM systems.
The DMLS system required particles <40 pm, LaserCusing required a PSD of
25 um =55 pm and LENS 40 um —100 um. During this study, the system process
parameters were kept constant and any contamination of the powder or handling

procedures that could affect powder properties were avoided.
3.1 Summary of methodology

The characterisation and monitoring of Ti-6Al-4V (ELI) powder is an essential
requirement for full qualification of medical implants produced in AM systems.
This study examines virgin and reused powder samples by characterising their
physical and chemical properties through techniques complying with
international standards. The methodology that was followed in this study is
summarised in the diagram shown in Figure 3.1. Same batch virgin powder, with
different particle size distributions, was obtained from TLS Technik GmbH. The
powder was used in three different AM systems to produce parts for various
applications. For the DMLS system, after each process excessive powder was
sieved and reintroduced into the subsequent production cycle. When the powder
level in the AM machine was too low, the powder remaining in the dispenser
was topped up with virgin powder to enable more AM builds to be done.
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Figure 3.1: The powder characterisation procedure applicable to the
DMLS, LaserCusing and LENS systems
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The diagram shows different particle size distributions (virgin and reused
powder) used in the Direct Metal Laser Sintering (DMLS) system of Central
University of Technology, Free State (CUT) (size range: <40 um), the
LaserCusing system of Stellenbosch University (SU) (size range: 25 pum — 55
pum) and the Laser Engineered Net Shaping (LENS) system of the National Laser
Centre (NLC) (size range: 40 pum — 100 pm).

3.2. Ti-6Al-4V (ELI) powder handling

Handling of the powder is a very important aspect that can have an impact on the
quality of an AM built part. The as-received virgin powder, stored virgin powder
and reused powder which has been recycled, must comply with the relevant

standard composition specifications.

3.2.1 Virgin powder

The powder delivered from the supplier to CUT, SU and NLC included the

following information:

Material Safety Data Sheet (MSDS)

= Batch number

= Quantity of powder (kg)

= Customer purchase order reference

= Description of the powder (Ti-6Al-4V (ELI)) with the corresponding

chemical analysis
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Figure 3.2: Different particle sizes obtained from the same powder
material in the as-received state.

The as-received powder was characterised for each of these batches.
Subsequently, the powder properties were monitored after reuse cycles in the two
SLM systems (DMLS and LaserCusing). However, reuse was not monitored for
the LENS system, apart from characterising the powder after one build cycle in

the machine. Thereafter, no further powder samples were provided for this study.
3.2.2 Storage of virgin and reused powders

The powder samples (50g each) were taken from the different canisters and after
reuse in the different AM systems. The powder samples taken were clearly
labelled “virgin powder” or “cycle number” and were stored separately in
different containers, as shown in Figure 3.3. The powder that was not initially
used in the machine remained in the original canisters in order to maintain the

traceability and was stored in a dry and cool place.
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Figure 3.3: Containers used for storage of the virgin and reused
powder particles collected from different systems

Virgin and reused powder samples were stored in closed sealed screw-top bottles
with an inert gas layer to keep them moisture proof. These bottles were stored in
containers away from light, air and moisture. Each sample container was clearly
labelled with the identity of the product, the consignment from which the sample

was drawn, the date and where the sample was to be analysed.

3.3 Powder characterization from the three different AM systems

Samples from as-received Ti-6Al-4V (ELI) powder supplied to CUT, SU and
NLC, all from the same original production batch, were taken for
characterisation. The sieving procedures after every cycle was done in the DMLS
and LaserCusing systems to remove any unwanted large particles. In the DMLS
system, the machine door must be opened for the sampling and sieving
procedure. The processes can expose the powder to air, which can easily affect

the powder properties. The LaserCusing system provides an efficient recycling
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procedure ensuring no contact between powder and air. The powder samples
were characterised in the laboratories of CSIR and NECSA in South Africa. The
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ASTM F3049-14 standard [51] was used as a guide for characterisation of metal
powder properties. It was expected that the more times the powder was reused,

the properties of the powder would be affected.

Note: In the following sections the term “Canister” refers to a sample from a

canister, with sample number 1 coming from Canister 1.

3.3.1 As- received powder preparation for DMLS system

Samples from five identical canisters of as-received virgin Ti-6Al-4V (ELI)
powder were taken for analysis. A 50g sample of virgin powder was taken from
each canister as received from the supplier for determination of the physical and
chemical properties. The as-received powder for use in the DMLS system
showed poor flowability; therefore, it was dried at a temperature of 80°C for five
hours in a vacuum oven with air circulation to remove moisture. The dried
powder was sieved with an 80 um sieve to remove agglomeration before use.

Figure 3.4 illustrates these processes.

Figure 3.4: DMLS vingh Wder dried and sieved before the first build
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The initial fabrication in the DMLS system started with 35 kg of virgin powder
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from 14 canisters, each weighing 2.5 kg. The machine’s powder container
capacity allowed for 10 times of reuse (10 cycles) of the powder in AM build
operations without introducing virgin powder in the machine. Consequently,
virgin powder was added and mixed with the used powder remaining in the

machine using stainless steel spatula for the 11" build and beyond.

3.3.2 Sampling of powder from DMLS system

Most of the samples were taken after each build using a Keystone Sampler. The
device is capable of extracting representative powder samples from different
locations in the powder container. The Keystone Sampler was inserted in
multiple representative locations to extract powder samples. In some cases, the
samples were scooped from the top powder by using a stainless steel spatula, The
sampling procedure used complied with ASTM B215-10 and BS 1SO 14488
[48],[49],[50],[52]. Figure 3.5 shows the Keystone Sampler that was used to take

representative samples from the DMLS system.
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Figure 3.5: The Keystone Sampler designed by CUT

After mixing the virgin and reuse powder in the 11% cycle, three samples from
the top, middle and bottom were collected using the Keystone sampler for
analysis. After 29 cycles there was insufficient powder in the machine for
production. Six canisters (weighing 15 kg) from the stored powder (stored for 18
months) were added to the remaining powder. The powder was reused up to 35
cycles where samples from top, middle and bottom were taken. Samples for
characterisation taken from the DMLS powder were as-received virgin powder,
stored (18 months) virgin powder and reused powder after cycle 2, 3, 10, 11, 20,
25 and 35. As-recetved powder and reused powders were characterised for
chemical composition, morphology and particle size distribution. The stored
powder was only monitored for oxygen and nitrogen contents before being added

into the powder in the machine.
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3.3.3 As-received powder preparation for LaserCusing system
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Samples (50 g each) of the virgin powder from three different canisters were
taken for characterisation of properties. A sample was obtained by pouring the
powder into the sampling container using a plastic funnel. In the LaserCusing
system, the as-received powder had acceptable flowability and was used directly
for the first build. The initial fabrication in the LaserCusing system started with

25 kg of virgin powder from 10 canisters, each weighing 2.5 kg.

3.3.4 Sampling of powder from LaserCusing system

A set of 10 builds was performed in the LaserCusing system for production of
parts. At the end of each production, the powder was sieved to remove large
particles. The sieving equipment (mesh size of 100 um) made out of tool steel
was used for sieving powder after every cycle. Two powder samples were
collected below the vibrating sieve, as shown in Figure 3.6. The unused powder
was returned to the dispensing container. Eventually, 10 builds were performed
without topping up with virgin powder. Powder samples taken from the virgin

powder and after cycle 2, 3 and 10 were sent for characterisation.
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Figure 3.6: Schematic of powder collection below vibrating sieve [53]

3.3.5 As-received powder preparation for LENS system

Samples of virgin Ti-6Al-4V (ELI) powder from different canisters were taken
for analysis. A sample from each canister was taken by pouring the powder into
the sampling container using a plastic funnel. Five samples, each weighing 50g,
were taken for characterisation of properties. The LENS powder had good

flowability and was used immediately for the first build.

3.3.6 Fabrication process in LENS system

The powder was used once and the residual powder was collected by placing a
foil under a substrate during the process (see Figure 3.7). After a build, the
unused powder was collected from the machine for sieving analysis. No recycled

powder from the LENS system was analysed in this study.

© Central University of Technology, Free State



Chapter 5: Page |49

Figure 3.7: Collection of unused powder after the build in the LENS
system

3.3.7 Sampling of powder from LENS system

After a build, the powder that was not utilised during the building process was
collected from the machine for sieving analysis. Powder from the LENS system
had never been recycled powder before and this study was a way of examining
material efficiency and quality before implementing the reuse methodology in
the LENS system. Different types of mechanical sieve micron screen (size range
45 pm — 75 pm and 75 um — 112 um) were used to sieve the collected powder.
The sieve column was placed in a tapping sieve shaker and particles falling under
both sieves were mixed thoroughly with the aim to obtain good flowability. Two
samples (mass of 50g each) were taken from the mixed powder for determination
of powder properties. No further recycled powder from the LENS system was

analysed in this study.
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3.4 Characterisation techniques

Table 3.1 gives a summary of the powder characterisation methods used in this

study.
Table 3.1: Techniques/Methods used for powder characterisation
Characteristic Method/Technique Instrument
Elemental Inductively coupled plasma-optical SPECTRO ARCOS
composition emission spectroscopy (ICP-OES)
Gas content Inert gas fusion Eltra OHN 2000
LECO combustion LECO OHN 836
Morphology Scanning electron microscopy (SEM) JEOL JSM-6510
Size distribution Laser scattering Microtrac SI/S3500
Density Pycnometer AccuPyc II 1340
Porosity X-ray microcomputer tomography (CT General Electric
scan) Nanotom S
Flowability Rheology FT4 Powder Rheometer

3.4.1 Chemical composition determination

Oxygen and Nitrogen

The nterstitial gas contents were obtained using inert gas fusion (Eltra ONH
2000 model). The powder sample was poured into a tinfoil sheet and placed in
the analytical balance to obtain the mass. The mass of a sample of 100 mg was
automatically transferred to the analyser. The sheet was then wrapped tightly
around the powder sample and placed into a nickel basket. The nickel basket
containing the sample was dropped into the induction furnace. The machine was

purged for a few seconds, then the sample was placed inside the furnace where
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the temperature was higher than the melting point of the sample material.

Chapter 5:

Analysis of the sample then commenced.

Figure 3.8: Sample placed in the tin capsule heated with temperature
above the melting point

The sample was melted in a graphite crucible: oxygen and nitrogen gases were
released from the sample and passed through the detectors to measure the
quantity of oxygen and nitrogen. In the LECO analysis, the mass of
approximately 0.1 to 0.12 grams was weighed and transferred to the analyser.
The samples were prepared in a 502-822 nickel capsule and placed in the
autoloader position where the analysis of the quantity of the oxygen and nitrogen
was started automatically. Virgin DMLS powder results obtained from the Eltra
OHN 2000 analysis, tested at NECSA and CSIR, were benchmarked against the
LECO OHN 836 analysis.

Chemical content
The metal composition of the Ti-6Al-4V (ELI) powder was determined using

inductively coupled plasma-optical emission spectroscopy (ICP-OES-EOP

‘ARCOS’ model was used). A mass of the sample (x 50mg) was weighed
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directly into a 50 ml graduated plastic tube. Into the tube containing the
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powdered sample, 10 ml of ultra-pure water was added followed by 1 ml of a
1:1:1 HNO3z: HF: H,O acid mixture. The sample was allowed to react
exothermically for 10+1 minutes until no solid material was visible. The reacted
sample was allowed to cool to room temperature before being made up to volume
with ultra-pure water. The technique uses plasma as the excitation source to
obtain significant quantitative data through optical emission spectroscopy [35].
The sample was then analysed on the instrument and different metal elements

were measured in the plasma.

Figure 3.9:Powder sample dissolved in an acid solution

3.4.2 Physical property determination

Morphology

The morphology of the powder particles was determined by using a JEOL JSM-
6510 scanning electron microscope (SEM). The powder samples were carefully
attached to the pore-plate using double-sided carbon tape and all loose powder
particles were gently removed. Sample pore-plates were placed in the
corresponding sample holder securely and fastened with setscrews.
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Figure 3.10: Pore-plate used as sample holder and powder is attached
on double-sided tape screw for mounting

After the sample preparation, each sample was placed in the JEOL SEM vacuum
chamber. For morphology, observation from the microscope was operated on the
SEI detector and set at an accelerating voltage of 10 kV. Magnifications ranging
from x200 up to x1500 were obtained from each sample. The scale bar in pum
showed the maximum length of the particle present in each sample. The detection

of different shapes and surfaces from samples were possible.

Particle Size Distribution

The Microtrac SI/S3500 Bluewave particle size analyser with the Sample
Delivery Controller (SDC) was the method used for particle size distribution
measurements. The powder sample was first mixed to ensure uniformity in
particle size distribution. The sample was dispersed in the mixing chamber to
flow through a liquid reservoir. High-purity water was used as a solvent. The
loading factor bar appeared in the operational screen after a few moments
indicating that the samples were ready to be analysed. The sample was measured
multiple times and the sample results were displayed after each measurement. At

the end of last measurement, the data was combined to give an average for all
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the measured runs. These measurements were represented quantitatively in the
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operational screen and in the form of graphs.

Particle Density

Determination of the particle density of the powder samples was done by using
an AccuPyc Il 1340 helium pycnometer. Powder with a mass of 5.81 g was
poured into the empty vessel of the pycnometer and then filled with helium (see
Figure 3.11).

Figure 3.11: Pycnometer analysis

The amount of helium filling the empty volume in the vessel and voids around
the powder particles was determined. Since the empty volume of the pycnometer
is known and the volume of the helium around the vessel can be measured, the

difference between the two volumes determines the volume of the sample. A
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sample mass measurement of this quantity of powder then gives the density by
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dividing the mass by the volume.

Porosity determination through micro CT scanning

A comparative investigation of the internal porosity of the DMLS, LaserCusing
and LENS virgin Ti-6Al-4V (ELI) powder samples was carried out using the
high resolution General Electric Nanotom S X-ray micro-computed tomography
(CT) system combined with detailed 3D data analysis. In the highly spherical
powder, internal and closed pores were easily identified. Difficulty arose in the
judgement of surface pores for particles with small sizes. The 3D data analysis
was performed using Volume Graphics VGStudioMax 3.0 software [54]. The
function called “foam structure analysis” was applied to separate each touching
particle as an individual entity with its own associated information of volume
and other used parameters. Samples were primarily scanned at a voxel resolution
of 1.5 microns for all three samples, where advanced analysis was only provided
for the LENS and LaserCusing powders. Advanced quantitative analysis was not
possible with the DMLS powder due to the detection limit of the CT scan method
in the case of smaller powder sizes. Qualitative analysis was successfully done,
but the process was still a challenge, as according to du Plessis [54], more pores

could statistically be missed in the case of smaller powder sizes.

The technique was designed in such a way that the first step would show whether
any further analysis could be done before continuing with further analysis. A
sample, in a pipette-tip shape, was analysed with a scanning width and height of
approximately 2 x 2 mm. The data was viewed using the 3D viewer program
called myVGL for analyses of slice positions in a sample [54]. Images sliced
through the middle of the data set from the top and the side are shown in Figure
3.12.
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Figure 3.12: Top and side CT slice view images indicating that the scanning
can be viewed from different angles [54].

Through an optimization process, which involved choosing different voltage and
beam filtration settings for good image resolution, 100 kV without beam
filtration was found to be acceptable to determine the particles size distributions

of the three powder samples.
Flowability

The DMLS powder (size range <40 pm) was measured for flowability and
cohesion properties using a FT4 Freeman powder rheometer. The equipment
consists of a test vessel with a defined volume placed on a bottom scale and a
blade able to move up and down in a vessel. The test vessel has a removable top
part making it possible to perform a splitting action to level off excess powder,
giving a precise volume. The stability and flowability tests were measured using
a 25x25 mm cylindrical vessel. The shear and compressibility tests were
analysed in a 25 x 10 mm cylindrical vessel. Figure 3.13 illustrates these

analytical layouts.

© Central University of Technology, Free State



( Central University of
Technology, Free State P a g e | 57

Chapter 5:

Fiure 3.13: Hlustration of the flowability and cohesion analysis using
the FT4 Freeman technology

Prior to all tests, a conditioning cycle was performed gently to create a
homogenized powder. The tests on stability and the energy required to obtain
flow patterns in a conditioned powder (flowability energy) were performed in a
cylindrical vessel. Firstly, the vessel was filled with powder followed by a
conditioning cycle. The intention was to slice and lift the powder to obtain
measurements. The blade rotated in the vertical axis through the bulk powder
while measuring the resistance of the powder and flow energy required. The
cohesion measurements of each powder was analysed in the compressed state.
Each sample was homogenized and placed under a specified normal stress using
a vented piston to compact the powder across the whole cross-section of the test
vessel. The vented piston was then exchanged for a shearing tool to determine
the shear stress under the same specified normal stress, as indicated in Figure
3.13.
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3.5. Summary of Samples and Characterisation Techniques

Table 3.2 provides an overview of the samples taken from the different AM
systems for the virgin powder and after the various build cycles, the analytical
laboratories used and the types of analysis used to analyse the powders. In the
case of the DMLS system samples were provided from the virgin batch and after
short term, medium term and long term use. Samples from the LaserCusing
system were provided from the virgin batch and after short term and medium
term use. For the LENS system samples were only provided from the virgin batch
and immediately after the first use cycle. Analytical tests were performed to
determine the morphology, chemical composition, particle size distribution,

powder flowability and density of the different powder samples.
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Table 3.2: Overview of the samples taken per AM system and the testing undertaken

Sample Taken Analytical Type of Analysis
Laboratory
DMLS Samples
Virgin powder NECSA Rheology. SEM, Laser Scattering, Pycnometer, ICP-
LECO OES. LECO combustion, Inert gas fusion, X-ray CT
CSIR scan
Cycle 2 Rheology. SEM, Laser Scattering, Pycnometer, ICP-
OES, Inert gas fusion
Cycle 3 SEM, Laser Scattering, Pycnometer, ICP-OES, Inert
gas fusion
Cycle 10 SEM, Laser Scattering, Pycnometer, ICP-OES, Inert
NECSA gas fusion
Cycle 11 top CSIR Rheology. SEM, Laser Scattering, Pycnometer, ICP-

OES, Inert gas fusion

Cycle 20 Rheology, SEM, Laser Scattering, Pycnometer, ICP-
OES, Inert gas fusion
Cycle 25 Rheology, SEM, Laser Scattering, Pycnometer, ICP-
OES, Inert gas fusion
Cycle 35 top Rheology. SEM, Laser Scattering, Pycnometer, ICP-
OES., Inert gas fusion
LaserCusing Samples
Virgin powder SEM, Laser Scattering, Pycnometer, ICP-OES, Inert
gas fusion, X-ray CT scan
Cycle 2 SEM, Laser Scattering, Pycnometer, ICP-OES, Inert
NECSA gas fusion
Cycle 3 CSIR SEM, Laser Scattering, Pycnometer, ICP-OES, Inert
gas fusion
Cycle 10 SEM, Laser Scattering, Pycnometer, ICP-OES, Inert
gas fusion
LENS Samples
Virgin powder SEM, Laser Scattering, Pycnometer, ICP-OES, Inert
NECSA gas fusion, X-ray CT scan
Used powder CSIR SEM, Laser Scattering, Pycnometer, ICP-OES, Inert

gas fusion

Confidence in the reliability of the analytical data was established by engaging
two different laboratories, namely NECSA and CSIR in the testing of the
powder. To verify the reliability and accuracy of the oxygen and nitrogen
analyses, LECO was also asked to perform analyses on the virgin DMLS powder.
The analyses employed were specified in the ASTM F3049 standard [51] and

were performed to comply with the relevant international standards.
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Results and Discussion

The results obtained by systematically characterising the powder samples with
the techniques described in Table 3.1 are presented here. Metal powders used
have to be spherical, and have particle size distributions that are designed to give
good packing behaviour, such that the final manufactured part has good
mechanical properties and is fully dense. Oxygen and nitrogen play a significant
role in the properties of titanium. The higher levels of oxygen and nitrogen result
in the formation of the TisAl phase which embrittle the material. Keeping
chemical properties under control and within the ASTM specification is of
importance. Most of the chemical composition samples were analysed by the
Pelindaba Analytical Laboratory at NECSA, since the CSIR machine was not
available at the beginning of the study. The NECSA results on oxygen and
nitrogen were benchmarked with analyses performed by LECO and the CSIR at
the end of the study.

Results from the analysis of the DMLS powder are presented first, followed by
the LaserCusing results and then the LENS results. Differences detected between
virgin powder and after reuse in the SLM processes are discussed. It should be
noted that the NLC powder was only recycled once and two samples were taken
from different places for analysis. The data obtained from the DMLS and
LaserCusing reused powder samples are graphically presented and the error bars

are from one standard deviation.The samples analysed are listed below:
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e DMLS system: Virgin powder samples obtained from five different canisters
and reused powder samples collected after cycle 2, 3, 10, 11, 20, 25 and 35.

e LaserCusing system: Virgin powder samples taken from three different
canisters and reused powder samples collected after cycle 2, 3 and 10.

e LENS system: Virgin samples obtained from five different canisters and two

samples from the used sieved powder.
4.1. DMLS Results

4.1.1. Chemical Composition

The virgin powder used in the DMLS results were compared with the ASTM
F3001 standard [10] as well as the values on the TLS Technik GmbH supplier
certificate. It should be noted that the series of production in the DMLS system
was faster than the series of production in the LaserCusing system. The DMLS
samples were initially analysed after 11 cycles. The LaserCusing samples (reused
up to 10 cycles) were obtained later, towards the end of this study. For
comparison purposes it was deemed necessary to take samples from the DMLS
powder at the same reused cycle intervals as the LaserCusing powder. Apart from
the analysis done by NECSA, the cycle 2, 3, 10 and 35 samples from the DMLS
powder were also analysed for both oxygen and nitrogen content by the CSIR

laboratory. Table 4.1 gives the results of these chemical analyses.
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Table 4.1: Chemical composition of virgin and reused Ti-6A1-4V (ELI) powder used
in the DMLS system with standard deviations shown

Sample Source Al % V % Fe % N % 0 %
Ti-6Al- ASTM 5.5-6.5 3.54.5 0.25 0.05 0.13
4V(ELI) F3001
Virgin powder | TLS 6.34 3.94 0.25 0.006 0.082
Technik
GmbH
Canister 1 5.94+0.0296 3.90+0.0283 0.17+0.0228 0.018+0.391 0.11+0.0341
Canister 2 5.93+0.0296 3.85+0.0283 0.16+0.0228 0.019+0.391 0.11+0.0341
Canister 3 NECSA 5.98+0.0296 3.87+0.0283 0.16+0.0228 0.020+0.391 0.12+0.0341
Canister 4 6.04+0.0296 3.92+0.0283 0.17+0.0228 0.015+0.391 0.12+0.0341
Canister 5 6.06+0.0296 3.90+0.0283 0.17+0.0228 0.022+0.391 0.11+0.0341
Canister 1 - - - 0.015+0.0002 0.11+0.0013
Canister 2 LECO - - - 0.013+0.0027 0.11+0.0012
Canister 3 - - - 0.015+0.0005 0.11+0.0013
Cyecle 2 6.12+0.0296 3.79+0.0283 0.22+0.0228 0.011+0.018 0.13+0.018
Cyecle 3 6.23+0.0296 3.79+0.0283 0.23+0.0228 0.007+0.018 0.13+0.018
Cycle 10 CSIR 6.18+0.0296 3.74=0.0283 0.21+0.0228 0.010+0.018 0.14+0.018
Cyele 35 Top & - - - 0.017+0.018 0.16+0.018
Cyecle 35 NECSA - - - 0.020+0.018 0.18+0.018
Middle
Cyecle 35 - - - 0.018+0.018 0.16+0.018
Bottom
Cyele 11 Top 5.85+0.0296 3.95+0.0283 0.23+0.0228 0.014+0.391 0.12+0.0341
Cycle 11 5.84+=0.0296 4.05=0.0283 0.24+0.0228 0.016+0.391 0.12+0.0341
Middle
Cyecle 11 6.00+0.0296 4.10+0.0283 0.24+0.0228 0.017+0.391 0.12+0.0341
Bottom
Cyele 20 6.50+0.0296 4.10+0.0283 0.20+0.0228 0.013+0.391 0.11+0.0341
Cycle 25 5.98+0.0296 3.80+0.0283 0.21+0.0228 0.018+0.391 0.11+0.0341
Cyele 35 Top 5.47+0.0296 3.94+0.0283 0.27+0.0228 0.039+0.391 0.13+0.0341
Cyecle 35 NECSA 5.47+0.0296 3.86=0.0283 0.27+0.0228 0.069+0.391 0.16=0.0341
Middle
Cyecle 35 5.64+0.0296 4.01+0.0283 0.27+0.0228 0.048+0.391 0.13+0.0341
Bottom
Stored Virgin - - - 0.013+0.391 0.13+0.0341
Powder
Stored Virgin - - - 0.011+0.391 0.12+0.0341
Powder
Stored Virgin - - - 0.013+0.391 0.12+0.0341
Powder
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The results shown in Table 4.1 are presented graphically in the rest of this section
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for ease of interpretation. It must be noted that all results used in the graphs are

for sample results taken from the top of the powder in the machine containers.

The results of elemental analysis from cycle 2, 3 and 10 are presented graphically
in Figure 4.1. The vanadium and aluminium concentration in the powder after
10 consecutive builds showed the insignificant changes. The vanadium remained
almost unchanged, indicating that there was neglible pick-up of vanadium during
the process. Similarly, the variations in the aluminium samples were neglible

after 10 reused cycles.
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Figure 4.1: Al and V contents as function of powder reuse up to 10
cycles for the DMLS Ti-6A1-4V (ELI) powder.
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Figure 4.2: Al and V contents as function of powder reuse beyond 10
cycles for the DMLS Ti-6A-14V (ELI) powder.

The compositions of the reused Ti-6Al-4V (ELI) powder samples after 11, 20,
25 and 35 cycles obtained from the DMLS system, are shown in Figure 4.2.
There are no significant differences between the compositions of the powder
samples taken at the top, middle and bottom after 11 and 35 cycles. Although a
slight scatter in the values of the aluminium content over these cycles were
observed, 1t remained within specification. The vanadium content remained

constant and within specification.

Figure 4.3 presents iron taken from cycle 2, 3, and 10. A slight iron pick-up was
recorded after 3 cycles, which decreased with reuse cycles up to 10 cycles. The
iron concentration remained below the 0.25% recommended by the ASTM

F3001 standard.
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Figure 4.3: Fe content as function of powder reuse up to 10 cycles for
the DMLS Ti-6A41-4V (ELI) powder.
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Figure 4.4: Fe content as function of powder reuse beyond 10 cycles
for the DMLS Ti-6A1-4V (ELI) powder.

An increase in iron content was observed in some of the samples from the
different reuse cycles over the same reuse period, as can be seen in Figure 4.4. It

was only after 35 cycles that an iron content (0.27%) higher than the standard
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specification (0.25%) was detected in the three samples. This indicates possible
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pick-up of iron from the instruments used for handling and sieving of the powder.
No significant difference between the three samples obtained from cycle 11 and

35, respectively, was observed.

Figure 4.5 shows that the nitrogen content decreased noticeably from cycle 2 to
cycle 3, then an increase up to 10 cycles was seen. There were small variations
In nitrogen concentration between the virgin and recycled powder up to 10

cycles, see Table 4.1. However, these values were all within the standard

specification.
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Figure 4.5: N content as content as function of powder reuse up to 10
cycles for the DMLS Ti-6A1-4V (ELI) powder.

© Central University of Technology, Free State



[ Central University of
~ 7, . c . Technology, Free State
Chapter 5. oo

Page |67
» Nitrogen content (wt.%) ====ASTM specification for nitrogen

0.08

0.07 X
<006
3
g 0.05 %
=
S 0.04 X
S
g 003
“ 00, 3

X x
0.01
0
10 15 20 25 30 35 40
Number of cycles

Figure 4.6: N content as function of powder reuse beyond 10 cycles for
the DMLS Ti-6A1-4V (ELI) powder.

The topping up with virgin powder kept the nitrogen composition within
specification. There was some pick-up of nitrogen towards 35 cycles during the
building process. Small variations were detected between the samples, but they
remained within the specification. A slight increase was seen after 35 cycles,
where results from one sample (35 cycle middle) had a value of 0.069, which 1s
higher than the standard specification of 0.05%. This might be an outlier due to
some experimental error. In general, there was no reason to be concerned about
the nitrogen content. These results indicate that the inert argon atmosphere in the
build chamber of the EOSINT M280 DMLS system prevented unacceptable

increase of interstitial gas content of the powder.

Figure 4.7 shows the oxygen content with corresponding values after reuse in
cycle 2 and 3. The gradual increase in the oxygen content throughout the 10

cycles reached a value of 0.14% after cycle 10, which was above the standard
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specification. This was possibly due to exposure of the unmelted particles within

Chapter 5: Page |68

the heat-affected zone of the laser being exposed to high temperatures.
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Figure 4.7: O content as function of powder reuse up to 10 cycles for
the DMLS Ti-6AI1-4V (ELI) powder.
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Figure 4.8: O content as function of powder reuse beyond cycle 10 for
the DMLS Ti-6AI-4V (ELI) powder.
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Although the results showed a slight increase in the oxygen content after cycle
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10, the top-up with the virgin powder after cycle 10 and 30 restored the oxygen
composition. The results for the oxygen content after cycle 11 were within
specification. Only after 35 cycles did the oxygen content reach values slightly
higher than the specification of 0.13%. In one sample (cycle 35 middle), the
oxygen content of 0.16% more significantly exceeded the specification of 0.13%
(see Table 4.1).

From the results of the chemical analyses presented in Table 4.1, it was clear that
the Ti-6Al-4V (ELI) powder supplied by TLS Technik GmbH complied with the
ASTM F3001 standard specification. Based on the results, it appears that
recycling of Ti-6Al-4V (ELI) powder in the DMLS process is feasible and does
not dramatically affect the chemical composition, provided that the powder in

the machine is regularly topped-up with virgin powder.

4.1.2. Morphology

The morphology and surface features of the powder were investigated at
different magnifications in the SEM. Since the shape and size of the powder
particles can influence powder behaviour and the compaction during SLM
processes, an understanding of the particle morphology and the effect of powder

reuse is essential.

Figure 4.9 presents the SEM results obtained for the as-received virgin DMLS
powder from three different canisters. The images are shown at magnifications
of X500 and X1500. There are small particles (satellites) attached to some of the
larger particles. Very few pores were observed within powder particles

(encircled in red), which could have been caused by processing parameters
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during atomization. Although some on-spherical particles were observed, most

particles were indeed spherical.

& -

Figure 4.9: SEM images of Ti-6AI-4V (ELI) virgin powder from the

DMLS system. The white scale bars represent lengths of 50 um and 10
um, respectively. Magnification: X500 (left) and X 1500 (right).
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Figure 4.10 shows SEM images of powder samples from the reused DMLS
powder. Satellites, pores and non-spherical particles are circled in red. The
reused powder particles appeared similar to the virgin powder with noticeable
distortion of some of the particle surfaces. Significant concentrations of larger
particle sizes and satellites were present in the reused powder after 35 build
cycles, which correlates with the PSD results presented in section 4.1.3. This
could have been caused by small amounts of the fine particles agglomerating to
form larger particles through partial melting and the formation of metallurgical
bonds between particles [29]. In all cases, the majority of the powder particles
were finer and spherical. No clear deterioration of the reused powder was

observed when compared with virgin powder.
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Figure 4.10: SEM images (a, b and c) of Ti-6A1-4V (ELI) reused
powder from the DMLS system. The white scale bars represent lengths
of 50 um and 10 um, respectively. Magnification: X500 (left) and X
1500 (right).

4.1.3. Particle Size Distribution

Figure 4.11 shows the PSD curves of the DMLS virgin powder from five
different canisters and after cycle 2, 3 and 10. The overlapping of the graphs of
the different virgin powder samples confirms the homogeneity of the batch of
powder. However, it can be clearly seen that the particle size distribution changes
due to multiple recycling of the powder. Over this range of reuse cycles, a
significant shift of the mean particle size to the smaller particle sizes was
observed. Apart from this, a broadening of the PSD peak towards larger particles
1s observed for the cycle 10 graph. In Tang et al. [9], changes were seen after
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reusing the powder 16 times. The PSD became smaller and some of the D50
values slightly increased after 16 cycles of reuse. They attributed the observation
to residual unused powder that was close to the melt pool and also due to partially

molten particles which dropped off from it as soon as the produced part was

removed.
=== Canister 1 == Canister 2 === Canister 3 Canister 4
== Canister 5 —8—Cycle 2 —+=Cycle 3 —=—Cycle 10
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Figure 4.11: PSD of Ti-6A1-4V (ELI) powder measured by laser
diffraction for virgin powder and reused powder after 11 build cycles
from the DMLS system.

The topping up of the virgin powder after cycle 10 and 30 restored the PSD, as
can be seen in Figure 4.12. After 11 cycles, samples were taken from the top,
middle and bottom of the powder dispenser to observe the homogeneity of the
powder after the mixing. The size distributions of cycle 11 from the top sample,
cycle 20 and subsequent cycles, up to 35 cycles, all display a slight asymmetry
towards larger-sized particles. This could be a consequence of fine particles
tending to agglomerate and form larger clusters. However, topping up with the
virgin powder after cycle 30 neutralized this effect and there was no clear particle

size difference of powder after 35 reuse cycles taken from the bottom, middle
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and top of the container and the virgin powder. This confirmed that the mixing
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of the powder in the container after the 30" cycle was sufficient to keep the

particle size distribution within the acceptable range for DMLS.

==Cycle 11 top  =#=Cycle 11 middle ==Cycle 11 bottom == Cycle 20
=e=Cycle 25 == Cycle 35 top Cycle 35 middle Cycle 35 bottom

Diferential volume %

120

Figure 4.12: PSD of Ti-6A1-4V (ELI) powder measured by laser
diffraction for virgin powder and reused powder after 35 build cycles
from the DMLS system.

4.1.4. Flowability

The cohesiveness of the powder had negatively affected the flowability. The
stronger the cohesion between the powder particles, the poorer the flow of the
powder. For each powder sample — virgin, cycle 2, 11, 20, 25 and 35, with their
corresponding values from flow function and cohesion measurements — BFE, SI
and SE, were tabulated in Tables 4.2 and 4.3. All these tests were performed
under similar stress levels and were compared to each other based on their ability

to discriminate between the virgin and the different reused powders.
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The shear measurements obtained for all tested samples are shown in Table 4.2.
The flowability index (ff.) of the virgin powder, up to 25 cycles, was in the range
4 < {f. <10, which belongs to the easy flowing regime, according to the Jenike
Theory (see Table 2.2). After 35 cycles the flowability index was 10< ff;, which
presents free flowing of the powder. With an increase of production cycles,

flowability improved due to powder coarsening, as can be seen in Figure 4.12.

Table 4.2: Shear test results obtained from virgin and reused powder samples

Material batch Flow index ff. Cohesion, kPa
Dried virgin powder 9.9 0.44
Sieve virgin powder 9.0 0.49
Cycle 2 8.8 0.49
Cycle 11 top 9.3 0.54
Cycle 11 middle 9.3 0.47
Cycle 11 bottom 8.8 0.51
Cycle 20 13.6 0.48
Cycle 25 9.33 0.48
Cycle 35 top 13.1 0.33
Cycle 35 middle 11.8 0.37
Cycle 35 bottom 13.6 0.32

Table 4.3 shows the dynamic parameters obtained with the virgin and reused
powders: the Stability Index (SI), the Basic Flow Energy (BFE) and Specific
Energy (SE). It appears that the spherical shapes of the Ti1-6Al-4V (ELI) particles
allowed the blade to move freely with less frictional resistance. As a
consequence, results obtained exhibited less cohesiveness and mechanical

interlocking forces between the particles.
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Table 4.3: Dynamic measurements for virgin and reused powder
Material batch BFE, mJ SI SE, mJ/g
Dried virgin powder 299 1.00 3.63
Sieve virgin powder 293 0.97 3.75
Cycle 2 288 1.02 3.55
Cycle 11 top 307 0.97 3.64
Cycle 11 middle 371 0.97 4.10
Cycle 11 bottom 319 1.08 3.69
Cycle 20 311 0.97 3.78
Cycle 25 367 1.00 3.67
Cycle 35 top 288 1.02 3.55
Cycle 35 middle 347 0.98 3.18
Cycle 35 bottom 324 0.95 2.88

According to Chikosha et al. and Leturia et al [45],[47] the stability values
between 0.9 — 1 are considered to indicate stable flow. The stability results
obtained for fine DMLS powder showed stability index values of 0.95 — 1 which
was considered as achieving good stabilized flow energy. The SE measurements
are an indication of the extent of particle agglomeration; therefore, it detects the
amount of energy that the blade needs during the upwards movement to break
the inter-particulate bonds [45]. Results in Figure 4.13 show insignificant
changes 1n flowability between the virgin and reused powder after 20 cycles. The
higher BFE after 25 and 35 cycles indicates an increase of finer particles, and
according to literature the higher BFE represents poor flow. However, this seems
contrary to the results obtained from the PSD measurements, which showed
distributions with larger particle sizes. Since large particles are mostly due to
joining of small particles which contribute to the PSD results, there could still be
small particles that were partially melted and fused together in the fine powder

measurements of the flowability tests.
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Figure 4.13: The comparison of dynamic flowability results of 40 um
powder particles taken from the DMLS system

4.2. LaserCusing Results

The results from the powder used in the LaserCusing system are summarized
below. The analyses showed that recycling the powder up to 10 cycles produced
significant changes, especially in oxygen level. The virgin and reused powder
were compared to the ASTM F3001 specification and the measured values from

the supplier, TLS Technik GmbH.

4.2.1. Chemical composition

Table 4.4 presents the results of virgin powder provided by the powder supplier
and after reuse in the LaserCusing system. A series of 10 builds were completed

with recycled powder and no topping up of the original virgin powder.
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Table 4.4: Chemical properties of virgin and reused Ti-6AI-4V (ELI) powder used in
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the LaserCusing system

Sample Source Al % V % Fe % N % 0 %
Ti-6A1-4V | ASTM 5.5-6.5 3.54.5 0.25 0.05 0.13
(ELI) F3001
Virgin TLS 6.34 3.94 0.25 0.006 0.082
powder Technik

GmbH
Canister 1 6.04+0.0296 | 3.83+0.0283 0.16+0.0228 | 0.0010+0.391 | 0.079+0.0341
Canister2 | NECSA | 6.07+0.0296 | 3.81+0.0283 0.16+0.0228 | 0.0078+0.391 | 0.078+0.0341
Canister 3 6.06+0.0296 | 3.84+0.0283 0.16+0.0228 | 0.0050+0.391 | 0.078+0.0341
Cycle 2 6.21+0.0296 | 3.89+0.0283 0.18+0.0228 0.010£0.391 | 0.092+0.0341
Cycle 3 NECSA | 5.96+0.0296 | 3.84+0.0283 0.17+0.0228 0.011+0.391 | 0.096+0.0341
Cycle 10 4.90+0.0296 | 3.90+0.0283 0.25+0.0228 0.012+0.391 | 0.130+0.0341

The results shown in Table 4.4 are presented graphically in the rest of this section

for ease of interpretation.

In Figure 4.14, the vanadium content showed insignificant changes after cycle 2,
3 and 10. Some decrease in the alumintum content was observed during the first
three build cycles, although 1t remamed well within the limits of the
specification. However, after the 10® cycle, the aluminium content was below
the specification range. This indicates loss of aluminium during the successive
build cycles, probably due to the high temperature regions in the immediate
vicinity of the laser beam. According to Yadroitsev [27], the high power of the
laser energy leads to some vaporization of the irradiated metal. Because the
vaporisation temperature of Al 1s much lower than that of T1i and V this effect 1s

more pronounced for Al
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Figure 4.14: Al and V contents as function of powder reuse up to 10
cycles for the LaserCusing Ti-6A1-4V (ELI) powder.

Figure 4.15 shows the slight variation in iron content between cycle 2 and cycle
3. An increase to 0.25% was observed after the last build (cycle 10). This
indicates possible pick-up of iron from the sieving process. The iron remained

within specification of maximum 0.25% up to 10 reuse cycles.
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Figure 4.15: Fe content as function of powder reuse up to 10 cycles for
the LaserCusing Ti-6A1-4V (ELI) powder.

Figure 4.16 shows a level of nitrogen absorption into the Ti-6Al-4V (ELI)
powder as a result of the LaserCusing process. Although there was a gradual
increase in nitrogen for all three samples analysed, the concentration remained
well within the 0.05% maximum specification. This result shows that even under
argon conditions, there still was some absorption of interstitial nitrogen in the

T1-6Al-4V (ELI) powder over this range of recycling.
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Figure 4.16: N content as function of powder reuse up to 10 cycles for
the LaserCusing Ti-6A1-4V (ELI) powder.
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Figure 4.17: O content as function of powder reuse up to 10 cycles for
the LaserCusing Ti-6A1-4V (ELI) powder.

The oxygen content of these samples appeared to be consistently lower than for

the DMLS samples over cycles 2 and 3, but after cycle 10 it had increased to
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0.13. For an SEBM system it was found that the oxygen content increased with
the powder reuse [9]. The other possible source of pick-up in oxygen content
could be the water absorbed onto the internal surface of the vacuum chamber of
the LaserCusing system and from there into the titanium [55]. If the trend found
for the first 10 reuse cycles continues, it would not be possible to use the Ti-6Al-

4V (ELI) powder in the LaserCusing system for more than 10 reuse cycles.

It is clear from the results presented in this section that the medium-sized Ti-6Al-
4V (ELI) powder, as supplied, contained extremely low concentrations of
oxygen and was well within the ASTM F3001 specification, but with the reuse
of the powder over 10 cycles this concentration increased to the specification

limit.

4.2.2. Morphology

SEM micrographs of the virgin and reused powder are presented in this section.
Recycling powder up to cycle 10 produced only minor changes on the particle

surfaces and morphology when compared to the virgin powder.

Figure 4.18 presents the morphology of the virgin powder obtained from three
different canisters. Irregular shapes, pores in some of the particles, satellites on
larger particles and broken particles were observed in all samples, and are

indicated by a red arrow and circles.
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CANISTER 1 . " Y

CANISTER 2

Fi igure 4.1 8: SEM i images of Ti- 6Al—4 V(ELI) Vi gm powde; ﬁ om the
LaserCusing system. The white scale bars represent lengths of 50 um
and 10 um, respectively. Magnification: X500 and X 1000.

Figure 4.19 shows the morphology of the LaserCusing powder after 2, 3 and 10
build cycles. Although most particles appear spherical, there were non-spherical
particles, mostly caused by smaller spherical particles (satellites) attached to
larger particles. This seemed to have contributed to a slight increase in the

average particle size.
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Figure 4.19: SEM ima

ées of Ti-6Al-4 V (ELI) reused powder ﬁ_'oin the
LaserCusing system. The white scale bars represent lengths of 50 um
and 10 um, respectively. Magnification: X500 and X 1000.

4.2.3. Particle Size Distribution

Figure 4.20 shows the PSD results obtained with the powder samples from the

LaserCusing system. The PSD curves of the three virgin powder samples
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appeared 1dentical, also confirming the homogeneity of the powder batch. After
the first reuse of the powder (cycle 2), a significant variation in the PSD was
observed and after 10 build cycles (cycle 10) the size range of the powder
particles seems to have shifted towards larger particle sizes. It appears that the
powder had an increased concentration of larger particles resulting from joining
of smaller particles. Through this phenomenon, the morphology of the powder
changed as a result of recycling up to 10 builds with an increased ratio of
irregularly shaped (elongated) particles in the sample. This result 1s consistent
with the observation seen in Figure 4.19 where some larger-sized particles were

present.

=4—Canister 1 == Canister 2 = Canister 3 Cycle 2 =#=Cycle 3 =#=Cycle 10
6

Differential volume %
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Figure 4.20: PSD of Ti-6A1-4V (ELI) powder from the LaserCusing

system measured by laser diffraction for virgin powder and reused

powder after 2, 3 and 10 build cycles.

The powder dispenser was not topped-up with virgin powder in the LaserCusing
system over the 10 cycles. If no topping up with virgin powder 1s subsequently
done, the number of reuse cycles for this system will be limited. When

considering the PSD results from both SLM systems, it can be seen that
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particles that was affected by heat exposure; these particles being those that lay

closer to the laser build path.

4.3. LENS Results

4.3.1. Chemical Composition

The analysis results of the virgin powder used in the Optomec MR750 LENS
system of the NLC are given in Table 4.5. From these results it is clear that the
compositions of the samples from canisters 2 and 3 differ significantly from
those found for the other canisters. The aluminium and iron contents for these
canisters are both higher than the specifications of ASTM F3001, while the
aluminium, vanadium and iron contents of the samples from canisters 1, 4 and 5
are within specification. The concentration of the other elements complied with
the specification. Two used powder samples were taken from the sieved powder
that was used for one build cycle and then sieved. One of the samples had higher
aluminium and iron contents than specified by ASTM F3001, while the other
used sample complied with the specification. The vanadium, nitrogen and
oxygen showed no significant changes from the virgin powder and were still
within the ASTM F3001 specification.
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the LENS system

Sample Source Al % V % Fe % N % 0 %
Ti-6Al-4V ASTM 5.5-6.5 3.545 0.25 0.05 0.13
(ELI) Virgin | F3001

powder TLS Technik 6.34 3.94 0.25 0.006 0.082

GmbH

Canister 1 6.04+0.0296 3.83%0.0283 0.16+0.0228 0.010+0.391 0.079+0.0341
Canister 2 6.70+0.0296 4.42+0.0283 0.31+0.0228 0.012+0.391 0.058+0.0341
Canister 3 NECSA 6.53+0.0296 4.33+0.0283 0.30+0.0228 0.010+0.391 0.057+0.0341
Canister 4 5.85+0.0296 3.94=0.0283 0.24+0.0228 0.014+0.391 0.061+0.0341
Canister 5 5.95+0.0296 4.03+0.0283 0.25+0.0228 0.009+0.391 0.056+0.0341
Used powder 6.15+0.0296 4.03+0.0283 0.25+0.0228 0.012+0.391 0.058+0.0341
Used powder | NECSA 6.59+0.0296 4.33=0.0283 0.31+0.0228 0.022+0.391 0.073+0.0341

4.3.2. Morphology

Figure 4.21 shows pores appearing in the LENS virgin powder particles taken
from different canisters. Broken particles, satellites and rough surfaces were
seen. These surface defects can be attributed to poor melting regions and the
influence of build parameters during the gas atomization process. The gas
atomization process 1s likely to produce spherical powder with pores within the
individual particles [56]. According to Murr [29], argon gas bubbles can be
trapped during the gas atomization process and these bubbles can be carried into
the melt and retained in the solidified particles. Susan et al [57] observed that
voids occur during the breaking up of droplets in the initial stage of the particle
formation in the gas atomization process. They concluded that pore development
during the production depends on alloy composition, particle size and
atomization conditions used by the producer. Therefore, the pores observed in
most of the larger particles of the LENS powder are probably due to bubbles
breaking through the surfaces of the particles. This appeared to be more
pronounced for the larger PSD range of the LENS system than for the smaller
PSD ranges of the DMLS and LaserCusing systems.
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Fi zgzne 4 2] SEM i images of T i- 6Al—4 V(ELI) virgin powa’ei from the
LENS system. The white scale bars represent lengths of 100 um and 10
um, respectively. Magnification: X200 and X 1000.

Figure 4.22 shows two samples of used powder obtained from the sieving
process. When these samples are compared to the virgin powder samples there
are no significant differences detected after the LENS build process. Pores and

broken particles were also still seen after the use of the powder.
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Figure 4 22 SEM zmages of Ti- 6AI-4 V (ELI) used powdei ﬁom fhe
LENS system. The white scale bars represent lengths of 100 um and 10
um, respectively. Magnification: X200 and X 1000.

4.3.3. Particle Size Distribution

Figures 4.23 shows the PSD curves for the Ti-6Al-4V (ELI) samples of the
LENS system, as measured by the Microtrac SI/S3500 laser diffraction analyser.
This indicates poorer consistency of particle size for this powder than the DMLS
and LaserCusing powders. Irregular particles and particles with pores were
observed in Figures 4.21 and 4.22 may contribute towards this result. After the
first cycle, the PSD range seems to have broadened significantly towards larger
sizes. This might be the result of irregular particles and satellites attached on

large particles, as seen in Figure 4.22.
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Figure 4.23: PSD of Ti-6A1-4V (ELI) powder measured by laser
diffraction for virgin powder and used powder from the LENS system.

4.4. Comparison of properties of the three types of Ti-6A1-4V
(ELI) powder

In this section, the properties considered for comparison were PSD, gas contents

and powder particle density.

4.4.1. PSD results of powder from the three AM systems

The range of powder particle sizes i1s mostly given according to quantile
measurements (D value “mass division diameter”), which divides powder
samples according to the size categories and specifies them in percentages. The
lower quantiles are called decile (Do), then the median value (Dso) and the upper
decile (Dgo) [58]. For example, Djo1s the diameter at which 10% by mass of the
sample diameters are less than the D value. Ds, 1s the diameter at which 50% 1s

smaller than the D value, while the other 50% 1s larger than the D value (median
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diameter) [58]. Table 4.6 shows the quantitative PSD results derived from the

laser diffraction measurements.

Table 4.6: Numerical PSD results of new and reused Ti-6A1-4V (ELI) powders

DMLS LaserCusing LENS

Sample D10 | D50 | D90 | Sample D10 | D50 | D90 | Sample D10 | DSO | D90

pm | pm | pm pm | pm | pm pm | pm | pm
Canister 1 18 23 34 Canister 1 | 28 40 54 Canister 1 | 54 70 95
Canister 2 18 26 34 Canister 2 | 28 41 53 Canister 2 | 51 64 87
Canister 3 19 26 37 Canister 3 41 53 Canister 3 | 53 67 93
Canister 4 18 26 33 Canister 4 | 52 65 88
Canister 5 18 26 34 Canister 5 | 55 71 97
Average 18 25 35 Average 27 41 54 Average 53 67 92
Cycle 2 15 23 33 Cycle 2 32 44 64 Used 55 74 103
Cycle 3 15 24 34 Cycle 3 33 46 79 powder
Cycle 10 14 26 137 | Cycle 10 34 51 126
Cyclell bottom 21 27 41
Cyclel1 middle 20 27 46
Cyclell top 21 30 107
Cycle 20 24 31 77
Cycle 25 16 25 36
Cycle 35 bottom 17 25 35
Cycle 35 middle 16 25 36
Cycle 35 top 16 26 37

From Table 4.6 it 1s observed that particle size increases with multiple reuse

cycles. The DMLS virgin powder average D90 size of 35 um increased to 137

um after 10 reuse cycles. Topping up of particles after 10 and 30 cycles

neutralized this effect, resulting in a D90 size of 37 um after 35 cycles. The

LaserCusing powder particle size increased with increasing number of

production cycles, showing a D90 increase from 54 pm to 126 um after 10 builds.

The reuse production stopped with 10 cycles and the topping up of powder was

not done in this system during the course of this study. The D90 value of the

LENS powder increased from 92 um to 103 pm after the first use.
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Figure 4.24 shows the values of D10, D50 and D90 for the DMLS powder
samples as function of increasing number of reuse cycles. The D90 values
increased significantly with the number of reuse cycles, while the D50 and D10
values remained constant. As explained in section 2.4.3, this phenomenon 1s due
to the coagulation and sintering of smaller particles under the influence of the

heat-affected zone of the laser beam.
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Figure 4.24: Effect of powder recycling on powder size for Ti-6A1-4V
(ELI) powder processed in the DMLS system

Figure 4.25 shows the values of D10, D50 and D90 for the LaserCusing powder
samples after sieving. These values also increase as the number of reuse cycles
increases. In this case, the 100 um sieve used in this system put a limit on the
maximum size particle that could be reused. However, similar to the DMLS
system, the D90 value also increased significantly over the 10 reuse cycles. The
same explanation of this observation applies for the DMLS powder. In this
system, a slight increase in the D50 value was observed, with the D10 values

remaining almost constant over the 10 cycles.
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Figure 4.25: Effect of powder recycling on powder size for Ti-6A1-4V
(ELI) powder processed in the LaserCusing system

For the DMLS system, the reuse of the Ti-6Al1-4V (ELI) powder continued up to
35 build cycles. However, after the first 10 cycles the topping up of the container
in the machine with virgin powder had a positive effect on maintaining the
properties of the powder. Figure 4.26 shows the PSD of samples taken from the
top of the powder 1n the collector bin. From these graphs, the positive effect of
topping up with virgin powder can be clearly seen. Through applying this powder
reuse strategy, recycling of the Ti1-6Al-4V (ELI) powder in the DMLS system
for up to 35 cycles and beyond is quite feasible.
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Figure 4.26: Effect of powder recycling on powder size after topping up
with virgin powder for Ti-6A1-4V (ELI) powder processed in the DMLS
system

4.4.2. Effect of recycling Ti-6AIl-4V (ELI) powder on gas contents

It 1s important to understand the influence of the recycling of Ti-6A1-4V (ELI)
powder used in the SLM process. Some of the studies [6], [9]. indicate that
powder can be recycled multiple times, but an increase in the gas contents was
observed. Tang et al [9] recycled titanium powder using the SEBM process,
which maintained an operating environment in the vacuum chamber of the
system of above 550°C. The powder was reused 21 times and it was found that
the oxygen content increased to levels beyond the material specification. Seyda
et al [6] recycled Ti-6A1-4V powder 12 times and found that the alloy picked up
oxygen when exposed to the ambient atmosphere during the removal of parts
from the building chamber. Based on these studies, the increase of the oxygen
content with increased series of builds 1s due to high operating temperature and

handling of powder when exposed to air during the clean-up.
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In this study, both SLM processes (DMLS and LaserCusing) operated under
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conditions close to room temperature. The handling procedure of the powder in
the DMLS system differed from the handling procedure of the LaserCusing
system. In the DMLS system, the powder is exposed to ambient air when
removing the built part and during the sieving process. In the LaserCusing
process, the powder has no contact with the air between build cycles. Table 4.7
presents the oxygen and nitrogen contents of both the DMLS and LaserCusing
powders. For both systems, changes in the oxygen contents of the powders were
observed over 10 cycles of reuse. However, the increase in oxygen content was
more significant for the LaserCusing system than for the DMLS system. This
indicates that the powder handling in the DMLS system did not have a
perceivable influence on the oxygen content of the powder. The topping up with
the virgin powder after cycle 10 and cycle 30 was beneficial for maintaining the
composition of the DMLS powder up to 35 cycles. After cycle 35, in only one
sample (cycle 35 middle), it was observed that the oxygen content level had

increased beyond the material specification.
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Table 4.7: Comparison of gas contents of reused powder obtained from the two

different SLM systems

DMLS Source N% 0% LaserCusing | Source N% 0%

mple STM 0.05 0.13 sample ASTM 0.05 0.13
F3001 F3001

Average Average

Virgin NECSA | 0.019+£0.391 | 0.11+0.0341 | Virgin NECSA | 0.005+0.391 | 0.078+0.0341

Powder Powder

Cycle 2 0.011+0.018 0.13=0.018 | Cycle2 0.010+0.391 | 0.092+0.0341

Cycle 3 0.007+0.018 0.13=0.018 | Cyele3 0.011+0.391 | 0.096+0.0341

Cyecle 10 0.010+0.018 0.14=0.018 | Cycle 10 0.012+0.391 | 0.130+0.0341

Cycle 35 0.017+0.018 0.16=0.018 NECSA

Top CSIR

Cycle 35 0.020+0.018 0.18+=0.018

Middle

Cyele 35 0.018+0.018 0.16=0.018

Bottom

Cycle 11 0.014+0.391 | 0.12+0.0341

Top

Cycle 11 0.016=0.391 | 0.12+0.0341

Middle

Cycle 11 0.017+0.391 | 0.12+0.0341

Bottom NECSA

Cycle 20 0.013+0.391 | 0.11+0.0341

Cycle 25 0.018+0.391 | 0.11+0.0341

Cycle 35 0.039+0.391 | 0.13+0.0341

Top

Cyele 35 0.069+0.391 | 0.16=0.0341

Middle

Cyele 35 0.048+0.391 | 0.13+0.0341

Bottom

4.4.3. Powder particle density from pycnometer measurements

Samples from the DMLS, LaserCusing and LENS systems were analysed

through pycnometry to determine the particle density. Density measurements

were taken after powder reuse of the following samples:

e DMLS powder: virgin powder, cycle 2, 3, 10, 20, 25 and 35

e LaserCusing powder: virgin powder, cycle 2, 3 and 10

e LENS powder: virgin powder and used powder
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The results of the different samples are summarized in Table 4.8 with the
percentage difference between the theoretical and experimental values calculated

according to the following equation:

Percentage difference = 7100 x Theoretical — Practical
Theoretical

The uncertainty value of a standard deviation of £0.0005 g/cm?® was used for all

results.

Table 4.8: Density results from pycnometer analysis with percentage difference from
theoretical value after every cycle

Number | Theoretical | DMLS | LaserCusing LENS | DMLS % | LaserCusing | LENS %
of uses density density | density (g/m?®) | density | difference % difference
(g/m) (g/m%) (g/m%) difference
Virgin 4.43 4.42 4.42 4.39 0.23 0.22 0.90

powder

Used 4.43 4.39 0.90
powder

Cycle 2 4.43 441 4.42 0.45 0.23

Cycle 3 4.43 441 4.40 0.45 0.68

Cycle 10 443 4.40 441 0.68 0.45

Cycle 11 443 441 0.45

Cycle 20 4.43 4.42 0.23

Cycle 25 4.43 441 0.45

Cycle 35 4.43 441 0.45

Average 4.43 441 4.41 4.39 0.42 0.40 0.90

The density values of all powders seemed not to be far out from the theoretical
density value. The average percentage difference of the different samples from
the theoretical value for the DMLS powder was 0.42%, the LaserCusing powder
was 0.40% and the LENS powder was 0.90%, as shown in Table 4.8. These
results are presented graphically in Figure 4.27.
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Figure 4.27: Fitted line plot showing the relationship between density
and number of reuse cycles

The particle density showed a variation from the virgin powder up to 35 reuse
cycles for the DMLS powder, ranging between 4.40 g/m® and 4.42 g/m®. Three
samples obtained from the LaserCusing system after 10 reused cycles showed
the density varied between 4.40 g/m® and 4.42 g/m®. The LENS particle density
of the virgin powder and after use was 4.39 g/m*®. Comparing the percentage
values of the different powders, the LENS powder had a higher value than the
DMLS and LaserCusing powders. Judging from the SEM results of powder
particles, the powders from the DMLS and LaserCusing systems, small pores
were observed in the virgin powder. After powder reuse there were no pores
detected. In the LENS powder, internal porosity was seen in both the virgin and

used powder.
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Samples of the virgin powder from the three AM systems were analysed through
X-ray micro-computed tomography (CT) to determine the powder particle
porosity. In Figure 4.28, the presence of internal porosity was detected as black

areas 1nside the grey particles.

™\ 4

Figure 4.28: Top surface slice indicating pores in black colour inside the grey
particles [54]

The volume analysis performed on the particles displayed the information of the
individual particle features in a colour coding, see Figure 4.29. Different sizes of
pores are displayed in different colours showing the largest pore (0.00096mm?)
found in the sample highlighted in red.
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Figure 4.29: Pores and voids analysed from the LENS powder showing the
largest pore highlighted in red [54]

The advanced quantitative analysis results for the LENS and LaserCusing
powder samples are given in Table 4.9. The number of pores, large pore
diameter, average pore diameter, average internal closed porosity and total
volume of samples scanned were obtained and summarized in Table 4.9. The
average pore diameter in the LENS powder was in the range of 22 um to 24.8
um and the LaserCusing powder ranged between 13.1 um and 12.5 pm. The
biggest pore diameter reached in the LENS powder was 90.8 um and in the
LaserCusing powder it was 32.9 um. The volume fraction of porosity in the
LENS powder ranged between 0.08% and 0.20% and in the LaserCusing powder
1t ranged between 0.00% and 0.01%.
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Table 4.9: Quantitative data analyses with X-ray CT scan for the LENS and
LaserCusing powders respectively
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LENS powder LaserCusing powder
Test Analysis Scan 1 Scan 2 Scan 3 Scan 1 Scan 2 Scan 3
Number of particles in 58083 35297 37273 267574 263420 262459
scan volume
Mean particle volume 0.0001172 | 0.0001941 | 0.0001890 | 0.0000204 | 0.0000190 [ 0.0000196
(mm’)
Assuming spherical 0.0608 0.0718 0.0712 0.03390 0.03310 0.03345
particle, average (60micron) | (72micron) | (71micron) | (34micron) | (33micron) | (33micron)
particle diameter (mm)
Number of internal 914 1370 1196 472 357 308
closed pores
Average internal closed 0.08 0.20 0.17 0.01 0.01 0.00
porosity (%)
Average pore diameter 0.0220 0.0247 0.0248 0.0131 0.0122 0.0125
(mm)
Biggest pore diameter 0.0739 0.0908 0.0872 0.0329 0.0280 0.0270
(mm)

Only qualitative data could be obtained from the DMLS powder due to the

resolution limit of the CT system. After imaging the powder at 1, 1.5 and 2 pm

voxel size, the 1.5 um voxel size was found to give the best resolution. The

DMLS powder image at this voxel size 1s shown in Figure 4.30. In this Figure,

the internal porosity is visible as black areas in some of the larger particles.
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Figure 4.30: DMLS powder showing some internal porosity in the large
particles at a voxel resolution of 1.5 microns [54]

4.5. Impact of powder characteristics on DMLS built parts

The reuse of Ti-6Al-4V (ELI) powder in the DMLS system showed negligible
powder property changes, even after 35 reuse cycles. Studies by researchers at
CUT did not report any negative effect on the integrity of parts produced from
reused powder in the DMLS system [59],[60],[61]. In the study by Moletsane
[59], ultimate tensile strength (UTS) and the yield tensile strength (YTS) values
of as-built test specimens produced from Ti-6Al-4V (ELI) powder were 1265+5
MPa and 1098+2 MPa respectively, with elongation of 9.4+0.46. The UTS and
YTS of stress-relieved test samples were found to be 11706 MPa and 1098+5
MPa, respectively, with elongation of 10.9+0.8. In Yadroitsev et al [60], the as-
built and heat-treated samples were fabricated in the DMLS system along
different axes of the build platform. The modulus of elasticity did not vary

significantly among these specimens and ranged between 110 and 119 GPa. The
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as-built samples showed a UTS value of 1250 MPa, which decreased by 6 to 8%
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after heat treatment. From these studies it was concluded that the DMLS
specimens had high tensile properties and no negative influence of powder
properties was observed [59],[60]. In a study by Malefane [62] on the fatigue
properties of as-built DMLS specimens built from reused Ti-6Al-4V (ELI)
powder, fatigue endurance limits of 450 and 486 MPa were obtained. No
negative effect of reused powder on the fatigue properties of the specimens were
reported.
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Conclusions and Recommendation

The purpose of this work was to characterise the physical and chemical
properties of virgin Ti-6Al-4V (ELI) powder of different size distributions and
monitor these after multiple cycles of reuse in the different AM systems. These
results were expected to provide quantitative data on the extent of powder reuse
feasible for the DMLS, LaserCusing and LENS systems.

5.1. Conclusions

Based on the results presented in this study, the following conclusions can be

drawn:

e For qualification and quality control purposes it is essential that the powder
in as-received virgin state complies with the standard specification. This was
found to be the case for the powder supplied by TLS Technik GmbH, with
the size ranges used in the two SLM processes, namely DMLS powder, size
range <40 um, and LaserCusing powder, size range 25 pm — 55 pm.
However, some compositional deviations from the standard specification
were found for the LENS powder with size range 40 pum — 100 pm. A
significant percentage of particles with internal and surface porosity were also
found in the LENS virgin powder.

e The SLM process of both the DMLS and LaserCusing systems operates close
to normal room temperature and therefore the powder is much less prone to
be affected during reuse in these systems than, for example, in the case of an
SEBM system.
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Topping up of the reused powder with virgin powder in the DMLS system
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had a positive effect on maintaining the powder particle size distribution and
morphology, therefore the recycling of the powder in the DMLS up to 35
cycles and beyond is quite feasible. The frequency of topping up would
depend on the sizes of parts built in the different cycles and the number of
parts built per cycle. Typically, topping up could be necessary after every 10
build cycles.

Significant changes in powder composition were detected in the LaserCusing
M2 powder after 10 reuse cycles, which requires further monitoring of the
powder properties after subsequent build cycles to conclude whether powder
reuse for more than 10 cycles would be feasible.

Small differences in the percentage porosity were found between the two
SLM powders, as detected through pycnometry, while the level of porosity
of the LENS powder was significantly higher. This difference in porosity
between the LaserCusing and LENS powders was successfully quantified
through X-ray micro CT.

Flowability of the DMLS powder was not a factor of concern during the reuse

of this powder up to 35 cycles.

From the results of this study it is concluded that the Ti-6Al-4V (ELI) powder
used in the EOSINT M280 DMLS and LaserCusing systems can be successfully

characterised and monitored with the analytical techniques used in this study.

Through well-controlled powder handling and regular addition of virgin powder,

the reuse of these powders in multiple production cycles is quite feasible. In the

case of the DMLS system, this reuse can continue indefinitely, resulting in full
utilisation of the Ti-6Al-4V (ELI) powder.
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Due to the unavailability of reused powder samples from the LENS system after
the second and subsequent cycles, no conclusion can be made on the feasibility

of recycling this powder.

5.2. Recommendation

e Ti-6Al-4V (ELI) powder was reused in the LaserCusing system up to 10
cycles where after the properties started to show some compositional
deterioration. Topping up of the powder in this system with virgin powder
Is recommended for extending the useful life of the powder. Further study
would be required to confirm the feasibility of such an approach.

e [t was confirmed from CT scan analysis that larger powder particles from
the same batch showed large pores within these particles. Further work to
determine the influence of porous powder on the LENS-produced parts

will be required.
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