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OZET

Yenilik¢i bir endiistriyel iiretim teknolojisi olarak, katmanli imalat veya diger bir
deyisle eklemeli imalat, sekillendirme, kesme ve dokiim gibi geleneksel metal {iretim
stireclerine kiyasla yiiksek derecede Ozellestirmeye olanak taniyan katman katman Gretim
konseptini kullanarak karmasik geometrilere sahip ti¢ boyutlu pargalarin olusturulmasina
izin verir. Bununla birlikte, eklemeli tiretim ile iligkili sayisiz avantaja ragmen, farkli proses
parametreleri kombinasyonlarinin kullanilmasi, ¢ok sayida proses parametresinin varligi ve
urlin performansina olan karmasik etkileri, prosesin daha ¢ok uygulama i¢in kullaniminin
onunde 6nemli bir engeldir. Ozellikle optimize edilmemis proses parametrelerinin
kullanilmasi nedeniyle, par¢a karmasikligina bagli olarak 3 boyutlu metal parcalarin ilk kez
tiretimi sirasinda hata ve kayip oranlar1 oldukga yiiksek olabilmektedir. Bu nedenle, metal
pargalarin basarili bir sekilde miimkiin oldugunca ilk seferde iiretilmesi i¢in metal katmanli
imalat sureglerinin 6ngoérulebilir ve glvenilir kilinarak, yiiksek maliyetli ve zaman alici
deneme yanilma girisimlerinin ortadan kaldirilmasi gerekmektedir. Malzeme israfin1 ve
gereksiz makine zamanini engellemek i¢in, iiretimi baslatmadan 6nce, par¢ada toleranslari
asan atmalarin veya catlaklarin hangi kritik yerlerde hangi proses parametreleri ile

similasyonu o nedenle kritik hale gelmektedir.

Bu amaca yonelik olarak, Autodesk Netfabb Simulation Utility yazilimi kullanilarak,
Lazerle Metal Toz Ergitme proses parametrelerinin degisiminin, ortaya g¢ikan 1Sil
gradyenlerin, sicakliklarin, artik gerilmelerin ve deformasyon dagilimmi ve olusumunu
parca diizeyinde nasil etkiledigini herhangi bir liretim yapmadan dngorebilmek amaciyla bir
modelleme calismasi yapilmistir. Bu ¢alisma sonuglar1 deneysel olarak dogrulanamadigi
igin, kullanilan modelin dogrulanmasi amaciyla, literatiirde yer alan benzer modelleme
teknikleri ve simiilasyon yazilimlari kullanilarak dogrulanmis deneysel caligmalardan elde

edilen sonuclar kullanilmistir.

Anahtar Kelimeler: Eklemeli Uretim, Lazerle Metal Toz Ergitme, Proses

Parametreleri, Proses Modelleme, Similasyon, Simulation Utility for Netfabb.
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SUMMARY

As an emerging and innovative industrial production technology, Additive
Manufacturing (AM) allows for realization of three-dimensional shapes with complex
geometries based on a layer-by-layer incremental manufacturing concept with high degrees
of customization compared to traditional metal manufacturing processes such as forming,
cutting and casting. However, despite the numerous advantages associated with additive
manufacturing, the use of different combinations and the presence of a large number of
process parameters, as well as their complex effects on product performance are a major
obstacle to the use of these processes in many applications. Due to the use of non-optimized
process parameters, part failure rates can be quite high especially during the first-time
production of 3D metal parts Therefore, to successfully manufacture metal parts at the very
first attempt, it is imperative that metal additive manufacturing processes are made
predictable and reliable by eliminating costly and time-consuming trial and error attempts.
To prevent wastage of both metal material and machine operating time as a result of
repetitive production of faulty parts, it is therefore critical to simulate potential defects or
cracks that may exceed the recommended tolerances for a particular part before initiating the

printing process.

In this work, a modelling study using Autodesk Netfabb Simulation Utility software
was carried out to predict the extent at which changes in the magnitude of Selective Layer
Melting (SLM) process parameters affect the distribution and formation of thermal
gradients, temperatures, residual stresses and deformation solely by simulation without
actually producing the part itself. Since the results of this study could not be verified
experimentally, the model used was verified using results obtained from previously validated
experimental studies as well as literature from validated work in which similar modelling

techniques and simulation software were used.

Keywords: Additive Manufacturing, Selective Laser Melting, Process Parameters, Process
Modelling, Simulation Utility for Netfabb.
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1. INTRODUCTION AND PURPOSE

Additive Manufacturing (AM) also known by various names such as Layer Based
Manufacturing, Additive Layered Manufacturing, Freeform Fabrication, Solid Freedom
Fabrication, Rapid Prototyping and more commonly as 3D Printing (Huang et al., 2013)
among others has been around for decades, with its first successful patent of an AM process
dating back to 1972 as A. Ciraud introduced the concept of metal layer fabrication by powder
deposition method using electron or laser beams. (Ciraud, 1972)

The American Society for Testing and Materials (ASTM) F2792 defines Additive
Manufacturing as the “process of joining materials to make objects from three-dimensional
(3D) model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies” (ASTM International, 2013).

AM as a transformative technology can create products with increased efficiency and
accuracy in component design, faster product delivery, simplified supply chains, reduced
wastage and lower environmental impact. This makes it a more sustainable manufacturing
process compared to other convectional manufacturing technologies.(Ford & Despeisse,
2016).

With direct AM processes such as Laser Metal Deposition (LMD), Selective Laser
Melting (SLM), Electron Beam Melting (EBM) and Laser Engineered Net Shaping (LENS)
methods, the final part is formed by allowing the metal powder to melt completely and
solidify into the desired form.(Azam et al., 2018). Optimized processes are known to be able
to produce parts with more than 90% density compared to indirect AM methods such as
Binder Jetting processes and Selective Laser Sintering (SLS) necessitating post-processing

infiltration operations (Yang et al., 2017).

As a subgroup of AM technologies, Powder Bed Fusion (PBF) systems employ laser
or electron beams as their thermal energy sources to produce parts whose microstructures

and morphologies depend, to a great extent, on the thermal-physical phenomena involved.



Building the part in a powder bed in a layer wise manner is one of the common
properties of powder bed fusion processes including Selective Laser Melting, Electron Beam

Melting, Selective Laser Sintering, Selective Heat Sintering and Multi Jet Fusion.

Selective Laser Melting, being one of the most applied AM process for metals in
highly demanding industries is generally preferred to produce very complex geometries with
internal features leading to good mechanical properties comparable to those produced with

conventional manufacturing.

The main objective of this study is to demonstrate the individual effects of varying
significant SLM process variables, such as the scan speed, layer thickness, laser power,
preheating temperatures and built plate thickness by using a commercial SLM modelling
software to eliminate the need of a costly and time-consuming trial-and-error approach.
These resultant effects from varying the process variables are evaluated on a part level scale
to investigate the extent at which they influence the thermal gradients, temperature

distribution, displacement magnitudes (distortion) and the residual stresses.

In order to evaluate the accuracy levels of the modelling, a validation of the model is
first performed based on the existing literature. Later on, the simulations are run on a

complex geometry, selected as an aircraft bracket.

The first chapter of this thesis introduces additive layer manufacturing. The aims and

objectives of this study as are also addressed.

In the second chapter, comprehensive literature review of the SLM Process from
published literature is presented. Description of SLM process parameters, powder properties
and the interaction between the laser and the metal powder is also addressed. In this chapter,
the undesired physical behaviour in typical SLM processes and the defects associated with
material porosity and induced residual stresses during SLM of Ti6Al4V. The general

modelling approach as obtained from various research work is also addressed.

The third chapter addresses the three-dimensional finite element model used for this

work. The temperature dependent thermal and mechanical properties for Ti6Al4V used in



the simulation using Autodesk’s Simulation Utility for Netfabb are also presented as
obtained from previous and current literature. Process parameters and meshing criteria for

powder bed part level simulation are also explained here.

The fourth chapter outlines the simulation results by showing the relationships
between the thermal gradients, temperature histories, interlayer temperatures, stress results
and the varying SLM process parameters. The approach used to validate the model used for

simulation is presented here.

In the last chapter, a summary of the findings of this study is addressed. Suggestions

for future studies using a similar approach were addressed.



2. LITERATURE REVIEW

2.1. Selective Laser Melting

Selective Laser Melting as a direct AM powder bed fusion process produces three-
dimensional (3D) parts by use of a layer by layer build approach that geometrically conforms
to a CAD model to selectively melt metal powder particles using a high power-density and
focussed laser as a heat source.

With optimized process parameters, SLM is capable of manufacturing near net shape
parts with complex geometries and relatively high part densities above 99% while
eliminating the need for certain specific tooling requirements (Bian et al., 2017; Kozak &
Zakrzewski, 2018; Wang et al., 2018). The process can be used with a large variety of
metallic materials such as titanium and nickel-based alloys, aluminium, stainless steels, tool
steels, cobalt, chrome, iron, copper and even precious metals for jewellery applications (Bian
etal., 2017).

SLM fabricated components (see Figure 2.1 for examples) for both aerospace and
medical applications including dental and orthopaedic implants (Brandt et al., 2013; Sing et
al., 2016; Tan et al., 2017; Wehmoller et al., 2005) presenting the notable production
challenging attributes associated with curved surfaces and porosity, can directly be

produced, even as functional prototypes.

A typical system for an SLM machine, as shown in Figure 2.2, consists of a 50-
700 W single or multiple laser beam and galvano scanner unit, a build platform where the
base plate is mechanically fixed on, temperature sensors, control unit, inert gas supply and
circulation unit, powder feeder and coating mechanisms. Galvano scanners have been used
for laser beam XY positioning to targeted coordinates (Buls et al., 2013). Build chambers of
varying dimensions can be used depending on the manufacturer’s configuration and the

intended build rate (Poprawe et al., 2014). Currently, the maximum build size in the SLM



machines is limited to build envelope (L x W x H) of 500 x 280 x 875 mm (SLM Solutions
Group AG, 2020).

Figure 2.1. Typical applications of SLM: a) Bionic cabin bracket for the Airbus A350
XWB aircraft, b) Polished hip joint implant (Sing et al., 2016).
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Figure 2.2. Schematic of typical SLM machine setup (Leitz et al., 2018).

The machine control unit provides an interface with the user in which monitoring,
adjustment and control of crucial process parameters is done. A computer is also needed to
facilitate for CAD models in either Standard Tessellation Language (STL) or Additive
Manufacturing File (AMF) format to be edited or sliced in preparation for use as guiding
geometries in the layer building stage.



Notable manufacturers for SLM systems with varying architecture and functionality
are EOS GmbH, Renishaw, 3D Systems, SLM Solutions and Concept Laser GmbH among
others. (A Comprehensive List of All the Metal 3D Printer Manufacturers, 2018).

Table 2.1. Technical Specifications of Common SLM machines.

Build Max. Focus
Manufacturer  Model Volume Laser Scan Diameter Layer Thickness
(LxWxH) Power/Type Speed approx. (um)
mm (m/s) (um)
50-90 x .
Laser 100W/Fiber
Mlab 50;3700 X laser (CW) / 50 15-30
50-90 x .
Laser 100W/Fiber
Mlab R 50;3700 X laser (CW) / 50 15-30
Mlab 100 x 100  200W/Fiber
200R x 100 laser (CW) ! 7 15-30
Concept 2 x KW/
Laser ;(olégns 80)? g‘o‘éoo Fiber laser 7 100-500 30— 150
(Cw)
lor2x
Se':fezs ; 245 ;‘5%45 400W/ Fiber 45  70-500 20-80
laser (CW)
. 4 x 400W (or
MLine | 500X 500y \wy/Fiber 50 — 500 20 - 100
Factory x 400
laser
SLM® 15 x 125 x 1x
125 125 400W/Fiber 10 70 -100 20-75
laser
lor2x
400W/Fiber
laser
lor2x
SLM® ™ 280% 280 Zoownriber 10 80-115 20 - 90
280 X 365
SLM laser
Solutions 1x 700W and
1x 1kW Fiber
laser (Dual)
2o0r4dx
400W/Fiber
SLM® @ 500 x 280 laser
500 X 365 20r4dx 10 80-115 20-75

700W//Fiber
laser



Table 2.1. Technical Specifications of Common SLM machines (continued)

500 X 4 x 400W/Fiber
SLM SLM® laser
Solutions 800 Zggox 4 x700W//Fiber 10 | 80-115 20-90
laser
DMP
Flex . 209% oowiFiber laser  N°  No data* 10 - 100
100 x 80 data*
100
ProX 140 x No
DMP 140 x 300W/Fiber laser No data* 10 - 100
data*
3D Systems 200 100
y ProX 250 x \o
DMP 250 x 500W/Fiber laser data* No data* 10 - 100
300 305
ProX 275 x No
DMP 275x  500W/Fiber laser data* No data* 10 - 100
320 380
120 x
AM 120 x 100W/200W/Yb— ) 35 20 - 100
125 fiber laser
125
250 x
AM 250 x 200W/400W/Yb— 5 70 20 - 100
250 fiber laser
. 300
Renishaw 250 x
'2(')\3 250 x 400\’\:2 :ebr'f'ber 2 70 20 - 100
300
250 x
RenAM 950 x 4 x_500W/Yb— ) 80 20 - 100
500 fiber laser
350
EOSM @100 x 200W/Y b-fiber .
100 95 laser ! 40 No data
250 x .
EOS M 250 x 400W/Yb-fiber 7 100 No data*
290 laser
325
EOS gosm 0% 4xa00wiv-
300 x . 7 100 No data*
300-4 fiber laser
400
400 x .
EOS M 400 X 1kW/Y b-fiber 7 90 No data*
400 400 laser

* The official data sheets showing the detailed technical specifications did not reveal these

values.

The SLM process, from part design to fabrication involves a series of steps that

translate the part geometries from a 3D-CAD data file into successfully melted layers of



fully built components (see Figure 2.3). The CAD file, usually in Stereo Lithography (STL)
format, is processed to create support structure for geometries with overhanging parts and

slice data that corresponds to each layer.

The part build process begins in the building chamber after a thin layer, usually 20—
200 pm (Shi et al., 2016) of the selected metal powder is uniformly placed on the substrate
plate by use of a recoater blade, which may be a soft or hard blade, depending on the machine

specifications or application needs.

Figure 2.3. Steps in the SLM Process (EOS Industrial 3D Printing - Process, Method and
Benefits, n.d.)

Laser types used in most SLM systems are Yb-fiber, Nd: YAG (neodymium-doped
yttrium aluminium garnet laser) and CO; lasers with wavelengths, A, of 1.07, 1.06 and
10.6um respectively. The laser properties such as the power and beam diameter are known
to have a significant effect of the part microstructure and build rates as widely addressed in
the literature (Choo et al., 2019; Do & Li, 2016).

After powder deposition on the build plate, pre-heating can be done. The pre-heating
of the powder bed and substrate has a significant effect on minimizing thermal induced
residual and cyclical stresses as it lowers the thermal gradients (Aggarangsi & Beuth, 2006;
Buchbinder et al., 2014; Zaeh & Branner, 2010) and improves the surface quality of SLM
produced parts.(Savalani & Pizarro, 2016). More importantly, pre-heating is carried out to
eliminate the humidity of the powder to enable a strong connection between the first layers
and the build plate (Yasa, 2018).



Suggested pre-heating temperatures for alloys such as Ti-6Al-4V in literature are
between 200-500°C (Vilaro et al., 2011). However, the SLM machines generally have a
maximum preheating temperature of 200 °C (Yasa, 2018). The high energy density laser is
then directed to the powder bed to initiate the melt and selective fusion of the targeted areas
on the x-y-plane depending on the area to be scanned coming from the CAD file. Upon
completion, the build platform is lowered to a depth of equal magnitude to the selected layer

thickness and a new powder layer is deposited.

In the solidification phase, the melt tracks of the newly melted layer then fuse
together with those of the previously solidified layer. The successive layers that constitute
of the final part are then scanned and lowered down until the entire build is complete. The

unmelted metal powder is collected and sieved for later use.

Since the part is built in a powder bed and the thermal conductivity of powder in
comparison to bulk material is too low, support structures (see Figure 2.4 b.) are necessary
to avoid warping, cracking and deformations led by residual stresses occurring during the
SLM process. Lattice-like support structures such as those shown in Figure 2.4 a. are
generally used to improve heat dissipation (Hanzl et al., 2017) and provide support for both
overhanging surfaces (Herzog et al., 2016).

The presence of a protective gas atmosphere consisting of argon or nitrogen gas
prevents or minimizes possible contamination and oxidation of the melt pool at elevated
temperatures. With titanium alloys, it is critical to keep the residual oxygen content in the
build chamber below 0.1% and argon gas is preferred to prevent nitride formation (Attar et
al., 2014; Kumar et al., 2014).

Crucial processes involved in the part fabrication by SLM such as melting and
solidification are also greatly influenced by the selected laser properties such as wavelength,

mode (CW or pulsed), energy distribution, pulse energy and repetition rate (Lee et al., 2017).

The correlation between an increase in layer thickness and increased production time
was observed in SLM produced 1Cr18Ni9Ti stainless steels (M. Ma et al., 2015). Similarly,

a decrease in surface quality was also realized (Kozak & Zakrzewski, 2018). Reduced layer
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thickness can result to improved melting and part density (Sufiiarov et al., 2017) and may
potentially decrease part surface roughness by reduction of the staircase error effect (Bian et
al., 2017).

Figure 2.4. a). Typical lattice structures in Additive Manufacturing (Hanzl, Zetkova, and

Dana 2017) b.) Support structures on an SLM produced part (Stevenson 2018.)
2.1.1. SLM of Ti6Al4V

As awidely used o + B titanium alloy for advanced aerospace applications, Ti6Al4V,
also referred to as Ti64, offers exceptional material properties such as high strength-to-
weight ratio, excellent fatigue and corrosion resistance (Harris, 2011; Inagaki et al., 2014).
Ti6AIl4V is also considered to occupy about 50% of the global market share of titanium
products (S. Liu & Shin, 2019). The high specific strength to weight ratio property
contributes to its prevalence in the manufacture of compressor blades and casings for
aerospace applications (Kuroda et al., 2015). As an aerospace application, Ti6Al4V is used
to manufacture fan blades and cases for aircraft engines as the working temperatures in the
front part of the engine do not exceed 300 °C (Inagaki et al., 2014).

Compared to pure titanium, the higher fatigue resistance and bio inert properties due
to its a+f microstructure is attributed to its wide use in medical applications such as joint
replacements (Munsch, 2017), hip prothesis and dental implants (Elias et al., 2018).
However, the higher Young’s modulus of Ti6Al4V in comparison to bone can potentially

cause pain when used in some biomedical applications such as stress shielding of the femur
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(Shah et al., 2018). Similarly, the released Al and V metal ions from the Ti6Al4V implants
can also predispose its users to systemic carcinogenic effects (Elias et al., 2018).

As a drawback, the parts produced using selective melting of Ti6Al4V have
martensitic microstructure that has high hardness and low ductility characteristics (Chlebus
et al., 2011). As a post processing step of the process, various types of heat treatment are

preferred to improve its mechanical properties (Borisov et al., 2015).

Vrancken et al. 2012 observed that the high cool rates used to increase part densities
for Ti6AI4V parts resulted to low ductility despite the achieved high tensile strengths due to
the prevailing acicular martensite microstructural composition (Thijs et al., 2010;Simonelli
etal., 2012; Vrancken et al., 2012).

The Yb-fiber and Nd:YAG lasers (Figure 2.5). are suitable for metal part production
as their shorter wavelengths make it suitable for AM for materials, such as metals, whose
reflectivity decrease with corresponding a decrease in laser wavelength (Okamoto et al.,
2004).
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Figure 2.5. Common Lasers for SLM of Metals: (a) Schematic of an Yb-fiber laser, (b) Yb-

fiber lasers, (c) Nd:YAG laser schematic showing key parts,(d) Commercial Nd: YAG
laser (Lee et al., 2017)
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The Yb-fiber and Nd:YAG lasers are suitable for metal part production as their
shorter wavelengths make it suitable for AM for materials, such as metals, whose reflectivity
decrease with corresponding a decrease in laser wavelength (Okamoto et al., 2004). As an
advantage during SLM of metals and their alloys, Yb-fiber lasers have gained much
attraction owing to their much smaller sizes and higher beam qualities and efficiencies (see
Table 2.3).

As a multifactorial based AM process, SLM is greatly influenced by various
parameters attributed to the laser, powder properties and the laser melting process. Some
critical SLM parameters (see Table 2.2.) that demand proper selection to achieve high part
performance in terms of improved mechanical properties, microstructures and dimensional
accuracies include laser power, spot size, scan speed, scanning strategy, layer thickness,
hatch spacing as well as powder characteristics such as morphology, flow properties and

composition (Lu et al., 2015; Yap et al., 2015).
Laser
power
%
‘1@(\&6
K

Hatch spacing

7t h Laser beam diameter

i 7 A
!
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|

| Layer
Powder bed | thickness
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i I
,'Ax!ﬂatch overlap
Preceding layers or substrate plate

Figure 2.6. Schematic of various SLM parameters. (Yap et al., 2015)(H. Zhang &
LeBlanc, 2018).

The energy density (Eq), also referred to as the energy input in SLM is influenced by
the laser power, scan velocity, powder layer thickness and the hatch spacing as shown in
(2.1)(Shipley et al., 2018).

P

E, =
" v hd

(2.1)
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Where the energy density (J/mm?), laser power (W), layer thickness (mm), hatch
spacing (mm) and the scan speed (mm/s) are represented by Eq, P, d, h and v respectively.
However, crucial factors that also influence the energy density such as the direction of gas

flow, laser diameter and the hatch style are not accounted for in (2.1) (Prashanth et al., 2017).

Table 2.2. Main SLM Process Parameters

Laser-related Scan-related
Laser source and power Scan speed
Laser beam diameter Scan spacing
Laser wavelength Scan pattern
Powder-related Temperature-related
Powder shape, size, density and Temperature distribution
morphology Powder bed temperatures

Particle distribution
Layer thickness

The laser power can be adjusted automatically to effectively control melt pool sizes.
The choice of a particular laser power setting is often influenced by the powder material
properties as well as the application needs. With a selected laser power value, multiple

energy densities can be achieved by varying the laser beam spot size (Kumar et al., 2014).

Table 2.3. Properties of lasers used in metal SLM (Abliz et al., 2014; Lee et al., 2017)

Laser Type Nd: YAG laser Yb-fiber laser
Operational wavelength 1.06 um 1.06 -1.09 um
- 10-20% 0
Efficiency (Diode Pump) 10-30%
Output power
Continuous Wave (CW) =16kW = 10kw
Operation mode CW and Pulse CW and Pulse
Pump source Laser diode Laser diode
Beam quality factor 0.4-200 03-40

(mm-mrad)

The laser spot size can be considered to be the measured laser beam’s diameter on
the powder bed (see Figure 2.6.). The magnitude of the spot size can range from 30 pum to
600 um, with typical values for predominant SLM systems set between 50 um and 180 pm
(Herzog et al., 2016). Variations in energy density can be achieved upon increments or
decrements of the spot size (Kumar et al., 2014).
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As a critical requirement, the scan or hatch spacing which the measured distance
between consecutive laser beams or adjacent scan vectors (Rafi et al., 2013) should be

preferably lesser than the melt pool width to guarantee enough overlap (Vrancken, 2016).

With a variety of scanning strategies available for SLM processing, the resultant
effects that arise from use of various scan strategies have been observed across various
works. L. Parry et al. 2016 compared the unidirectional and alternate scan strategies and

observed that the latter resulted to reduced residual stress inducing temperature gradients.

J. P. Kruth et al. 2012 claimed that the island scanning strategy (see Figure 2.7 a.)
which is a Concept Laser GmbH patented scanning option that utilizes random short scans
on the x-y plane, could potentially minimize cracking and residual stresses. Vrancken 2016
observed that the texture of SLM produced parts was also greatly influenced by rotation of

a particular scan strategy.

¢}

//§%

island scans.(Lu et al., 2015)

2.1.2. Powder Properties for SLM

Powder properties such as particle size, shape and distribution have a significant
effect on the efficiency of the melting process for metals. Other powder properties, such as
thermal conductivity, absorptivity/relativity, chemical composition also influence the
interaction of the laser and material during the SLM processing.
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Gas atomized spherical metal powders (see Figure 2.8.) facilitate for relatively high
powder bed density and flowability resulting to their preference in AM when compared to
other shapes (Trevisan et al., 2017). The optimal powder size distribution has to be carefully
selected as larger particles have a lower pack density and require high energy amounts to be
efficiently melted while smaller particles may cause fumes that further complicating the
layer building process (H. Zhang and LeBlanc, 2018) despite the latter having advantages of

higher pack densities and reduction in surface roughness (Sutton et al., 2016).

Generally, a good mix of small and large particles is preferred so that the powder bed
properties can be optimized.

Figure 2.8. Gas atomized aluminium powders of different sizes (1-30 um) as observed
from a Field Emission Scanning Electron Microscopy (FESEM) image. (Trevisan et al.
2017)

Studies by B. Liu et al. 2011 indicated that an increase in density of parts produced
at low laser energy intensities and powders constituted of varying sizes. The minimum layer
thickness, from which the powders melt to form, is also determined by the metal powder size
as it can only be equal or smaller than the powder size distribution in use (Kumar et al.,
2014).

To a considerable extent, good powder flowability during the build as investigated
by B. Liu et al. 2011 is essential to attain a constant and homogeneous layer thickness, as a
necessary requirement for uniform laser energy absorption. Thijs et al. 2010 investigated the

effects of the zig-zag, unidirectional and cross-hatching scan strategies for plasma atomized,
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spherical Ti-6Al-4V powder. They determined that both the hatch spacing and the scan
speed, to a considerable extent, influenced the resultant hardness and width of the melt pool

and that grain growth preferentially occurred in the direction of the build.

2.2. The Laser - Material Interaction

As a multifactor process, physical behaviour of SLM produced parts are widely
influenced by laser parameters, powder material properties, process temperatures, scan
strategies and the thermal-physical phenomena (see Figure 2.9). The laser power, spot size,
scanning strategy and the hatch spacing among other parameters highly influence the type
of the binding mechanisms which can result to Solid State Sintering (SSS), Liquid Phase
Sintering (LPS), partial melting and complete melting (J. P. Kruth et al., 2005). The
absorption of the laser beam’s energy initiates the melting process that causes to an overall
decrease in volume. The loose powder, and the partially melted powder in the re-melted zone
form a melt pool (Pal & Drstvensek, 2018).

Heat transfer through conduction, radiation and convection mechanisms occur as
metal evaporation dissipates heat from the melt pool (Chen et al., 2018). However, uneven
heat distribution from the resultant melt pool to its close environment due to the protective
gas atmosphere and other different heat transmission media present is responsible for the
Marangoni effect, which is a resultant effect of tangential gradients of surface tension in the

melt pool and possible gaseous bubble entrapment (Chen et al., 2018).

Laser beam

Absorption

Vaporption
Splashing/spattering

Figure 2.9. The physical phenomena in SLM (Chen et al., 2018)
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As a prerequisite for fabricating high-quality parts using SLM, prediction of thermal
behaviour and melt pool flow characteristics is paramount. The recoil pressure and
Marangoni force have been suggested to be among the major forces that for the occurrence
of melt flow instability (Qiu et al., 2015).

In addition to heat conduction, other physical phenomena that are likely to be
influenced by either the SLM process parameters or the metal powder material properties
include radiation, laser energy transmission and absorption, wetting, balling, splashing,

capillary forces, rapid melting and solidification (Antony & Arivazhagan, 2015).

2.3. Undesired Physical Behaviour

The presence of unwanted phenomena in SLM such as the melt pool instability,
material spattering, keyhole and balling effects greatly contribute to the increased porosity
and reduced densities (Pal & Drstvensek, 2018).

Material splattering (see Figure 2.10.) that occurs in the metal powder, molten metal
melt or in the mixture of partially molten metal powder and the latter is regarded as a key
unwanted phenomenon in SLM since it induces uneven material distribution and bad surface
quality (Anwar & Pham, 2016; Wang et al., 2016).
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Figure 2.10. Schematic diagrams showing (a) powder and metallic jet spattering, (b) the
defects associated with spattering. (Pal & Drstvensek, 2018)

Splattering, as investigated by Pal and Drstvensek 2018, occurs due to trapped gas

expansion and explosion, thermal shock and recoil pressure from either the laser (Han et al.,
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2017) or metal vapor. Material spattering behaviour is influenced by certain metallurgical
properties such as the molten metallic viscosity, thermal conductivity and specific heat (Pal
and Drstvensek, 2018). Optimization of process parameters, powder particle shape and size

can considerably control splattering.

The balling effect, which is the spheroidization of the liquid melt pool, is attributed
to various phenomena. Bauerel3 et al., 2014 in their work on defect generation and
propagation mechanisms attributed it to insufficient metal material for liquid formation

during melting.

D Gu et al. 2012; Baauw et al. 2015 associated the balling effect with melt track
irregularities or discontinuities that result from melt pool instabilities due to deteriorated
wettability between the molten metal material and underlying substrate. Melt pool splashing
and high melt flow velocities have also been identified as causative effects of the balling
phenomena (Dai & Gu, 2014; Dongdong Gu et al., 2012; Qiu et al., 2015). As a critical
defect to SLM, balling results to part surface roughness and increased porosity which hinders
production of fully dense parts. Optimized laser power density is crucial in prevention of
balling as D Gu et al. 2012 in his work linked both low and high laser power densities with
an increase of balling effect and splash induced balling respectively.

Similarly, the use of properly selected scan speeds can prevent melt pool instabilities
that otherwise induce balling (Shi et al., 2016). As a remedy, Zhou et al. 2015 observed that
remelting the surface, preferably by use of a second laser, while using appropriate laser
exposure times to attain a balanced dynamic viscosity of the melt pool can minimize the

balling effect in metals have considerably high thermal conductivity.

2.4. Defects in SLM Processed Ti-6Al-4V

Defects in SLM manufactured parts such as those depicted in Figure 2.11. that often
lead to part failure or reduced part performance can arise from the aforementioned complex
physical phenomena and possibly from unoptimized process parameters. However, even
with optimized SLM process parameters, defects like porosity could also occur to a lesser

extent (Kasperovich and Hausmann, 2015).
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Un-melted metal powders
Spherical porosities N

"y

100 Iun [

porosities (b) Lack-of-Fusion (LOF) defects and un-melted Ti-6Al-4Vpowder. (c) SEM
image showing crack initiation (d) incomplete fusion holes formed at 120 W and scanning
velocity of 1500 mm/s (B. Zhang et al., 2017)

In general, defect sources attributed to SLM in literature (Attar et al., 2014; Gong et
al., 2014)(Seifi et al., 2016) stem from partially melted or unmelted metal powder particles,
gas entrapment in either atomization or melt pool solidification, lack of fusion (B. Zhang et
al., 2017) and layer delamination (Yasaet al., 2009); (Kempen et al., 2013). Defect formation
could also be attributed to powder properties such as composition, morphology and the

particle size distribution (Gorsse et al., 2017).

Other notable defects in SLM processed Ti6Al4V include: dimensional inaccuracies
(Kozak & Zakrzewski, 2018), stress related cracking, dimensional warping (Mumtaz et al.,
2011), and microstructural defects such as balling and porosity (Xia et al., 2017) that are
observed to greatly influence dynamic mechanical performance of SLM processed Ti6Al4V
parts (Leuders et al., 2013).
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2.4.1. Porosity

As a prominent defect associated with SLM, porosity has been associated with certain
scanning strategies as well as with application of either insufficient or excessive laser energy
intensities and adversely affects the mechanical performance (Borisov et al., 2015; Zhao et
al., 2016). Aboulkhair et al. 2014 focused on the design of a scan strategy in an effort to

minimize porosity.

Thijs et al., 2010 observed that the melt pool behaviour and stability highly influence
the degree of porosity with the pores occurring either as spherical as shown in Figure 2.11(a)
or irregularly shaped with the latter being attributed to unstable molten pool shapes. The
irregular, non-spherical pores are process-induced as their occurrence is as a result of
insufficient laser energy application and spatter ejection (Sames et al., 2016). Great concern
from this pore type arises as they predispose fabricated parts to increased stress
concentrations that can result to crack nucleation and initiation and ultimately failure during

operation (Deng, 2018).

The spherical gas pores mainly form from two sources. The protective gas going in
the melt pool fails to escape before solidification as a result of the high cooling rates (Leuders
et al. 2013). Secondly, entrapped gases in the metal powder during the gas atomization

process may lead to porosity in the final part (B. Zhang, Li, and Bai 2017).

Lack-of-fusion (LOF) defects also referred to as incomplete fusion holes are resultant
effects of insufficient laser energy to adequately penetrate the melt pool (B. Zhang et al.,
2017). Deposition of a new layer before complete melting of the metal powders complicates
the re-melt process and can result to formation of incomplete fusion holes (Gong et al., 2014)
located between the scanned tracks and the new deposited layer.

2.4.2. Residual Stresses and Cracks
Residual stresses in the SLM process are attributed to the high thermal gradients (L.

Parry et al., 2016) (Vastola et al., 2016) and high cooling rates involved in the process due
to rapid solidification from the melting temperature to low preheating temperature.
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Extensive research identifies residual stresses as a causative effect of part warping,
delamination, build-part detachment from the substrate plate (see

Figure 2.12 (a)) and crack formation (see Figure 2.12 (b) (Y. Liu et al., 2016;
Mercelis & Kruth, 2006).

Figure 2.12. Effects of residual stress: (a) build-part detachment from substrate plate (Zaeh
& Branner, 2010) and (b) Crack on Ti-6Al-4V part.(L. A. Parry, 2018)

With subsequent layer addition on top melted layers, an increase in residual stresses
was observed (Y. Liu et al., 2016) as thermal cycling transforms the tensile stresses on
previously formed hotter layers to compressive stresses (Mercelis & Kruth, 2006). As
maximum longitudinal residual stresses are attributed to parallel scan vectors that increase
in length (Jean Pierre Kruth et al., 2012), available literature scanning strategies that
minimize residual stress formation suggests the use of strategies that have minimal
increments of the scan vector length (L. A. Parry, 2018). Reduction of the residual stresses
causing thermal gradients by preheating has widely been documented in available literature
(Ali et al., 2017; Li et al., 2018; Vrancken et al., 2015). However, the machines currently
available in the market are limited in terms of preheating temperatures because high
temperatures lead to cake formation and difficulties in recycling of the unused powder.

2.5. Modelling Approaches in Selective Laser Melting for Metals

As a laser powder bed fusion AM processes, simulation in SLM can categorized in

scale level as micro, meso and macroscopic (Kolossov, 2005). At the macroscopic level,
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simulations are performed on a workpiece level to predict residual stresses and distortions
by using the part geometry (Kushan et al., 2018; Michaleris, 2014).

SLM simulations at the particle level can be considered to be at micro or meso scale.
In this level, modelling is focused on the particle morphology, the laser effect on the melt
pool behaviour and the flow of the liquid metal particles (Khairallah et al., 2016). Various
numerical techniques such as the finite element (FE) can be used to evaluate phenomena

occurring at the particle level which includes the melt pool dynamics (Kushan et al., 2018).

Multi-scale modelling, particularly on a microscopic level facilitates the prediction
of mechanical properties of SLM produced parts from the consequential modelling of the
material’s microstructural evolution. On a macroscopic scale, evaluation of the sintering

kinetics and densification process can potentially aid in part geometry prediction.

Thermal aspects of the SLM process such as the heat input, melt pool depth,
temperature distribution and history are predicted by the thermal simulation while
deformations (part distortion) and residual stresses are predicted by the mechanical

simulations (Kushan et al., 2018).

Although SLM modelling research has tremendously increased to industrial demand
to make it more predictable, current approaches are centred on the use of thermal modelling
techniques paired with various phenomena to simulate key process attributes such as residual

stresses, temperature fields, part density or even critical defects such as part distortion.
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Figure 2.13. The simulation approach for SLM (Papadakis et al., 2012).

Despite the limited availability of modelling tools that can near accurately predict
thermo-mechanical cycles and defect causing residual stresses, predictive modelling
essentially reduces the time and cost that would otherwise arise from an experimental trial

and error approach.

Accurate and effective modelling the SLM process, as with other AM processes, is a
challenging task as key aspects of the process may require individual modelling. These
include material addition, temperature dependence of the thermal properties, mechanical and
thermal boundary conditions. Space and time discretization of the problem to obtain practical
results also demands for a comprehensive understanding of available commercial code in

addition to immense computational resources.

Validation of the modelled SLM process in such a way that it only predicts the build
part history without interfering with the build machine’s configuration or operation also
presents a modelling difficulty (Gouge & Michaleris, 2017). In their detailed review, King
et al. 2015 addressed the complex physics and computational challenges involved in
modelling and simulation at both part and powder scales. Modelling challenges can also
result from numerical or measurement uncertainties as reviewed by Moges et al. 2019. As

a solution to this challenges, Sames et al. 2016, suggested modelling by coupling AM models
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across various scales with physics-based attributes such as phase changes and thermo-

mechanics.

2.5.1. Part Level Modelling of the SLM Processes

The typical thermomechanical-based FEM system for prediction of residual stresses,
distortion and simulation of temperature fields consists of independent thermal and

mechanical models and an interaction technique or coupling method (see Figure 2.14).

The pre-processing stage of the thermal model fundamentally allows for a user
defined attributes such and inputs such as the CAD part geometry, meshing strategies,
governing initial boundary conditions, applied loads and material specific properties. The
resultant equations from the discretized governing partial differential equation for all the
elements present and their respective solutions are assembled into a global equation in
processing stage. Post-processing of the solved global equation provides visual results, such

as those of the temperature fields.
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Figure 2.14. Schematic for a typical thermomechanical model for SLM (Schoinochoritis et
al. 2015)

The mechanical model that aims to predict residual stresses and distortion on the part
geometry follows a similar approach. The previous temperature fields from the thermal

model are then incorporated as an applied load (Schoinochoritis et al. 2015).
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The interaction criterion to achieve a thermo-mechanical model can in the simplest
form be categorized as either be coupled or uncoupled. The uncoupled model is based on the
assumption of unidirectional relationship between the thermal and mechanical behaviours.
As such, the thermal history only influences the outcome of the mechanical behavior and not
vice versa (Lindgren, 2001). Similarly, interactions between thermal history or temperature
and mechanical aspects such the stress fields are not analysed (Schoinochoritis et al. 2015).

In the coupled method, as shown in Figure 2.15, analysis of the thermal and
mechanical fields are performed in such a way that the converged solution of temperature
field from the initial time step is incorporated as an input for subsequent use with the

temperature dependent material properties to obtain a new mechanical behavior.

' 7N

— Thermal Material Properties Mechanical
t L+AL t p+AL

L
k.

Figure 2.15. Thermal and Mechanical behavioural relationship in a coupled thermo-

mechanical model.

Similarly, certain mechanical behaviour such as the plastic deformation is also
considered to acquire solutions of the temperature field. As a result, new temperature

dependent material properties are generated after solving the thermal field.

2.5.2. Finite Element Modelling

The finite element modelling, FEM, of the SLM process is multifaceted phenomena
that integrates a thermal model, a material model and a laser-material interaction model for it
to be realized. The thermal model represents the progressive thermal input of moving heat
source, while the material and laser-material interaction models define temperature-
dependent material properties and account for the occurring transient thermomechanical

phenomena, respectively (Fu & Guo, 2014).
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Commercially available software used for FEM and simulation include MSC
Simufact Additive, Ansys Additive Print, Atlas 3D Sunata, Additive Works Amphyon and
Autodesk Netfabb Simulation Utility (Peter et al., 2020).

The part geometry in FEM is divided into elements and nodes that bind adjacent
elements together. The processing time is further divided in time steps as a discretization
technique that significantly aids in faster solving of the complex transient model solutions.
From a modelling perspective, for Direct Energy Deposition (DED), welding and Powder
Bed Fusion AM processes, similar approaches to a considerable extent have been adopted
while considering their respective limitations (Gouge and Michaleris, 2017). However, the
use of a much smaller laser spot size (~100 um) and the speed of deposition in LPBF and
DED respectively that demands for more rigorous spatial and temporal discretization
(Denlinger et al., 2016).

As a drawback, discretization methods attributed to finite element modelling of
LPBF process consequently result to the need for more computing power. Removal of the
built plate (Neugebauer et al., 2014) and assuming perfect insulation capabilities of the metal
powder during the thermal analysis (Paul et al., 2014; Song et al., 2015) are some of the

strategies that have been applied to reduce the computational times.

Due the complexity and computational strain involved, research has steered towards
the use of layer-by-layer simulations and application of analytical methods in an effort to

perform moving heat source simulations.

Advancements in finite element modelling and analysis have significantly shortened
design-to-part production time spans (Megahed et al., 2016). Models based on a finite
element analysis approach to evaluate the causative temperature gradients responsible for
residual stress in Ti6Al4V have been also reviewed by Saxena et al. 2016 and Ali,
Ghadbeigi, and Mumtaz 2018.

Modelling an AM process using a finite element approach also requires that the

thermal losses and the elasto-plastic stresses incurred during the part build process to be
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considered. The microstructural and the resultant material property changes are known to
further complicate the modelling process.

Material deposition in an existing numeric model consequently results to the addition
of new equations. Currently the two general approaches in AM that model material
deposition are Quiet and the Dead-Alive methods (Costa et al. 2005; Van Belle et al. 2012)
with each method presenting its own advantages and drawbacks. The quiet element method
allows for material addition by use of a severe reduction or scaling factor of the material
properties in such a way that they can only be realized in the model after deposition of the
material elements while the Dead-Alive method allows for addition for new equations over
the model’s history (Schoinochoritis et al. 2015; Gouge and Michaleris 2017).

The challenge with modelling of the heat source can be attributed to the resultant
thermal gradients that arise during melting and the complexities involved in an attempt to
measure the precise magnitude and shape of the input energy volume. The thermal losses
through conduction, free and forced convection and radiation have to be considered to

achieve an effective finite element model.

Temperature dependent material properties that are known to have a particular
correlation to thermal history such as the density, emissivity, specific heat capacity and the
thermal conductivity (Schoinochoritis et al. 2015), yield strength (L. Ma & Bin,
2007),Young modulus (Jiang et al 2002) and the thermal expansion coefficient (Hussein et
al., 2013; Van Belle et al., 2012) have to be considered for accurate modelling as they are
likely to contribute, to a certain extent, to residual stresses and part distortion
(Schoinochoritis et al. 2015).
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3. METHODS AND PROCEDURES

Based on the approach discussed in 82.5.1, thermal and mechanical models for
thermomechanical modelling of SLM process using Ti6Al4V were used in this study.
Autodesk® Netfabb® Local Simulation (product version 2020) software which uses a non-
linear decoupled finite element-based 3D transient thermo-mechanical solver is employed
for predictive simulation at a part scale level. As a pre-build analytical and defect prediction
tool in this study, Autodesk Netfabb Local Simulation was used to create and analyse both

the pre-processing and post-processing part building processes.

3.1. The Weakly Coupled Thermo-Mechanical Model

The weakly coupled modelling approach used this work in which the thermal history
is initially investigated and its results are used as thermal load file for subsequent use to
simulate a mechanical response was adopted from Autodesk® Netfabb® Local Simulation
(product version 2020) software that uses a non-linear decoupled finite element based 3D
transient thermo-mechanical solver designed for predictive modelling in both LPBF and
DED build process(Autodesk Help, 2020d).

The Galerkin approach has been adopted to form a weak formulation from the
governing physics equations that sequentially allows the energy balance and the stress
equilibrium to be used as the governing equations for the both the thermal and mechanical

problems respectively (Autodesk Help, 2020).

As a result, the weak formulation generates a displacement or temperature solution
vectors, U, a residual vector, R. and a stiffness matrix dR/dT. Upon application of the
Newton-Raphson method to the initial solution vector estimate, U° (3.1). can be used
iteratively to obtain a definitive value of the residual vector, R within a particular tolerance.
The values U' and U+ are preceding and current solution vectors respectively (Autodesk
Help, 2020b).
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i _1
Uit = Ui - [iﬁl R! (3.1)

3.1.1. The Thermal Model

The thermal model used in this work and the governing equations required to obtain the
temperature fields as well as the necessary thermal boundary conditions are as incorporated in
Autodesk Netfabb Local Simulation’s 3D transient thermo-mechanical solver (Autodesk
Help, 2020d).

Considering a body with an isotropic specific heat capacity, Cp, at a temperature, T,
constant density, p, and at a time, t (s), the governing thermal equation required to achieve a
thermal equilibrium can be formulated as:

dT d qi(X"t)
pC, = =" (T:) + Q(X]-, t) (3.2)

where values Q, x; and q; are represent the body heat source, position and heat flux
vectors respectively. As an initial working condition, the temperature, T, is considered to be
at an ambient temperature, T,,. For this work, 25°C was used as the ambient temperature and

preheating temperature was 200°C.

The heat source and surface heat losses by radiation and convection are then realized
by application of a Neumann boundary condition in two parts. From the Fourier's conduction
equation, the heat flux vector (q;) can be expressed as a function of temperature (T) and

position vector (x;) with k(T) as the isotropic temperature dependent thermal conductivity.

oT
Qi = k() = (3.4)

1
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The temperature for the first-time step is considered to be either equal to the build
plate’s preheating temperature or the ambient temperature. As initial conditions, the
temperatures of the subsequent time steps are then used as nodal temperatures that are

discretely obtained from the last completed iterative time step.

The heat source Q, in (3.2 is modelled from the Goldak ellipsoid model (see Figure
3.1) that has a three-dimensional (3D) Gaussian distribution (Autodesk Help, 2020c;
Denlinger et al., 2016).

Figure 3.1. Goldak’s double ellipsoidal model (Flint et al., 2013; Goldak et al., 1984)

(3.5)

_ 6V3Pn 3x2  3y? 3(z+ vst)?
 abeym P\ Tz T e c?

With a pre-determined laser power, P, and an absorption efficiency, 1, the ellipsoidal
dimensions; a, b, and c are the corresponding values to the transverse, melt pool depth and
longitudinal magnitudes with a moving heat source (the laser) at a speed, vs. The local

coordinates as X, y, and z are also represented in (3.5).

Modelling heat loss by convection and radiation is achieved by the use of Newton's
law of cooling and the Stefan-Boltzmann law, respectively. For heat loss by convection, the
relationship between the heat flux, q., surface temperature, T, and the heat transfer

coefficient, h, is expressed as given in (3.6).
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qc = h(Ts — T) (3.6)

With q.,q as the heat flux, € as the surface emissivity and o as the Stefan-Boltzmann

constant, the heat loss by radiation is simply modelled from Equation (3.7) below.

Qrad = EG(TS4 - Too4) (3-7)

For linearized radiation, (3.7). can be expressed as;

Qrad = hrag (Ts - Too) (3-8)

Where the heat transfer coefficient, h.,4 can be obtained from the above equations

and expressed as (3.9). below

eo(Ts* — To*)
(Ts - Too)

hpaq = = €0(Ts* + Too”)(Ts + Too) (3.9)

3.1.2. The Mechanical Model

The mechanical model as embedded in Autodesk Netfabb Local Simulation’s 3D

transient thermo-mechanical solver is implemented as follows:(Autodesk Help, 2020d).

The stress equilibrium which is used as the governing equation for mechanical

responses is shown in(3.10).;

V.o =0 (3.10)

The magnitude of the stress, o, is obtained as a product of the material’s stiffness

tensor, C, as a fourth order tensor and the elastic strain, €, as in (3.11). below.
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o =Ce (3.11)
e

Considering the small deformation theory, the magnitude of the total strain, ercan be
calculated as the sum of the elastic strain, ¢, , thermal strain, &y, and plastic strain, €, as

shown in (3.12).

&1 = € T &m T & (3.12)

The thermal strain for small deformations is calculated through the use of Equations
(3.13), (3.14) and (3.15).

€h = &) (3.13)
g = a(T —TT¢) (3.14)
j=[1 1 1 0 o o]" (3.15)

where the terms, T7¢/ and « as the reference temperature and the material’s thermal

expansion coefficient respectively.

For this model, the plastic strains for small deformations are obtained by the
implementation of the von Mises yield criterion as well as the Prandtl-Reuss flow rule. The

relationship between the yield function, f, the von Mises' stress, 0,,,, flow vector, af,,, the
material’s yield stress, gy,.;4 as Well as the equivalent plastic strain, g, is as indicated in

Equations (3.16), (3.17) and (3.18).

f = 0pon — ineld(sq' T) <0 (3.16)

€p = €q0fiow (3.17)
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o = (2 ) (3.18)

da

Taking into consideration that any large deformations expected in this work may
occur in a particular spatial location of a part x and vary to a considerable extent from a
relatively undeformed reference, X, the stress equilibrium equation was formulated using P

as the first Piola Kirchoff stress tensor as indicated:

The first Piola Kirchoff stress tensor is obtained using the stress tensor, ¢ and the
determinant of gradient of deformation, J, as in (3.20) below.

P=Jo-FT (3.20)

Where the deformation gradient, F, with respect to the undeformed reference, X, is:

dx

F=—
dx

(3.21)

The displacement gradient, D, which is used obtain the Green Strain, E, is the
difference between the deformation gradient and the identity matrix, I. as shown in (3.22)

below.
D=F-—1I (3.22)
The solutions of the Green Strain, E, are then determined as in (3.23) below:

E =1((D+DT)+ (D-DT))
2 (3.23)
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3.2. Part Level Multi Scale Simulation

3.2.1. CAD Part Preparation

For this work, Autodesk Netfabb Ultimate 2020.2 and Simulation Utility for Netfabb
2020.2 were used as the FEA simulation and analysis tools on an Intel(R) Core (TM) i7-
4700HQ CPU @ 2.40GHz,16 GB RAM PC. The CAD part file for a cabin bracket (see
Figure 3.2) designed for the Airbus A350 XWB aircraft was added to Autodesk Netfabb
Ultimate for preparation. Using an embedded automatic repair function, the STL file from
the CAD part was then created investigated for any mesh related errors such as border edges,

intersecting faces or holes.

A closed, error free meshed cabin bracket geometry as depicted in Figure 3.3,
required for FEA simulations using Netfabb Ultimate software package was centrally placed
on the build platform. The part dimensions were scaled by 60% to fit in a bounding box of
67.54 x 27.30 x 27.09 mm to minimize computational load and simulation times. After
executing the part repair functionality embedded in the software, the scaled part was
comprised of the properties in Table 3.1.

Figure 3.2. CAD part used for the simulation.
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Figure 3.3. The closed, error free mesh used for simulation

Table 3.1. Scaled part properties after STL repair.

Triangles 16908

Edges 25362
Bad Edges 0
Shells 1

Points 8416
Boundary Length (mm) 0

VVolume support structures (Figure 3.4 a. and Figure 3.4 c.) that served as both as
mitigation aids against part deformation and anchors to the build plate for the cabin bracket
were then automatically generated on the critical areas (see Figure 3.4 b) using the default

support script for SLM for areas with volume support (see Figure 3.5).

The area with volume support script used in this study consisted of a wired structural
pattern with trapeze top and bottom connections to the part. The wired wall pattern as used

in volume support that had the properties in Table 3.2.

The new build part and support structures were then imported into Netfabb
Simulation Utility in the 3D Manufacturing Format (3MF) type as this file format supports
the export and import of part colour and textures that are otherwise not supported by the STL

file format.
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Figure 3.4. a.) Simulated volume support structures b.) Critical areas (in red) that require

anchorage. c.) volume support structures on original part.

Table 3.2. Properties of the volume support structures.

Pattern Type Wired wall
Height 1.30mm
Width 2.33mm

Interval height 0.7mm

Interval width 0.7mm

Analysis | Edit | List  Support scripts | process simulation |

S v| (4] [%8] (36
Support action
= H Area with volume support 39/42° v
Description 39/42°
# [ Cluster
1 Contour accuracy 0.05 mm
1 Contour offset to wall 0.20 mm
1 Free contour offset 0.10 mm
- Support properties Entity volume

Figure 3.5. Default support script for SLM in Netfabb Simulation Utility.
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3.2.2. Material Properties for SLM Ti-6Al-4V powder

The material used for this work was an o—f titanium alloy, Ti-6Al-4V, with the
thermal and mechanical properties indicated in Table 3.3 as selected from the Simulation
Utility for Netfabb material database. This material properties were referenced from R. R.
Boyer 2010; Cardarelli 2001; R. Boyer et al 1994 and MatWeb 2020.

Table 3.3. Thermal and mechanical properties of Ti-6Al-4V powder.

Density (kg/m?®) 4430
Melting Temperature (°C) 1600
Emissivity 0.54
Latent heat of fusion
Latent heat of fusion (J/kg) 365000
Solidus Temperature (°C) 1500
Liquidus Temperature (°C) 1770
Stress Relaxation Temperature(°C) 690

Coefficient of Thermal Expansion (CTE)

Reference Temperature (25°C)

Temperature (°C) 20 500
Thermal Expansion (um/m-°C) 8.6 9.7
Thermal Conductivity

Temperature (°C) 93 205 315 425 540 650
Conductivity (W/m °C) 7.3 9.1 106 126 146 175
Specific Heat
Temperature (°C) 93 204 315 426 537 649 760
Specific Heat (J/kg/°C) 565 574 603 649 699 770 858
Elastic Modulus

Temperature (°C) 0 800
Elastic Modulus (GPa) 105 62.8

Poisson’s Ratio 0.34 0.34
Plasticity

Temperature (°C) 0 800

Stress (MPa) 777 417

Plastic Strain 0 0

3.2.3. Process Parameters for Simulation

The simulation utility feature in Autodesk Netfabb was used to create Process
Parameter (PRM) files with variable SLM process parameters. With Netfabb, the generated
PRM file accounted for the thermal and mechanical properties for the selected Ti-6Al-4V

alloy. PRM files with varying process specific parameters, such as the laser power, layer
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thickness, heat source absorption efficiency, laser beam diameter and the scan speed were
generated (see Figure 3.6) to investigate the effect of their variance during part production

on the residual stresses and deformations.

N New Process Parameters ? X W New Process Parameters ? X
“ Physical ' Analysis Advanced Physical Analysis Advanced

Machine

AR powee: |250 (W) Stress and distortion

Heat source absorption efficiency: :20 (%)

»| 4|

Laser beam diameter: (0,1 (mm = 3

Ot (mm) | - Hot spots and lack of fusion
Travel speed: 800 (mm/s) IS
Layer thickness: 0,03 (mm) 2]

r = Lack of fusion temperatures ‘1300; 1600 (C) ‘
Hatch spacing: |0,1 (mm) =
Recoater time: 115 (s) S
Interlayer rotation angle: §?(dgg) :7 Hot spot temperatures \1900 ;2000 (C) ‘
Material
As-printed: Ti-6Al-4V v Interlayer temperatures ‘25; 600 (C) ‘
Poweder: Automatically calculated

* ! Generate PRM ¥ I ! Generate PRM |¥
Figure 3.6. Customized Processing Parameter File (PRM) generation interface using
Ti6AI4V.

The relationships between the magnitude of various key SLM process inputs, 1.e.
laser power, scan speeds and layer thickness with regard to crucial aspects that influence the
part quality or post-production performance such as the displacement, elastic and plastic
strains, Cauchy stresses, von Mises stresses during the fabrication process were simulated

and investigated.

Laser power inputs between 150-300 W with increments of 50 W from the preceding
power input were applied as indicated in Table 3.4. For the study of the effect of varying
scan speeds, travel speeds of 600 mm/s, 800 mm/s,1000 mm/s and 1200 mm/s were selected
individually to create PRM files. A similar approach was then used to create PRM files for

the investigating the effect of layer thickness with respect to the aforementioned aspects
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using layer thickness of 0.02 mm, 0.04 mm and 0.06 mm. The other process parameters were
held constant as indicated in Table 3.4 and Table 3.5 respectively. The layer thickness
simulations used the process parameters in Table 3.6. The scanning strategy used for his
work was linear (one directional) with an interlayer rotation angle of 67° and the

homogenized support structures were built with same process parameters as the part.

The “Lack of Fusion temperature” is the temperature below which, the material (in
this case Ti6Al4V) fails to melt completely. This can be defined by the material’s liquidus
or solidus temperature. The “Hot spot temperature” is the temperature at which, if exceeded,
predicted overheating capable of deteriorating the build quality is reached (Autodesk Help,
2020e). The temperature used as liquidus temperature for Ti6Al4V was 1600°C (Mishra et
al., 2018).

Table 3.4. PRM for varying laser power inputs for Ti-6Al-4V simulations

Laser Power (W) 150 200 250 300 350
Heat source absorption efficiency (%) 20
Laser Beam Diameter (mm) 0.1
Travel Speed (mm/s) 800
Layer Thickness (mm) 0.03
Hatch Spacing (mm) 0.1
Recoater Time (s) 15
Interlayer rotation angle (deg) 67
Lack of fusion temperatures (°C) 1300 1600
Interlayer temperatures (°C) 25 - 600
Hot spot temperatures (°C) 2000 3000

The effect of preheating the built plate at 200°C and 450°C using the process
parameters in Table 3.4 and a laser power of 150W was investigated. Similarly, the effect of
increasing the built plate thickness was also investigated using the process parameters
indicated in Table 3.4, a 150W laser power setting and a preheating temperature of 200°C.

The built plate thicknesses used for this study were 12.5mm, 25mm and 50mm.
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Table 3.5. PRM for varying travel speeds for Ti-6Al-4V simulations.

Travel Speed (mm/s) 600 800 1000 1200
Laser Power (W) 150
Laser Beam Diameter (mm) 0.1
Heat source absorption efficiency (%) 40
Layer Thickness (mm) 0.02
Hatch Spacing (mm) 0.16
Recoater Time (S) 10
Interlayer rotation angle (deg) 67
Lack of fusion temperatures (°C) 1600
Interlayer temperatures (°C) 25 - 800
Hot spot temperatures (°C) 1900

Table 3.6. PRM for varying layer thickness for Ti-6Al-4V simulations.

Layer Thickness (mm) 0.03 0.04 0.05 0.06
Laser Power (W) 150
Laser Beam Diameter (mm) 0.1

Heat source absorption efficiency (%) 20
Travel Speed (mm/s) 800
Hatch Spacing (mm) 0.1
Recoater Time (s) 15
Interlayer rotation angle (deg) 67
Lack of fusion temperatures (°C) 1600 and 1900
Interlayer temperatures (°C) 25 -800
Hot spot temperatures (°C) 1900

A machine configuration of EOS M 290, a single laser and the generated process
parameter file from Netfabb’s Processing Parameter (PRM) file data base were then selected

for simulation (see Figure 3.7).

The build plate material was set to match the deposition material, in this case Ti-6Al-
4V, for the entire simulation. The built plate size was capped to fit the base dimensions of
the part and its thickness was set to 50 mm. Built plate thicknesses of 12.5 mm and 25 mm
were also used to investigate the effect of varying the built plate thickness. An initial
temperature of the build plate was set to 200 °C to mimic the preheating process of typical
SLM processes. The bolt release was simulated for the mechanical constrains and the built

plate’s dimensions were snapped fit the cabin bracket’s size (see Figure 3.8).
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Processing parameters selection | Uniform for entire build w
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Figure 3.7. Machine Settings interface for Simulation Utility.

Build Plate
Properties  Size Properties  Size
Material Snap to Part Bounds
Match part deposition material:

Snap to minimum Z coordinate: Snap to X and Y

Thermal conditions
X
Heating: Initial temperature v

Min: [89,9716466665 (3] Max: [157,513514161 (3] Length: [67,5418674946 %]

Temperature: 200 (C) S

Y
Mechanical constraints

Min: [110,452316701 (3] Max: [137,751474977 (3] Length: [27,2991582751 %]

Plate fixture: Simulate bolt release v
Z

Min: [-25 (mm) 2] max: [0 (mm) 2] Length: [25 (mm) =

ox

Figure 3.8. Customized built plate size and properties used for the simulations.

The thermal boundary condition of uniform heat loss was applied with a heat loss
coefficient of 2.5 x 10> W/mm? °C that ensured a constant convection boundary condition
on every surface of both the part and build plate. This value was obtained from numerous
trial and error simulations after comparison with the experimental results used in the

validation. The ambient temperature used for the simulation was 25°C (see Figure 3.9).
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* Operating Conditions ? X
Thermal boundary condition: Uniform heat loss iv
Heat loss coefficient: i2,59<05 (W/mm~2 C) == i
Ambient temperature: |25 (C) = |

41| [k i [dib

Figure 3.9. Operating conditions used for the simulation.

Heat treatment process was simulated by subjecting the part to 800°C for two hours
which was adopted from the EOS Titanium Ti64 Grade 5 material data sheet for the EOS M
290 (EOS GmbH, n.d.). The material annealing temperature was set at 760 °C (Donachie,
2000).

For the solver settings, thermal and mechanical analysis was selected to allow the
software to calculate and generate results in terms of the thermal gradients, Cauchy stresses,
von Mises and principal stresses as well as the elastic and plastic strain. The structural
plasticity simulation option was also selected to enable the calculation of plasticity effects
on the model (see Figure 3.10).

The recoater tolerance, as used in Simulation Utility for Netfabb, is the clearance
between the recoater blade and the point at which maximum upward deflection of a previous
build occurred. This customizable clearance was expressed as a percentage of the depth of

the last formed powder layer.

The default recoater tolerance of 80% in Netfabb Simulation Utility as shown in
Figure 3.10 was used to guarantee that previously formed layers could not deflect upwards
or overlap by margins greater than 20% of into the newly formed layer. Any deflection that
occurred beyond the 20% limit was automatically recorded as a recoater blade interference

assuming that a solid hard recoating blade is employed.



43

N Solver Settings ? X N Solver Settings ? X

Results Analysis Results

Analysis type: Thermal and mechanical v Structural Plasticity: On v
Deposition multiplier: [1 5| Export point cloud data: O
Recoater tolerance: ISO % = ] v To— D
. o
= Write only pre and post-process results: [_]
Stop if recoater interference detected: [ ] r —
Write results frequency: (1 i
Inclide sipportstrucue faiiuce; U Select result types to be generated during solve:
Support structure failure criteria: 1050 (MPa) = Cauchy stress Plastic Strain
Large Deformation:Formulation: g von Mises stress Equivalent Plastic Strain
Additional dwell time:
Principal stress directions
Dwell Time Build Height

Principal stress
0 (s) 0 (mm) Elastic Strain
Thermal gradient

Add Row Delete Row

Figure 3.10. Solver Settings used for the simulations.

N Heat Treatment ? X

Simulate heat treatment:

Material annealing temperature 760 (C) =
Build plate annealing temperature 760 (C) =
Heat treatment process:

Temperature Time (hr)
800 (C) =N =
800 (C) =z (hn) -
Add Row Delete Rows Show Plot

Figure 3.11. Heat treatment process used for simulation.

3.2.4. Mesh Generation and Solving

The meshing method for this work was based on a wall thickness approach to create

auto-generated meshes. This approach was dependent on the minimum wall thickness and a
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selected padding tolerance. The “Padding Tolerance” of 0.05mm was used to ensure that the
STL part could be expanded by 0.05mm in any direction.

The wall thickness test was passed when a minimum thickness threshold of 1.00 mm
and surface threshold of 12% was used in the wall thickness analysis tool in Netfabb. For
the mesh density settings using the wall thickness approach, Netfabb Local Simulation 2019
is configured to allow for accuracy levels - Fastest, Fast, Accurate and Most Accurate with
each level allowing a particular number of minimum elements and coarse generations as

shown in Table 3.7.

Table 3.7. Accuracy Options for Mesh Settings in Netfabb Local Simulation 2019

Number of Elements in the

Accuracy minimum wall thickness Coarsening generations
Fastest 2 3
Fast 2 2
Accurate 3 1
Most Accurate 4 0

The meshes generated from the fastest, fast and accurate options were then
investigated to evaluate the best option for this simulation. The “Accurate” option was
selected (see Figure 3.12) as it presented geometrically accurate meshing within

considerable computational times as shown in Figure 3.13.

The “Accurate” option ensured that the thinnest geometric part contained at least two
elements as recommended simulation criteria in the software manual to allow part distortion
(Autodesk Help, 2020). A maximum adaptivity level of 5 was used in this work as
recommended by Netfabb for powder bed-based simulations. This ensured that for any given

simulation, the mesh could only be coarsened up to a maximum of five times.
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" Mesh Settings ? X

Meshing approach

Minimal wall thickness |1 (mm) =
Padding Tolerance |EI,EISEIEIEID (mm) =
Accuracy Accurate b
Max adaptivity levels |5 v |

4k

Coarsening generations 1

4k

Layers per element 20

Figure 3.12. Mesh Settings selected for simulation.

Meshing Meshing Meshing
Option: Fastest Option: Fast Option: Accurate
Elements: 73173 Elements: 73173 Elements: 135895
Nodes: 124041 Nodes: 124041 Nodes: 228609

Layer-Nodes: 1240410 Layer-Nodes: 2356779 Layer-Nodes: 12116277

Figure 3.13. Generated Meshes for the Fastest, Fast and Accurate options.

3.3. Powder Bed Part-Level Analysis of the Simulation Results

The effects of increasing process parameters such the laser power, scan speed and
layer thickness on the thermal gradients, temperature histories, displacement magnitudes,
Cauchy and von Misses’ stress magnitudes were investigated at an infinitesimal level using

five nodal points (see Figure 3.14) during various build times.
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Using the process parameters generated in the PRM file as explained in section 3.2.3,
the simulations, the results for the varying laser power and scan speed simulations were
investigated after varying build times. For the laser power simulations, the thermal results
were investigated after 354s, 1185s, 2529s 7055s, 9993s, 11972s, 16175s and after heat
treatment which occurred after 123511 s. The mechanical results were further investigated

after heat treatment, substrate removal and support removal operations were completed.

Figure 3.14. The location of the 5 nodes on the part geometry.

Table 3.8. Selected nodal points for the investigation of the effect of varying laser power
and scan speeds and their respective x, y and z coordinates.

Node location X (mm) Y (mm) Z (mm)
Node 1 Support Structure 144.85 124.10 0.00
Node 2 Solid Part 108.44 136.47 1.62
Node 3 Solid Part 132.71 115.14 3.24
Node 4 Solid Part 145.90 124.10 28.08
Node 5 Solid Part 129.02 124.10 19.44

The effect of increasing layer thickness from 0.03 mm to 0.06 mm by increments of
0.01mm was investigated using thermo-mechanical results from the five nodal points (see
Table 3.4.)
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Using these nodal points, the predicted extent at which lack of fusion volume
percentages at 1300°C and at 1600°C as well as the hot spot volume percentages at
temperatures above 1900°C after heat treatment phase were also investigated and compared

with the results emanating from proceeding increments the same parameters.
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4. RESULTS AND DISCUSSION

4.1. Model Validation

The simulation results obtained from the use of Autodesk Netfabb Simulation’s Pan
Solver have been extensively validated using experimentally obtained results in numerous
studies. In one particular study by Yilmaz et al. 2020 done to investigate the effect of single
and multiple part production by SLM on the displacement and residual stresses.

The comparison between results from the experimental and Finite Element Analysis
for the maximum temperatures using Ti6AlI4V was 93% (see Figure 4.1). The
experimentally measured temperatures were accurately obtained using a thermal-imaging

camera using a thermal emissivity constant of 0.34.

Temparature (C)
4463 7424 10384 13345 163.06

454 1108 16!

|
|
3
| At
\ 11 |
- é T s
—~ ) | PR TS
& & \ 1 - //
y a = AL =~ b
== A i i il W

Figure 4.1. Results from a). experimental and b). FEA simulation (Yi1lmaz & Kayacan,
2020).

Denlinger et al. 2017 in their in situ experimental validation of temperature and
distortion measurements by the Laser Powder-Bed Fusion process comparison between the
experimental in situ measurements and simulated results yielded a 5% maximum error. In
the thermomechanical modelling of large parts in additive manufacturing, Denlinger et al.
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2014 obtained a maximum difference of 29% between the experimental and simulation
results.

To validate the model used in this work, experimental results for displacements
obtained by Dunbar, 2016 were compared with the simulation results. In his work, Dunbar,
2016 used an EOS 280 machine, default Ti6Al4V material properties as supplied by the
manufacturer and a model geometry of 31.8 x 31.8 x 0.24 mm placed on a built plate of 89.0

x 36.9 x 3.2 mm (see Figure 4.2). The completed build part is shown in Figure 4.3.

~—>' - Cone Support Screw
90 mm k‘

‘9_0_".,"".\\ 31.8Emm

Bolt R\mtramt

17.9 mm %

Y e «——Cone Support Screw t

122 m 15 mm

- X
A >
- Piilvg ..EU'NH -3 024 mm 320 mm
1*
B Y 89.0 mm o

Figure 4.2. Build geometry and substrate dimensions for the experiment (Dunbar, 2016).

Figure 4.3. Completed build part with similar geometry (Dunbar, 2016).
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Similar processing parameters as used by Dunbar, 2016 (see Table 4.1) were used to
create a processing parameter file (PRM) as shown in Figure 4.4 to mimic the exact
experimental process. The displacement in the build direction was measured using a
differential variable reluctance transducer (DVRT) while the temperatures were measured
using K-Type thermocouples (TC). The differences between the experimental and

simulation results were then investigated to determine the accuracy of our model.

Table 4.1. Processing parameters as used in the experiment (Dunbar, 2016).

Processing Parameter Magnitude
Laser Power 280 W
Scan Speed 1200 mm/s
Layer Thickness 30 um
Hatch Spacing 0.14 mm
Hatch Rotation 67 deg
N New Process Parameters ? X
Analysis Advanced
Machine
Laser power: 280 (W) =

1

Heat source absorption efficiency: |40 (%)

Laser beam diameter:
Travel speed:
Layer thickness: 0,03 (mm) =

Hatch spacing:
Recoater time:
Interlayer rotation angle: m
Material

As-printed: Ti-6A-4V e

Powider: Automatically calculated -~

Figure 4.4. Processing parameters as used for the simulation.

Using a layer-based approach, mesh settings shown in Table 4.2 were used to

generate a mesh of both the part and substrate as shown in Figure 4.5 b. The displacement
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results from the simulation were as indicated in Figure 4.8. The probe tool in Simulation
Utility software was then used to acquire the distortion magnitudes that corresponded to the

exact positions as measured using the differential variable reluctance transducer (DVRT).

Table 4.2. Mesh settings used for simulation.

Mesh Parameter Magnitude
Maximum adaptivity level 3
Coarsening Generation 1
Layer per element 8

©0 F [ N

Lyds taby det piatatyl

Figure 4.5. Part Simulation a). Part on the substrate and b.) Mesh results.
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Figure 4.6. Point X where the distortion was experimentally measured.

The experimentally measured final distortion on point X (see Figure 4.6) by the
DVRT sensor was 0.67mm (see Figure 4.7). The measured displacement magnitude on the
simulation results that corresponds to point X as shown in Figure 4.8 was 0.47mm. This
corresponded to a 29.9% maximum error. The magnitude for this error could be attributed
to possibility that the simulation was done using a thermal boundary condition that estimated

heat loss as opposed to one that allowed conduction to loose powder.

0.2 T T

Case 3: Ti-6AlI-4V w/ 3.2 mm substrate
Case 4: Inconel 718 w/ 3.2 mm substrate

ey |

E
E
z SARAA
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8 \
S -06 | |
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\
08} \ -
-
\
s
-1} - Y\ J
—42 1 1 1 1 1
0 50 100 150 200 250 300
Time (s)

Figure 4.7. Distortion in the Z axis using a 3.20mm thick build plate (Dunbar, 2016).
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Displacement, Magnitude (mm)
3.6014e-02 4.7004e-01 9.0407e-01 1.3381e+00 1.7721e+00

Figure 4.8. Simulated displacement magnitudes and the corresponding location of point X.

4.2. Effect of Increasing Laser Power

The first layer of the part was built at a z height of 1.62 mm after completion of a
two-layer support structure after 708 s. The support structure matching the Ti-6Al-4V
deposition material was then created after a z height of 0.54 mm. Both the part and support
structure were then created simultaneously until the maximum z build height of 28.62 mm.
The predicted thermal gradients using Autodesk® Netfabb® Local Simulation utility were
only availed after heat treatment stage and not after substrate and support removal.
Regardless of the laser power, each of the five simulations had 135863 elements, 228564
nodes and a build completion time of 123511 s (approx. 34.3 hours).

4.2.1. Temperature History and Thermal Gradients

After completion of the first six-layer groups, which consisted of both the part and
support structures, it was observed that the maximum temperature at each layer occurred at
same build part location regardless of the laser power settings. However, the maximum
temperature increased with the addition of each new layer and with each 50 W increment in

laser power as shown in Figure 4.9.
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The distinctive sharp increase in the maximum temperature in the third layer group
(see Figure 4.9) which was primarily the first non-support structure layer of the build part
after the completion of the second layer group could be attributed to the lattice structures of
the support structures which could have acted as a “heat sink™ for the downward dissipation

of the heat energy.

Fluctuations in the maximum temperatures and thermal gradients observed in next
layer groups until build completion were possibly due to the varying geometrical profiles as

shown in Figure 4.10.

After heat treatment, the maximum temperature for all the simulations was about
767°C which was close enough to the selected annealing temperature of 760°C. This
stabilization in temperature could have resulted from the completion of the manufacturer’s
recommended heat treatment whose objective was to relieve impending residual stresses and

increase the Ti6Al4V alloy material’s ductility.

After
Layerl Layer2 Layer3 Layer4 Layer5 Layer6 Heat
Treatment

ETime(s) 354.11  708.35 1184.82 1663.69 2139.06 2528.83 123511.29
150w 20469 20463  256.52 288.13 307.35 310.86  767.48
200W 21494 22235 29951 34797 37891  387.73  766.93

u 250W 225.39 240.4 343.67 40958 45242  466.38  766.93

u300W 23584 25845  387.83 471.2 525.92  545.03  766.93

m 350W 246.29 276.5 43199 53281 599.43 623.68  766.93

800
70
60
50
40
30
20
10

Temperatures (°C)
o o o o o o o

o

Figure 4.9. Maximum temperatures at the first six layer groups and after heat treatment.
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Thermal gradeent, Magritude (C/mm) Thermal gradent, Magritude (C/mm)
2.8794¢-02 11395400  2.2502e400 33609400  4.4717e+00 3003202  4.6048e+00  9.1787e+00  13753e+01 183268401

& b.

Thermal gradent, Magritude (C/mm) Suuctre type
1.5529¢-03 2.9139%-01 5.8122¢-01 8.7105¢-01 1.1609¢+00 2! 0 1 2
[ |
C. | Buld Plate Powder Part
Unsupported Bements Homogenzed Part
Support Structure
d. Faled Support Structure

Figure 4.10. Build simulation using a 300W laser at: a.) 354 s, b.) 7055 s ¢.) 16175 s and
d.) after heat treatment.

As expected, the thermal gradient on the z axis at node 1 and 3 (see Figure 4.11.)
increased with increasing laser power. Similarly, an increase in the thermal gradients along
the same axis over time within the same laser power setting was evident, possibly due to the

preheating effect from the newly formed layers.

After 7055 s, at which the build height was at 10.80 mm, the predicted thermal
gradients at node 3 on the X, y and z direction were considerably higher than those of node
1 for all the all the laser power settings. It was also observed that their magnitudes were
highest in the z axis and least in the x axis.
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Figure 4.11. Thermal Gradients at node 1 (support structure) and node 3 (build part) at

7055s.
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Figure 4.12. Thermal Gradients on the z axis at node 3 at build time of 7055 s.

The decline in the thermal gradients in the z axis that occurred after 7055 s for all the
five laser power simulations as shown in Figure 4.12 could be as a result of the increased
heat dissipation towards the substrate as the previously formed layers could now conduct

more heat towards the much cooler regions closer to the substrate

Although node 5 had the highest thermal gradients on the z axis compared to node 1
and 3 after printing the last layer at 16175s as shown in Figure 4.13, the thermal gradients in
all the three nodes increased with increasing laser power settings. After heat treatment, all
the thermal gradients in the same axis at the five nodes were evened out to equal values with

the highest occurring in the Z axis as shown in Figure 4.14. Compared to the thermal
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gradients in the last build layer before heat treatment at 16175 s, a significant decline in the
thermal gradient was achieved from heat treatment.

2.50
2.00
1.50
1.00

0.50

000 =- i Il - - Il = - II [ 1 n II [ ] [ ] II

X Y X Y X Y X Y X Y
-0.50 150W 200W 250W 300W 350W

Thermal Gradient (°C/mm)

mNodel ®mNode3 mNodeb

Figure 4.13. Thermal Gradients at node 1, 3 and 5 for 150-350W laser power simulations
at the last build layer.

Thermal Gradient °C/mm
© o o
o o =
(o] oo o
Node 2 i
Node 3 I —
Node 2 e
Node 3 N —
Node 3 I ——
Node 3 e —
Node 3 I —

0.04
- I I ] I ] I ] I
0.00
- < 1 - < 0 A N < L AN < 1 o N < 10
(5 v L D L L v D v L v D v v v D L D
-0.02 © S T T ESEE SRR SRR o S 5 T T S 5 5 T S ©
s} & 6 O © 6 6 © © 6 6 © & 6 6 © o ©
zZ Z Z2 2 Z Z2 Z2 Z Z2 Z2 Z 2 Zz Z2 Z2 Z zZ 2
150W 200W 250w 300w 350W

m Thermal gradient (C/mm) Y ® Thermal gradient (C/mm) Z

Figure 4.14. Thermal gradients after heat treatment at 123511 s.
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4.2.2. Interlayer Temperatures

The interlayer temperatures for all the node points increased with increments of laser
power after heat treatment (see Figure 4.15) due to the resultant increase in heat energy
arising from the increased laser power. The higher interlayer temperatures at the part’s base

as indicated in Figure 4.16 were possibly as a result of the preheating effect of the substrate.
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Figure 4.15. Effect of increasing laser power on the interlayer temperatures after heat
treatment at 123511 s at the nodes.
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Interlayer Temperature (C)
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Figure 4.16. Global effect of increasing laser power on the interlayer temperatures.
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4.2.3. Displacement Results

After applying heat treatment, the overall displacement profile was identical
regardless of the laser power (see Figure 4.17 a.) with the maximum displacements for the
entire build occurring at the node point located at x: 156.99 y:135.19 z:1.08 mm (see
Figure 4.17 b.). The maximum displacement values of 0.68 mm, 0.58 mm, 0.57 mm,
0.57 mm and 0.52 mm were obtained using the 150 W, 200 W, 250 W, 300 W and 350 W

laser powers respectively.

After removing the build plate and supports, the displacement magnitude declined
rapidly. This could have been attributed to the possibility that the built plate which matched
the Ti6AI4V deposition material could have experienced some distortion and hence its

removal resulted to a slight decrease in displacement.

The influence of increased laser power on the displacement across the five laser
powers settings for both the entire build as shown in Figure 4.18 and at the nodal points (see

Figure 4.19.) was not directly correlated.

Part warpage observed using a magnification factor of 5 indicated upward part
warpage at the base positions as illustrated in Figure 4.17. c. compared to a displacement

compensated part depicted in Figure 4.17 d.
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Figure 4.17. Simulation using varying Laser Power: a.) Displacement profile b.) Maximum
displacement location c.) Part warpage d.) Displacement compensated part.

0.80 mmm After Heat Treatment
0.70 0.68 mmm After Subtrate Removal

o = After Support Removal
£0.60 0.58 057 057 PP

0.52

£0.50

e

(5]

20.40

&

20.30
0.20
0.10

0.00
150 W 200W 250W 300W 350W

Figure 4.18. Maximum displacement magnitudes after heat treatment, substrate removal
and support removal for the entire build.
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Figure 4.19. Displacement magnitudes after support removal at the 5 nodes.

4.2.4. Stress Results

At 800°C, the residual stresses after support removal declined to a significant extent
compared to those before heat treatment and substrate removal as expected. However, the
increments in the laser power did not seem to produce any major changes in the Cauchy and

von Mises stress magnitudes as shown in Figure 4.20.
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Figure 4.20. Maximum Cauchy Stress in the XZ axis and von Mises stress in the last three

production stages.
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4.3. Effect of Increasing Scan Speed

Due to the different build completion times that arose from the different scan speeds,
the node points in Table 3.8 were investigated after the build heights of 3.24 mm, 11.88 mm
and 28.08 mm respectively. The times at which each build simulation corresponded to the
three build heights is indicated in Table 4.3.

Table 4.3. Times at which simulations were at build heights of 3.24 mm,11.88 mm and

28.08 mm
Build Height 600mm/s 800mm/s 1000mm/s 1200mm/s
3.24 mm 2676 2529 2253 2148
11.88mm 7981 7658 7165 6961
28.08mm 16596 16175 15574 15318

4.3.1. Thermal Gradients and Temperature History

After a build height of 3.24 mm, the highest temperature and thermal gradients values
originated from the use of lowest scan speed. The temperature obtained from the use of the
1200 mml/s scan speed was approximately 200°C lower compared to that at 600 mm/s.

Similarly, the thermal gradients were much lower as indicated in Figure 4.21. The
parts on node 4 and 5 were later built at a build height of 19.44 mm and 28.08 mm
respectively and hence did not have any values at the time when the build height was at 3.24
mm. In terms of the temperature and thermal gradient history across the four scan speeds at
build heights of 11.88 mm and 28.08 mm, the same trend is observed similar to that detected
after completion of a build height of 3.24 mm despite their decline in magnitude when
compared to those at a lower build height (see Figure 4.22 and Figure 4.23.) The simulated
heat treatment was done after 123888 s, 123248 s, 122865 s and 122609 s for the 600 mm/s,
800 mm/s, 1000 mm/s and 1200 mm/s scan speeds respectively. At this stage, the
temperatures ranged from 762.2°C to 767.2°C and the thermal gradients were all evened out

to near equal values of all the four scan speeds as shown in Figure 4.24
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Figure 4.21. Predicted temperatures and thermal gradients at a build height of 3.24 mm.
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Figure 4.22. Predicted temperatures and thermal gradients at a build height of 11.88 mm.
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Figure 4.23. Predicted temperatures and thermal gradients at a build height of 28.08mm
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Figure 4.24. Thermal gradients after heat treatment for varying scan speeds.
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4.3.2. Interlayer Temperatures

The interlayer temperatures after the simulated heat treatment process nodes declined
with increasing scan speeds (Figure 4.25). This phenomenon could be attributed to the higher

exposure times of moving laser for the simulations using lower scan speeds.
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Figure 4.25. Interlayer temperatures after the simulated heat treatment.

4.3.3. Displacement Results

Displacement magnitudes observed immediately after heat treatment using the
1200mm/s and 1000mm/s scan speeds were slightly higher than those obtained from the
600mm/s and 800mm/s scan speeds. (Figure 4.26). However, the subsequent stages of
substrate and support removal did not yield any significant changes in the distortion, even in
the x and z axis that previously had slightly higher displacement magnitudes. (Figure 4.27)
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Figure 4.26. Displacement magnitudes at node 5 immediately after the heat treatment

process.
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Figure 4.27. Displacements in the X, y and z axis after simulated heat treatment, build plate

and support removal at node 5.

4.3.4. Stress Results

As with the displacement magnitudes at node 5, the predicted maximum principal
stresses, von Mises and Cauchy stresses were higher with the use of 1200 mm/s and 1000
mm/s scan speeds compared to the much lower scan speeds of 600 mm/s and 800 mm/s.
However, no significant differences were found between the 1200 mm/s and 12000 mm/s scan

speeds and between 600 mm/s and 800 mm/s.
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Figure 4.28. The maximum principal stresses and Cauchy stresses at different scan speeds
at node 5.

4.4. Effect of Increasing Layer Thickness

Due to difference in layer thicknesses, the various SLM processes such as plasticity,
heat treatment, substrate removal and support removal occurred at different times for each
simulation. Simulation utility for Netfabb determined that heat treatment for the 0.03mm,
0.04mm, 0.05mm and 0.06mm was completed after 124275s, 119832s, 117318s and
115550s respectively.

Initial results obtained from the use of 0.03 mm, 0.04 mm, 0.05 mm and 0.06 mm
layer thicknesses and process parameters in Table 3.6 indicated that 53, 40, 32- and 27-layer

groups respectively.

The decrease in layer groups was attributed to the decreasing number of elements
and nodes that consequently resulted to the decrease in simulation times and consumed
computational power as listed in Table 4.4. Support removal was automatically done after
224,275 s, 219,382 s, 217,318 s and 215,550 s for the 30 um, 40 pum, 50 pum and 60 pum layer

thicknesses respectively.
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Table 4.4. Properties of the different layer thicknesses.

Layer Thickness 0.03mm 0.04mm 0.05mm 0.06mm
Number of Layer Groups 53 40 32 27
Number of Nodes 237,838 130,596 66,891 65,775
Number of Elements 143,831 77,877 39,433 39,545
Peak RAM (GB) used for ) o, 0.1 0.53 0.52
Thermal Simulation
Peak RAM (GB) used for | 5, 3.44 1.77 1.76
Mechanical Simulation
CPU Wall Time for 18565 776 358 321
Thermal Simulation
CPUWall Time for 43175 1570 625 567

Mechanical Simulation

4.4.1. Thermal Gradients and Temperature History

After heat treatment, the maximum thermal gradients and temperatures for the entire
simulated build parts were as indicated in Table 4.5 below. A maximum temperature of
738°C for the all the layer thickness simulations was located at the same node point as shown
by the arrow in Figure 4.30. The thermal gradients after the heat treatment process are shown
in Table 4.5.

Table 4.5. Maximum Thermal Gradient and Maximum Temperatures from the varying

layer thickness sizes.

Layer Thickness 0.03mm 0.04mm 0.05mm 0.06mm
Maximum
Thermal Gradient 1.87 1.47 1.02 0.09
(°C/mm)
Maximum 738.68 738.91 738.51 738.65

Temperature (°C)
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Figure 4.29. Thermal gradients after heat treatment using layer thicknesses of: a.) 0.03mm,
b.) 0.04mm, c.) 0.05mm and d.) 0.06mm.
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Figure 4.30. Temperature distribution after heat treatment using layer thicknesses of: a.)
0.03mm, b.) 0.06mm.
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Due to the simulated heat treatment operations, the thermal gradients on the z axis at
the nodal points in Figure 3.14 did not present any significant differences upon increments

in the layer thickness as indicated in Figure 4.31.
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Figure 4.31. Thermal gradients on the z axis for all the 5 nodes.

4.4.2. Interlayer Temperatures

Nodes 2 and 3 experienced higher interlayer temperatures than the other nodes as
they were much closer to the substrate and subject to its preheating effect. Interlayer
temperatures from node 1 were not incorporated in the results because it was located on the
support structure (see Figure 3.14). The highest interlayer temperatures for the entire
simulations as observed at node 2 and 3 were realized with use of the 0.06mm layer thickness

as indicated in Figure 4.32.



71

o
160 L0
™ g
~
N
~ 140 @ i o
O ™~ N — o
o :" — — <
N—r
120 — o~ = s
o o o E g
=
< 100 S
S
g 80 < @ % R
L 2 ~ 0 ™ B © PRI
[<5) < ™ < <
= < < <
]
= 40
[
]
<=
- 20 o o o o
[ S S [
o o IS o
0
- N M < W — N M < W0 - N M < w0 — N M < W
[} (5] (3] (3] (5] (3]} (3] [«5) (5] (5] (3] (3] [«5) (3]} [«5) (5] (3]
T T T T O T T T T O T T O T O T T T T O
& & & 6 © & &6 & & © S &6 &6 & © &S &6 & & ©
2 2 2 2 2 2 2 2 Z2 2 Z2 2 2 2 2 2 2 2 2 2
0.03mm 0.04mm 0.05mm 0.06mm

Figure 4.32. Interlayer temperatures for the 5 nodes using varying layer thicknesses after

heat treatment.

4.4.3. Lack of Fusion and Hot Spots

At temperatures below 1300°C, lack of fusion (LOF) defects increased significantly
with increments of layer thickness. At temperatures below 1600°C, an increase in predicted
LOF was also observed to occur with increasing layer thickness at all the nodes. (see Figure
4.33.)

On the same note, it was also observed that the predicted LOF volume percentages
were greater than 70% at temperatures below 1600°C, but less than 12% at temperatures
below 1300°C. From a practical perspective, this clearly indicated that an undesired amount
of LOF defects were likely to render the part to be produced by SLM defective if a layer
thickness greater than 0.03mm was used between 1300°C - 1600°C.

Contrary to the above results, at temperatures above 2000°C, an overall decrease in
the hot spot volume percentage occurred only at node 3 after an increment of layer thickness

from 0.04 mm - 0.06 mm.
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Figure 4.33. Predicted lack of fusion and hot spot volume for varying layer thicknesses

after simulated heat treatment.

4.4.4. Displacement Results

The maximum predicted displacements of the entire part after support and substrate
removal were 0.35 mm, 0.41 mm, 0.15 mm and 0.48 mm obtained from the use of 0.03mm,
0.04mm, 0.05mm and 0.06mm layer thicknesses respectively. The observed displacement
profile for all the simulations is shown in Figure 4.34.

Further investigation of the 0.06mm layer thickness simulation indicated an upward
warpage at the front part of the geometry after its distorted STL part was magnified by scale
factor of 5 and compared to that of the original undistorted part (see Figure 4.35). In general,
no direct correlation between the magnitude of displacement at the nodes and with the
increasing layer thicknesses after support removal (see Figure 4.36). However, upon
comparison to the other layer thicknesses, the highest displacements were observed at node
4 and 5 using a layer thickness of 0.06mm.
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Figure 4.34. Displacement Magnitudes using layer thicknesses of: a.) 0.04mm, b.) 0.05mm
and c.) 0.06mm and d.) 0.06mm.

Figure 4.35. Mesh comparison to show distortion after warp magnification of 5 after using

a layer thickness of 0.06 mm.
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Figure 4.36. Displacement magnitudes after support removal at the node points using

varying layer thicknesses.

4.45. Stress Results

At the nodes, the von Mises and the principle stresses largely varied with increments
of layer thickness and some extent depending on the part geometry. At node 2 and 3, a
decrease in the von mises and principle stress occurred after subsequent layer thickness
increments. Contrary to these results and with an exception of the stress results observed
using a layer thickness of 0.05 mm, node 5 experienced a decrease of the von Mises and the
principle stresses with a decrease of layer thickness as shown in Figure 4.37.
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support removal for varying layer thicknesses.

4.5. Preheating Effect

After 2529 s, which was considered as an early build stage as the build height was
7.02 mm, higher thermal gradients in the z axis in the built plate preheated at 450°C were
observed as indicated in Figure 4.38. However, after 12425 s (late build stage), when the
build height was at 19.44 mm, the temperatures and thermal gradients decreased
significantly (see Figure 4.39) possibly due to the increased height from the build plate.
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Figure 4.38. Temperature and thermal gradients from build plates preheated at 200°C and
450°C after 2529 s
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After support removal, the displacement magnitudes were much higher at the 450°C
preheated built plate than those experienced using a preheating temperature of 200°C (see
Figure 4.40). This phenomenon could be attributed to the higher residual stresses induced
from using a higher preheating temperature as the von Mises stresses magnitudes obtained
from using a preheating temperature of 450°C were higher than those acquired from using a

preheating temperature of 200°C (see Figure 4.41).
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Figure 4.40. Displacement magnitudes after support removal from the build plates
preheated at 200°C and 450°C.
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4.6. Effect of Increasing Build Plate Thickness

After 5354 s, when the built height was 7.02 mm, the temperatures at the nodes
decreased with increasing build plate thickness as shown in Figure 4.42. The corresponding
thermal gradients in the z-axis were found to increase with increasing built plate thickness
(see Figure 4.42).

At a later build stage time of 12426 s, when the built height was 19.44 mm, the built
plate thickness did not significantly influence the thermal gradients and temperatures (see
Figure 4.43). This could be attributed to the possibility that built had more time to effectively

allow more heat dissipation on the build part during the late build stages.
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4.7. Recoater Blade Interference Results

The recoater clearance of 80% was generally upheld in all the layers of the
simulations used in this study. This meant that at no stage of the build simulations processes
did the upward deflection of a previously formed layer impinge on newly formed layer. On
average the recoater clearance ranged between 90-100% (see Figure 4.44).
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Figure 4.44. Recoater Clearance during the simulation process using a laser power of

150W and process parameters in Table 3.4.
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5. CONCLUSION AND SUGGESTIONS

This study demonstrated the importance of using simulation tools before part printing
to predict and analyse thermomechanical responses and defects that would otherwise occur
or distort part geometry during laser powder bed fusion. Autodesk Netfabb Simulation
Utility was used to simulate part build of a Ti6Al4V cabin bracket using varying process
parameter magnitudes. The effect of increasing laser power, scan speed, layer thickness,
preheating temperatures and build plate thickness were investigated to show the cause-and-
effect relationship between them and the resultant thermal gradients, temperature

distribution, displacements and residual stresses.

The main conclusions of this study as following:

The thermal gradients are highly influenced by the magnitude of the laser power (heat
input). With an increase in laser power, a significant increase in both the thermal gradients
and interlayer temperatures in the early simulation stages is observed. Higher thermal
gradients in the z axis are observed as compared to the x axis. The difference in the
displacement values was more likely to be influenced by the post processing operations

rather than by the increase in laser power.

The highest temperature and thermal gradients values originated from the use of
lowest scan speed during the initial build simulation stages. After heat treatment, the lower
interlayer temperatures were experienced in the build having higher scan speeds. This
phenomenon is attributed to the higher exposure times of moving laser using lower scan

speeds.

Layer thickness sizes greatly influenced the complexity of the part’s geometry mesh
strategy and computational resources. The maximum thermal gradients for the entire part in
the z direction decreased with increasing layer thickness and the higher interlayer
temperatures were obtained using a 0.06 mm layer thickness as compared to that 0.03 mm.
The von Mises and the principle stresses largely varied with increments of layer thickness

and some to extent depending on the part geometry.
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The thermal gradients in the z axis in the built plate preheated at 450°C were higher
compared to those from a built plate preheated at 200°C. However, in the late build
simulation stages, the difference in temperatures and thermal gradients decreased
significantly possibly due to the increased distance from the build plate that allowed for more
heat dissipation by conduction. To a considerable extent, decreasing the build plate thickness
highly influenced the formation of higher thermal gradients especially during the early build

simulation stages.

The maximum difference of 29.9% in the displacement magnitudes between the
experimental (in situ) and simulation results was obtained. The magnitude for this error and
the accuracy levels of this work, could be attributed to possibility that the simulation was
done using a thermal boundary condition that used uniform heat loss as opposed to one that
allowed conduction to loose powder. Due to the high number of simulations, it was
experimentally feasible to validate all the maximum temperatures and thermal gradients.
However, as evident in studies by Yilmaz & Kayacan, 2020, which incorporated a similar

approach to that used in this work, a relatively high accuracy of 93% was observed.

The use of simulation tools such as Autodesk Netfabb is crucial as it enables
prediction and mitigation of distortion, residual stress and lack of fusion defects associated
with laser powder bed fusion. The advantages of reduced print part failures, time and cost
savings can also be realized from the use of part build simulations in additive manufacturing

processes.
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