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Abstract

Powder bed fusion (PBF) is a widely used metal additive manufacturing method where a
part is built with almost no limitation on its geometrical layout. However, parts built by PBF
typically suffer from distortions and residual stresses which depend on the PBF processing
conditions and the geometrical layout of the part. In order to investigate this relation, a
new computational tool is presented. The unique property of our methodology is to keep the
total number of degrees of freedom constant by utilising a moving grid to represent a growing
part with time. Thermal transients are calculated and are coupled to a mechanical boundary
value problem to evaluate the evolution of temperature history and residual stresses. The
significant gain in the computational efficiency of the moving grid technique is demonstrated
in comparison to the state of the art models available in the literature.
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Chapter 1

Introduction

Evolved from the concept of rapid prototyping in the 1980’s, additive manufacturing technol-
ogy (AM) has been considered as the most revolutionary manufacturing approach in modern
industry since it breaks through the shape limitation when using conventional subtractive
manufacturing methodologies. These advances highly promote the development of AM over
the past two decades [7, 1]. By the end of the 2013, the market demand has grown to 3 billion
dollars and in 2017, this number grew to 6 billion dollars, evidencing a maturing industry.
8, 9].

Currently, up to 7 different AM processes have been defined by ASTM and they are widely
used in building industry (3D printing house), aerospace engineering (fuselage design and
powertrain design) and medical field(organ implant). As one of the seven processes, powder
bed fusion (PBF) is capable of dealing with various type of materials including metal pow-
der, which makes it the predominant metal AM technology. Fig. 1-1 illustrates the working
principle of PBF. A powder bed is generated by a roller raking powder from delivery system.
Afterwards, a heat source scans over the cross section according to the product shape. The
powder is melted and fused and subsequently forms a solid layer. Next, the build platform
is lowered and a new layer of metal powder will be delivered by the roller. This process is
repeated until a 3 dimensional model is built by depositing layer upon layer.

Due to the different types of heat source, PBF can be further subdivided into selective
laser melting(SLM) and selective electron beam melting(SEBM). These 2 processes are more
or less the same only with slightly difference in the following aspects:

e The penetration depth of laser beam is just few nanometers but the electrons penetrate
into a micrometer scale depth.

e SEBM operates in a vacuum chamber while SLM usually works in a inert shielding gas
atmosphere.

e SEBM operates with a preheating while SLM usually not.

e SEBM can only operate with conductors while SLM has more options for material.
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2 Introduction

LASER SCANNER

-y o

ROLLER / RAKE COMPONENT

) 0)

) 0

h
POWDER BED

POWDER DELIVERY
SYSTEM

Figure 1-1: Working principle of PBF process reproduced from [1]. A powder bed is generated
by a roller raking powder from delivery system. Afterwards, a heat source scans over the cross
section according to the product shape. The powder will be melted and fused and subsequently
forms a solid layer. Next, the piston of the powder bed will be lowered and a new layer of metal
powder will be delivered by the roller. This process is repeated until a 3 dimensional model is
built by depositing layer upon layer.

These differences will change the way to model the heat source and the heat boundary con-
ditions. In this study, we mainly pay attention to SLM process, the details with respect to
model SEBM process is out of the scope of our work [7, 1, 10].

Although with a promising future, SLM still faces several challenges that need to be solved.
One main challenge is the uncertainty in product quality induced by both the material proper-
ties and the process parameters. The temperature dependent material properties, designing
strategy such as scanning pattern, inclination in work piece will all lead to the differences
in temperature distribution during the AM process. Also, complex thermal and mechanical
phenomenon during the manufacturing process leads to defects such as distortion and crack
due to residual stress, which are detrimental for the strength. These defects can be attributed
to the variation in process parameters and the trial-and-error principle is used to determine
the underlying correlations between process parameters and product quality. However, the
typical experimental approach usually costs a lot of time and money. Consequently, an ef-
ficient and accurate numerical model is needed to get the insight about the physics of SLM
process by simulation whose results can further give us the guidelines on optimizaiton process
and assist us to improve the in-process monitoring on crucial regions where the crack and
distortion might occur.

SLM is an inherently multiscale phenomenon. For instance, in length scale mean particle
size is micrometers while the whole component can be centimeters. As for time scale, the
time for solid-liquid phase transformation only take a few milliseconds but it will take several
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Figure 1-2: Multi-scale modelling for SLM process. Different modelling approaches use different
time scales and length scales. Powder-scale model usually builds on length scale at microcmeter
and time scale at nanosecond while part-scale builds on length scale at millimeter and time scale
at millisecond. The continuum model falls in the middle.

hours even a day to finish a component [4]. Different modelling approaches, which is shown
in Fig. 1-2, use different level of assumptions and approximations. For instance, the part-
scale models gloss over the laser spot size, while the powder scale models usually cannot
simulate a reasonable part dimension. That is to say, these variations in assumptions and
approximations will definitely have an impact on what we can observe from the simulation
results.

In the next 2 chapters of the report we will focus on the specific methods on SLM process
modeling. Chapter 2 will explain the modelling approach on powder scale model and con-
tinuum model with simulation results of representative examples. Chapter 3 will introduce
a new part-scale model based on a moving mesh approach which will dramatically improve
computational efficiency [11, 8].
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Chapter 2

Modelling approaches for SLM

The complex nature of local melting makes the whole SLM process not fully controllable and
predictable so far and some of the physical phenomena can not be captured by a coarse spatial
and time resolution in simulation. For example, it’s impossible to determine the temperature
transients due to a localised laser beam by a coarse spatial discretization since the diameter
of a laser beam in SLM is usually measured in micrometers [12, 2, 13]. This also holds
in time scale, the solid-liquid-solid phase transformation only takes few milliseconds, if the
time step is larger than that interval then the transformation will not be reflected in the
numerical modelling. Fig. 2-1 exhibits the physical phenomena occur in the laser melting
process. Among these phenomena, heat conduction, convection, radiation and absorption
basically describe the heat transfer modes in SLM process, melting/solidification, shrinkage
mainly focus on issues in solid/liquid phase change on top layers. Another important aspect
is melt pool, which is the small area of melted metal powder. To build a melt pool model
usually fluid dynamics issues such as marangoni-convection, capillary forces as well as gravity
are taken into account. Not all the studies consider melt pool dynamics part in a single
numerical model because it’s always computational expensive in mathematical modelling,
but a basic SLM model requires at least model for heat source, heat conduction in solid phase
and convection between air in work chamber and layer.

2-1 Powder-scale model

As the name suggests, the length scale of the powder-scale model is usually taken as one tenth
of the powder diameter [8]. Although there’s a variation in powder size, a spatial mesh in
micrometer level for a single particle is often reasonable for powder-scale model. In the model,
the powder particles are regarded as ideal spheres which are represented by micrometer level
spatial mesh as mentioned above. In order to simulate the random distribution of the powder
bed, the rain drop method has been utilized for random packing in which the falling particles
can rotate freely until a final steady state is reached (e.g. local potential minimum). However,
the powder bed generated by the rain drop method is usually denser than reality. Therefore,
to achieve a reasonable density some of the particles are randomly removed. Alternatively,
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2-1 Powder-scale model 5

Absorption

Vaporization

aLt Capillary forces
Cati

Melting/Solidificatipn

Marangoni-convection

Solidification shrinkdge

Gravity
Convection

. Powder layer
Heat conduction

Figure 2-1: All possible physical phenomenon during selective laser melting. Vaporization, cap-
illary forces, marangoni-convection, gravity, wetting/sintering are mainly about hydrodynamics,
while the rests are about thermodynamic. The bold face words are the parts that commonly seen
in a SLM thermal model. [2].

free-fall discrete element method which accounts for the rolling and raking process of the
powder deliver system is employed [8, 2, 14].

During the SLM process, a laser beam will scan over the powder bed and the laser heat
source will be modelled as a bell-shaped Gaussian energy density function. This surface heat
source will move along the scanning track locally melting particles. The scanning and melting
process can be achieved by checking the nodal temperature information so that a interface can
be defined between solid elements and liquid elements. Next, physical properties of elements
which are determined in melting state will be updated as liquid and subsequently, back to
solid after solidification. In addition, the laser-material interaction needs to be considered
during the scanning and melting process. When laser interacts with powder particles, the
photons of the laser will go through several reflections and thereby penetrate much deeper
than it would have in a bulk material. A ray-tracing Monte Carlo method can be applied
to model this beam absorption process. Sometimes for the sake of simplicity, the reflection
process is neglected and a fixed absorption coefficient is assigned [8, 2, 3].

The heat transfer in SLM process contains thermal conduction, radiation and convection.
For a simple cube sample, the bottom surface connected with the ground is usually can be seen
as under constant temperature or insulated and the interface between powder domain and
solid domain can be modelled as insulated or a comparatively weak thermal conduction, which
is due to the porosity in powder bed weakens the heat conduction ability in powder domain.
Within the solid domain, the heat conduction is the dominant feature. Most complicated
part comes at the top surface, the heat dissipation includes convection and radiation which
form a combined boundary condition [15]. In many studies, the heat exchange via radiation
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6 Modelling approaches for SLM

and convection is omitted to reduce the computational effort and the irradiation of laser
beam is the only energy source from the top [14]. Additionally, the boundary conditions
between lateral side and external environment can be seen as a mixed boundary including heat
convection and radiation. A simpler option is to again use a insulted boundary by assuming
the process is going on in a closed chamber [11, 16, 17]. The governing equation is given
in the form of thermal energy conservation. Due to the influence of phase transformation,
this governing equation is better to be given in the form of enthalpy rather than temperature
[2, 5]. Furthermore, considering the fact that the area under the direct irradiation of laser
beam will no longer be solid, the Navier-Stokes equation will be introduced to describe the
hydrodynamics in the melt pool [2].

The dynamics of melt pool, which is determined mainly by process parameters, will greatly
affect the quality of the final component in terms of porosity, surface roughness. Therefore,
the hydrodynamic effects that change the melt pool dynamics such as surface tension and
evaporation need to be analyzed in the numerical model, which is known as the Lattice-
Boltzmann method. This method is an computational approach for fluid dynamics. Instead
of solving the Navier—Stokes equations directly, a fluid density on a lattice is simulated with
streaming and collision (relaxation) processes.

As one of the most significant aspect of powder-scale model, many of the provided studies
focus on how the component quality will change by altering the process parameters. For
instance, Korner et al.(2010) [2] studied the line morphology under different beam power
and scanning speed, which can be seen in Fig. 2-2. Fig. 2-2 (a) shows line morphology with
increasing line energy (by decreasing scan speed at constant beam power). It’s observed that
the metal powder are not or just slightly molten under a low line energy. By increasing the
line energy, the metal powder will melt into small droplets and as the line energy continues
to increase, these small droplets will gradually stick together to be a closed molten and re-
solidified region. Fig. 2-2 (b) shows the line melting and solidification with constant line
energy but for different scan speed and beam power, it’s found that the melting pattern of
metal powder seems not dependent on processing parameters under a constant line speed.
Francois et al.(2017) [3] used a self-designed multiphysics code called ALE3D researching the
melt pool geometry on a single track considering the surface tension and vaporization recoil,
the simulation results are shown in Fig. 2-3, and based on these results we can subdivide the
melt pool into three different regions: the depression region at the laser spot, the tail end
region of the melt track located near the end and the transition region in between. Such
kind of subdivision is made because of the exponential dominance of the recoil force at the
depression and the dominance of Marangoni surface tension effects in the cooler transition and
tail regions Lavery et al. (2014) [4] developed a 3D Lattice-Boltzmann code in FORTRAN
to simulate the laser melting process for 316L steel powder, which is shown in Fig. 2-4. The
temperature change of powder bed can be clearly seen in Fig. 2-4 when a laser scans over
it. There are more powder-scale researches focus on other aspects can be found in review
literatures [8, 14]. In addition, some scientists also work on a micro-scale research which
mainly pay attention to the grain growth and grain boundary formation during SLM process.
These investigations may give us ideas on stress distribution and distortions [8, 3, 13].
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2-2 Continuum models 7
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Figure 2-2: Line morphology under different line energy, beam power and scan speed. (a) shows
line morphology as a function of the line energy and (b) shows line morphology at constant line
energy for different scan speeds and beam powers, reproduced from [2]. Time scale and length
scale used here are Az = 5.0 x 107%m and At = 2.2 x 10~ 7s respectively, the duration of the
beam irradiation is 1440 time steps (At).

2-2 Continuum models

A powder-scale model simulation is always computationally expensive since a fine discretiza-
tion in both time and length scale is required for powder-scale model, and fluid dynamics
analysis for melt pool will occupy a lot of computing resources. A simple calculation can be
used to prove how large the demand for element numbers is when building a powder-scale
model. In a SEBM powder-scale modelling, the mean particle diameter can be around 50
pm so the element size in thermal analysis can be taken as 5 pum. If that is the case, a small
domain with the volume at 1 mm? requires 8 billion cubic elements. The number of elements
could be more for SLM since the mean particle size will be down to approximately 10 pm.

With the purpose to reduce the burden on computation, on the one hand, the requirement
on time and spatial resolution could be lower since there’s no need to resolve the particle.
On the other hand, the computation demanding hydrodynamics part including wetting effect,
capillary and surface tension, which depend on surface curvature defined by modelling the
particles as perfect spheres, can be neglected. It’s still possible to capture a melt pool by
continuum model but its geometry is just simply predicted by the temperature field [8].

Additionally, the boundary between metal particles and porous part vanishes since metal
powders are no longer resolvable in a continuum model. In order to assign the material
property, approaches like interpolation between zero and value of bulk material according
to relative porosity is often applied while in some studies the data from empirical model is
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Figure 2-3: AEL3D simulation reproduced from [3] and these time snapshots show spattering
and denudation of the melt flow. Compared to forward flow (red color, V, < 0), the melt has a
large backward flow (blue color, V,, < 0). This backward flow will break up later in time at the
necking. Panel on the right shows a magnified view at 270 us (flow retated by +90°), in which
the velocity components (V,, V;, V) and and the temperature distribution at the depression can
be observed. Capital O shows the laser center is not at the bottom of the depression.

employed [8, 5, 12, 10, 6]. As a matter of fact, almost all the thermal and mechanical properties
will change as the temperature grows. Luo and Zhao (2018) [11] give some useful empirical
models on how density, thermal conductivity and specific heat will change as a function of
temperature. Childs et al.(1999) [18] studied mechanical properties of an amorphous polymer
in selective laser sintering, during which they take into account nonlinear thermal properties.
But nonlinear thermal properties also bring nonlinearity in the governing equation, thus many
studies prefer to use mean constant value in the simulation.

Surface and volume heat sources are still usable in continuum model, furthermore, in some
cases, a line heat source is applied to reduce the computational effort [11]. Generation of the
growing part in continuum model is simulated by using element activation method. During
the simulation, all the necessary elements are divided into ’active’ and ’inactive’ domain, those
elements above the base plate are deactivated in the beginning and become active layer by
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2-2 Continuum models 9

Figure 2-4: 3D Lattice-Boltzmann simulation of a 316L stainless-steel metal powder being melted
by a 200W laser reproduced from [4]. It captures the phase transformation during the laser beam
moving on a single scanning track. The color bar represent temperature. Yellow and red domain
indicate melt pool .

layer in process. Another similar method is silent element method. Compared with element
activation method, silent element method is a little different where all elements are active but
the ones which are not supposed to be active have a very small conductivity and stiffness.
Moreover, an adaptive mesh scheme is sometimes used to better capture the large temperature
gradient close to the heat source. For example, Patil et al.(2015) [19] used an a dynamic mesh
refinement that could move with the heat source.

The references using continuum models focus on two types of problems, the pure thermal
field evaluation and thermal-mechanical response. Hodge et al.(2014) [5] build a fine mesh
operating on melt pool geometry at overhanging areas and thermal-mechanical responses on a
cube example in SLM process, the results for the latter one are shown in Fig. 2-5. Bo Cheng et
al.(2016) [6] studied the influence of different scanning strategies on temperature distribution
and residual stress and found that out-in strategy gives largest o,, and o, stress while 45°
line scanning case has the smallest 0., and oy, stress. Results for the temperature history are
exhibited in Fig. 2-6. Reader is referred to in review article [8] for more examples. Also, it’s
good to see efforts have been made on reduce computational time in various aspects. Y.Yang
et al.(2018) [20] introduced analytical results to help resolving large gradients occurring in the
vicinity of the laser spot. Mercelis and Peters(2006) [21] built a simplified theoretical model
based on the mechanism for residual stress and directly applied it on the stress prediction.
Munro et al.(2019) [22] proved the feasibility of a on process-step parallel computational
scheme from a pure mechanical perspective, which is much more efficient than conventional
sequential layer-by-layer process simulation. However, these work either only pay attention to
model simplification, or only focus on computational techniques. In our research we propose
yet another simplified and hence fast thermo-mechanical model but our method is totally new
in the AM process modelling literature. For model simplification, the heat load is assumed
to be applied simultaneously on a whole surface. The scanning pattern is thus no longer
resolvable in this macroscopic model. Furthermore, in stead of using element activation
method or silent element method, the part growing is realized by element self-growing so that
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Figure 2-5: Stress distribution [MPa] after 12 layers deposited within a cube reproduced from
[5]. These figures are plotted with identical contour ranges. Compared with (a), (b) displays
more extreme stresses in Y direction since there are less constraints in X direction. It also shows
a strong gradient in stress between compression in the base plate and tension in the upper layers
of consolidated materials. (c) illustrates the stresses in the Z direction. In particular, large
compression can be seen in lower part of the cube and gradually drops to the lateral directions.

in each time step the total number of elements will remain the same. It’s our anticipation
that the part-scale model will dramatically reduces the computational time [15]. Although
this time saving is achieved with the cost of losing part of the accuracy, it’s neened to point
out that the focus of part-scale model, it’s not the local details of temperature and stress
field, but the average evolution of these fields, and these information may give indications for
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Figure 2-6: Tempreature distribution (NT11) with different scanning strategies [6]. It can be
observed that the substrate temperature will not be room temperature during the scanning process.
The 45° line scanning and 67° rotate scanning cases have relatively low substrate temperature
while the maximum substrate temperature occurs in island scanning case since it takes longer
time to complete a layer and more energy will be absorbed.

quality improvement with optimal process parameters. The main content of this part-scale
moving mesh method will be introduced in Chapter 3 and Chapter 4, with Chapter 3 focusing
on thermal analysis and Chapter 4 focusing on stress field.
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Chapter 3

Part-scale thermal modelling

Even when excluding the most computational demanding hydrodynamics part, continuum
process modeling of the AM process is computationally demanding. In order to further
reduce the computational cost, it is assumed that the heat load is applied on the whole
surface orthogonal to build direction and a single layer is built simultaneously instead of
explicitly simulating laser scanning vectors. Furthermore, as mentioned in Chapter 2, the
conventional way to deal with a growing domain in AM problems is the element activation
technique, during which the number of elements keeps increasing with time. Consequently,
the total number of elements, at the later stages of the simulation becomes computationally
prohibitive. In order to reduce the computational costs, two measures are taken to make the
simulation process more efficient. First, a part-scale approach is followed which simplifies the
domain growth in a layer by layer fashion and the heat source associated. Apart from this,
our moving mesh method provides a unique approach for mimicking this simplified domain
growth while keeping the total number of elements fixed.

3-1 Model description

The simulation of powder bed fusion process consists of numerous heating and cooling cycles.
During a heating stage, the powder is melted and fused which subsequently solidifies and
hence the solid domain grows, while in a cooling stage the heat source is removed and a new
powder layer is recoated. This phenomenon is repeated for each layer to be deposited. This
characteristic feature of the powder bed fusion process inspires us to propose a model of the
process based on this inherent domain growth and the associated special treatment of the
thermal evolution of the part [23].

For the purpose of explaining the inherently growing nature, we start with a 1D case for
simplicity with the well-known heat transfer equation,

oT o*T

In Eq. (3-1), T is the temperature field and « is the thermal diffusivity, y is the vertical
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3-1 Model description 13

position and t is the time. During a heating stage of the AM process, the work piece is
growing inside the build chamber, so the length of the domain [ is increasing with time. We
then assume material point with an initial coordinate y(t=0) moves in accordance with the
growth rate of the domain, see Fig. 3-1. The left hand side of Eq. (3-1) then modified as:

T (y (1) ,1) _a32T oT oy
ot T 0y? o Oy ot

(3-2)

The term Jy/0t in Eq. (3-2) is the local growth rate. In order to derive the expression for
this term, consider the five evenly spaced material points and their evolution in response to
domain growth in Fig. 3-1. Note that the local growth rate dy/0t depends on the vertical
position. Consequently, the growth rate at y = [ becomes [ and the the growth rate of material

‘ 4 .U*'f“‘l*fll*“
y ——T1
'_,_/""‘/ __,.;—-—*‘""jb” Y l
. - o | L.
Ay { I —
Ly - N I -
ot
'——f
At t

Figure 3-1: A 1D grid shows how vertical position of each node grows in time.

points below can be expressed as yi /1. Consider now the evenly spaced material points to be
grid points for spatial discretization of the domain. Therefore, an expression of growth rate

for node k reads: 5
Y Yk ;
) = ZE] 3-3

where yy, is the position of node k. Now we substitute Eq. (3-1) into Eq. (3-2) and combine
with Eq. (3-3). The governing equation during the heating stage in 1D can then be written
as:
or oTy,. O0°T
—=_—lta—.
ot oy 1 Oy?

For cooling stage, since the domain is stationery, [ = 0. Eq. (3-4) thus simplifies to Eq. (3-1).

(3-4)

Now consider a two-dimensional part with an arbitrary shape built in a rectangular build
chamber shown in Fig. 3-2 with a building direction coinciding with the positive y direction.
The process begins with a base plate present at ¢ = 0. Base plate and work piece make up
the solid domain. Observe that the part is in surrounded with powder. Now we denote the
whole solid domain as Q. 0 is the top surface and 0y, is the bottom surface. 9t
is the lateral surface and 09, is the interface between the solid work piece and the powder
domain.

Fig. 3-2 also defines several important dimensions, in which wq is the width of the build
chamber and [y is the thickness of base plate, [ denotes the current combined thickness of the
base plate and the work piece.
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Figure 3-2: Model description for SLM process. Arbitrarily shaped work piece attached on a
base plate and surrounded by powder domain. Boundaries and interfaces are also described. The
dimensions in a build chamber are: wy is the width of the build chamber and [j is the thickness
of base plate, [ denotes the current combined thickness of the base plate and the work piece.

3-1-1 Boundary value problems

The 2D heat equation, to describe the temperature field T° during a heating stage of 2 by
taking into account the growing domain reads,
or  OT yy ; o*r  0°T
T oWy 5 t535 > (3-5a)
ot oy Oz y
where the domain growth in the y direction is accounted for and since the width of the build
chamber remains constant, no convective term appears with respect to x coordinate.

In order to determine the temperature development during a heating stage, we need to
describe boundary conditions and an initial condition. For top surface 0y, the powder
is assumed to be heated simultaneously. This phenomenon is mimicked by prescribing a
Dirichlet boundary condition:

T =Ty, on 0ep, (3-5b)

where T}, is the melting point for the material of interest. It is known that the heat conduction
ability in powder is merely a small fraction of that of the solid, hence it is reasonable to neglect
the heat conduction between solid domain and powder domain. The boundary no heat flux
condition on 0 is thus prescribed as,

grad? -m =0, on 0Qins. (3-5¢)
m is unit outward vector on 0€iyt. As for lateral surfaces, normally SLM process is performed
in a closed build chamber. Consequently, adiabatic boundary conditions are deemed suitable
on the lateral boundary surfaces as:

gradT -n = 0, on 0. (3-5d)
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3-1 Model description 15

n is the unit outward vector on 9€,;. The bottom surface of the base plate during the heating
stage typically stays at a constant temperature, and the associated boundary condition reads:

T = To7 on 6Qb0t, (3—56)
where Tp is room temperature. Eventually the initial condition is given as:
T(z,y) =Ty, at t =0. (3-5f)

This implies initially the whole base plate is at room temperature. Eq. (3-5) describes the
boundary value problem to be solved during a heating stage.

During a cooling stage, the solid domain is stationery c.f. Eq. (3-1) and the heat load is
temporarily removed from 0. The associated governing equation with [ = 0 in 2D reads,

or *T 0T
E - (8:{:2 + 8y2> . (3—6&)

In the absence of laser heating during a cooling stage, heat convection from the top surface
becomes a prominent heat transfer mechanism. Therefore, the boundary condition on the top
boundary is,

q-z=he(T —Tp), on 0Qep, (3-6b)

where z is the unit outward vector on 9y, h. is convection coefficient, Tp is the temperature
of the build chamber atmosphere assumed to be equal to room temperature and T is the
instantaneous temperature on the top surface, while q denotes the heat flux lost from the top
surface. The remaining thermal boundary conditions are identical to those we described for
a heating stage are given as:

gradT -m =0, on 0Qiut, (3-6¢)
gradT -n =0, on 0Qat, (3-6d)
T =Ty, on 0ot (3-6e)

and the initial condition is taken directly from the end of the previous heating step.

Up to now all the equations are defined in the x — y space. In order to further simplify the
governing equations, the following dimensionless transformations are introduced:

0= ;;n_j;(lo’ (3-Ta)
Y =y/lo, (3-b)
X = 2 /wo, (3-7¢)
H =1/, (3-7d)
(=Y/H, (3-7e)
= tlg‘ (3-76)
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g 0H _ 11§ _

=% “ha o (3-7¢)
B =lo/wo, (3-7h)
Bi = h};lo. (3-71)

0 is the dimensionless temperature ranges from 0 to 1, Y is the dimensionless coordinate in
the vertical direction and H is a dimensionless parameter indicates the instantaneous height
for the solid domain with respect to the thickness of the base plate. X is the dimensionless
coordinate in horizontal direction also ranges from 0 to 1.

The parameter ( is defined as Y/H that ranges from 0 and 1. The growing domain in ¢
space becomes a stationary domain and the position of the top surface is always fixed at ¢ = 1.
The rest of the variables are 7 that represents dimensionless time and 8 represent the aspect
ratio of the base plate. H is the dimensionless growth rate which combines the effect of | and
thermal diffusivity a that controls the domain growth rate in X — ( space. Also, in Eq. (3-
7i) the dimensionless Biot number is defined. Similar to the dimensionless parameter H,
dimensionless Biot number, which integrates thermal conductivity k and convection coefficient
h¢, describes the possible influence on temperature evolution due to the material choice and

the process conditions during the cooling stage.

We proceed to state the governing equation and boundary conditions valid for both heating
and cooling stages in terms of dimensionless variables as,

2 2

% = gg;%’gémﬁ?g;. (3-8a)
0 =1, on Oop, (3-8b)
0 =0, on Oet, (3-8¢)
gradf -m = 0, on 0Qint, (3-8d)
gradf - n =0, on 0Ny, (3-8e)
0(X,¢) =0, at 7 =0. (3-8f)

The dimensionless form for equations in the cooling stage can be read as,
% = gzg;z + ,325;"2 (3-9a)
Q -z =Bi(0 — ), on 0ep, (3-9b)
0 =0, on ONot, (3-9¢)
gradf -m = 0, on 9Qiyt, (3-9d)
gradf -n =0, on 0Ny, (3-9¢)

and the initial conditions follow the results in the last step in the previous heating stage. in
Eq. (3-9a) the convective term disappears by setting H = 0 as the domain in cooing stage
is not growing anymore. Q is the dimensionless heat flux from 0, into the surrounding
atmosphere.
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In addition, the governing equation for an element activation method can also be derived
using equations above with minor changes: dimensionless growth rate H vanishes and H
value is always 1 since in element activation method we assume the building domain grows by
adding new elements rather than element self-growing. The interval between nodes in vertical
direction will be fixed but more nodes are added into the grid during the process.

3-1-2 Finite difference scheme

Compared with the classical 2D heat transfer equation valid for a fixed domain, the moving
grid equation is slightly different because of the convective term. This category of equations
are reminiscent to those used to solve free boundary problems in mathematics. A salient
example of free boundary problems is the Stefan problem, which is raised by the Slovenian
physicist Josef Stefan around 1890. Stefan problem is about the heat conduction or equiv-
alently diffusion in a two phase system where the interface between the phases moves, for
instance, freezing or melting problems and gas-solid reactions [24, 25].

In 1987, Crank [26] developed several finite difference schemes for solving moving boundary
problems (MBP) in his book. The numerical solution directly based on Eq. (3-5a) is called
front tracking method since the boundary keeps moving. After the dimensionless transfor-
mation, Eq. (3-8a) describes a fixed domain in the X — ¢ space and the solution based on
this boundary immobilization of the grid is called front-fixed methods [27]. The distinction
between SLM process modelling and the Stefan problem is the way to determine convective
term. In Stefan problem, the boundary growth rate is governed by the heat balance at the
interface while in SLM process, the growth rate is an input parameter and it is determined
depending on part geometry and printing conditions.

The finite difference mesh, which is shown in Fig. 3-3, illustrates how the grids evolve
in both front tracking scheme and front-fixed scheme. Fig. 3-3 (a) Fig. 3-3 (b) show the
progression of a front-tracking grid in z — y space from time step ¢ to time step ¢ + 1. The
front-fixed grid in X — ¢ space is illustrated in Fig. 3-3 (¢) and Fig. 3-3 (d). For front-
tracking scheme, Ax, Ay indicate discretization size on x and y direction, T,Z;%n indicates the
temperature value for node located at (mAxz,nAy) at time step ¢, while T, ,’nﬂ% indicates the
nodal temperature for the same node at time step ¢ + 1. In the front-fixed grid, AX and
A( are the dimensionless discretization size in X — ( space, t is replaced by dimensionless
time unit 7. Nodal temperature is represented by a dimensionless quantity 6 defined as the
ratio between difference of current nodal temperature 1" and room temperature T, versus the
difference of metal melting temperature 7T, and room temperature Ty. The element growth
can be noticed in the front-tracking grid, but for the front-fixed scheme, the top boundary
will always remain stationary at ¢ = 1 during the time evolution and a square mesh is thus
established via dimensionless transformation.

Recalling that for X and (, their ranges are both from 0 to 1, then the advantage for
building front-fixed grid is that if the node number is equally assigned, it can be ensured
the grid points are evenly spaced in X and ( axes, which gives AX = A(. It is therefore
suggested to derive the finite difference scheme for the heating stage based on a front-fixed
grid shown in Fig. 3-3 (c¢) and Fig. 3-3 (d).

If a node is located on 0%y, its temperature will be

Ot =1, (3-10a)
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Figure 3-3: lllustration for 2D finite difference grid. (a) and (b) present grid evolution for a
front-tracking grid from time step ¢; to t;11. (c) and (d) depict the front-fixed mesh at time step
T; to T;+1. It can be seen that the top boundary remains stationery and the intervals between
nodes are identical.

where 93,4{’ L indicates the dimensionless temperature at the position (mAX,nA() at time 74 1.

For node on the bottom surface of the base plate 9€0t, the nodal temperature expression is,
gt = 0. (3-10b)

When it comes to 0,4, the discretization boundary reads as,

9i+1 o 92'-1—1 9i+1 _ 9i+1
e AXerl,n =0, on left side, or MA—XZW_“L =0, on right side, (3-10c¢)

where A X is dimensionless nodal spacing in the horizontal direction. There are two equations
as the former one is for the left side and the latter one is for the right side. The boundary
condition on 0, is expressed as,
i+1 i+1 i+1 i+1
G:nJrl,n - einfl,n -0 H:n,nJrl - evzn,nfl -0 (3—10(31)
AX ’ Al ’
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3-1 Model description 19

where A( is another dimensionless nodal spacing in building direction. These two equations
also set the temperature for the powder nodes that surround the interface nodes.

Eventually, for the interior grid points, the finite difference equation centered in space
forward in time to update nodal temperature is given as,

i A i i i 1 A i i - C
oitl = ACTQA( ot — 200 + Hmm,l) 5+ ﬁ ( i1 — myn,l) H: 5100
+ 55 (Ohnin = 200+ Ohn1) + O

where A7 is the dimensionless time step. Recall that, H is the dimensionless growth rate.
0. is the dimensionless temperature value for the node in position (mAX,nA() at current

time step ¢ and 0}?{7 L is the nodal temperature at the same position at time step i + 1.

Eq. (3-10a), Eq. (3-10b) and Eq. (3-10e) seem quite straightforward to understand, for
Eq. (3-10c) and Eq. (3-10d), detailed explanation is sketched in Fig. 3-4.

[ Base plate solid element

(| Work piece solid element

J Powder element

pl

pz pzn

Figure 3-4: lllustration for heat boundary conditions on both sides. If a node is located on the
boundary of build chamber, then in every time step the nodal temperature is updated as the
temperature value of the node next to it in the horizontal direction. If a node is on the interface,
we first deal with the nodes around it and subsequently the interface node is updated as an
internal node.

Suppose a mesh is built like depicted in Fig. 3-4 and temperature value on the lateral
boundary or interface need to be determined. According to the insulated boundary condition
on the lateral surface, the temperature of a solid boundary node will be equal to the temper-
ature of the solid node next to it in the horizontal direction. For example, for solid boundary
node pl shown in Fig. 3-4, its value will be assigned as equal to the value of point pl’ and
these two points are connected by a double blue arrow.
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20 Part-scale thermal modelling

For solid nodes fall on the interface, where again an insulated heat boundary condition is
applied. Due to the choice of the structured grid, the solid-powder interface is reminiscent
of a staircase. Hence a single solid interface node will be surrounded by four other nodes. If
a powder node is found around the interface node, the temperature of powder node will be
first assigned to be equal to the temperature of the nearest solid node (not the interface one)
on the same straight line. For instance, the temperature of powder point p2’ will be set equal
to the temperature of solid node p2”. Interface node p2, powder node p2’' and solid node p2”
are on the same straight line. By doing so, the temperature value for powder nodes around
the interface node are given and thus the temperature value for the interface node can be
calculated with Eq. (3-10e).

During the cooling stage, the discretization form for convective boundary condition on
0Qop is expressed as:

i = —I;AACTQ (97’;1,,1 - in,n,l) + QBiHAATg (96 _ 9?@) n ..
-11a
T (B~ Wi+ )+ O

where Bi is dimensionless Biot number defined in Eq. (3-7i). 6. is the temperature of the
protective gas in the build chamber which equals to 63. The boundary condition on €yt is
identical as in the heating stage:

gt = 0. (3-11b)
Boundary conditions on 0€,; and 08, are also unchanged as,
gitl _ gitl i+1 _ pitl
. AXmH,n =0, on left side, or mnA—anAn =0, on right side, (3-11c¢)
and,
Orniin — O Ot~ Oan
: — =0 : : = 0. 3-11d
A% , or AC ( )
Finally, for nodes within the solid domain are updated as,
Orin = A (Bhnsr = 260+ 1) P axe (B = B+ O ) (3-11e)
+ 00 e

3-1-3 Stability condition

The explicit finite difference scheme shows superiority in computational speed because no
matrix inversion is involved, and its concise format also makes it easy to implement for
numerical simulation. However, a major drawback of the explicit finite difference method is
that the allowable size of the time step is limited by stability requirements. To avoid the
divergent oscillations in solution, the stability requirements for moving grid method will be
discussed below.

There will be two stability conditions governing both horizontal and vertical direction for
the moving grid scheme. For the heating stage, the horizontal stability condition can be

expressed as:

A 2
At < % (3-12)
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Eq. (3-12) is defined in  — y space, by substituting Eq. (3-7c) and Eq. (3-7f) the stability
condition in X — ( space can be rewritten as:

Ar< =2 (3-13)

In the ¢ direction, because of the convective term, the requirement is given according to the
result of S.Kutluay et al.(1995) [28] and the Von Neuman stability analysis [29]:

2AC?

AT < —— 5.
e+ (AcH)

(3-14)

Eq. (3-13) can also represent the stability condition in the horizontal direction for the cooling
stage since horizontal heat conduction is the same in both heating and cooling stage. For ¢
direction during the cooling stage, H = 0 since the grid stops growing in the cooling stage,
then the stability condition becomes:

2
AT < ATCHQ. (3-15)

3-1-4 Finite difference grid

The spatial grid size and time step size are connected by the finite difference stability condi-
tions. Once the grid size is fixed then the time step size can be determined.

In our model, the simulation begins when [ = [y, which corresponds to H = 1 in X — (
space. Moreover, we further set the final thickness of the part to be | = 41y, which suggests
the work piece thickness is 3l and corresponding to H = 4 in X — ( space.

Frazier et al. (2014) [1] concluded the build in volume of mainly used SLM machines, the
value for base plate width wgy and thickness [y can be assigned as wg = 0.1 m and [y = 0.01 m.

A reasonable spatial discretization can be found by referring the value of layer thickness.
In SLM process, the layer thickness is between 30 pm to 100 pm [8]. In the simulation, the
layer thickness is selected to be 50 um. Based on the value for [y, it can be calculated that
the base plate is equivalent to 200 layers and work piece requires 600 layers for completion.
If 26 grid points are introduced in both directions, then the grid accommodates a total of
676 grid points which form 625 square elements. In building direction, there will be 8 layers
contained in a single element in the beginning and 32 at the end of the process, which is an
acceptable value for a part scale model. The spatial grid size is computed by referring the
defined node number. In X — (¢ space, AX and A( are both equal to 0.04.

If Inconel 718 is chosen for the simulation with the dimensionless grow rate H = 0.0008,
then total heating time (dimensionless) for the whole process is 7 = 4—;11 = 3000. Conse-
quently, the time discretization size is determined by the stability requirements:

AX?
AT < W = 008, (3-163)
2AC?
AT < < — ~ 0.0008. (3-16b)
44 (A(H)
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It is thus the time step size At for Inconel 718 can be chosen as 6 x 104, Depending on the
value of A7, the minimum number of total time steps, nt = 7/A7, is 5 x 10°. These value
for total time step n; is also feasible for the other two materials after stability checking, but
AT value will depend on corresponding H value.

During the domain growth process, grid points that are representing a solid material point
might end up on powder domain. Therefore, the property of the elements monitored at each
time step. Elements with all four grid points are solid. Since our grid grows in time, during
every time step, all the elements status will be checked and updated. Some example meshes
can be seen in Fig. 3-5.

(a) 45° inclination (b) —45° inclination

-
0.8F
0.6
04

021

0 0.2 04 0.6 08 1

(c¢) Rectangle work piece (d) Rectangle with a hollow out

Figure 3-5: Mesh building for work piece in different shape. The part surrounded by blue
rectangle is the base plate. (a) v = 45°. (b) v = —45°. (c) v = 90°. (d) geometry with a hole.

Actually a finer mesh is feasible with respect to modelling the part geometry, when element
number in the mesh is increasing, a higher resolution for inclination contour can be achieved.
However, the improvement in mesh resolution is at the cost of computational efficiency. For
instance, if a mesh with 51 nodes in both building direction and horizontal direction, at least
30000000 time steps are required according to that stability condition. It is therefore almost
6 times increase in the computational time. The selection between mesh resolution and time
cost is always a trade off. Regarding the huge computational burden brings by increasing the
element number, a coarser mesh is preferred during the simulation.

3-2 Part geometry

Recall that in Section 3-1-1, a 2D model with an arbitrary shape is defined. However, concern-
ing the part geometry for simulations, rectangle and trapezoids are considered for simplicity.
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Fig. 3-6 shows a rectangular geometry: all the powder domain in work chamber will finally
become solid when the process is over and in this case the surface 02, coincides with surface

891&‘5 .

Figure 3-6: lllustration for rectangular geometry. The simulation begins with a base plate [ = [y,
and ends up with a height [ = 4.

w w
31,
[\ W
y
o
X
(a) Work piece with positive inclination (b) Work piece with negative inclination

Figure 3-7: Work piece with an inclination. (a) If work piece top side is longer than work piece
bottom side, then it is a positive inclination (b) If work piece top side is shorter than work piece
bottom side, then it is a negative inclination.

Fig. 3-7 depicts the trapezoid work piece. An inclination + is defined to adjust the shape
of the trapezoid. w is the top side length of the trapezoid work piece and w’ denotes the
bottom side length of the work piece. The negative inclination ~ in a trapezoid is when its
bottom side length is longer than the top side length, i.e. w > w’, shown in Fig. 3-7 (b). In
contrast, the trapezoid in Fig. 3-7 (a) suggests w < w’, which is a positive inclination.

7 different + values are considered in this study. These inclinations are +45°, £60°, £75°
plus 90° which is the rectangular case. The rule to switch between different inclinations are
illustrated in Fig. 3-8: the length of the long side is unchanged (equals to wy), and expand or
reduce the length for the short side. A rectangle work piece is built when the top side length
is equal to bottom side length. Illustrations are in Fig. 3-8.

Thesis report Q.Zhu 4820975



Part-scale thermal modelling

24

(b) Changing inclination (negative)

(a) Changing inclination (positive)

Figure 3-8: lllustrations for how to change inclination in part geometry. (a) For positive an-
gles, top side length is unchanged and bottom side length can be stretched (or reduced). (b)
For negative angles, bottom side length is unchanged and top side length can be stretched (or

reduced).

3-3 Process conditions and parameters

In this section, a thorough discussion will be carried out focusing on specific details of model
variables including material properties and other process parameters. The meaning of these
variables and how they are accounted for in the model are explained.

3-3-1 Growth rate

The dimensionless growth rate describes how fast the work piece height (H) grows in X —(
space during SLM process simulation. Recall that H = lly/«, [ is the printing speed. In
general, this value is given as a volumetric speed, but in Eq. (3-17) a linear speed is needed.

The formula to calculate such a linear speed from volumetric speed is,

v

o’ (3-17)
in which v denotes the volumetric printing speed and A is the cross section area from the
top view of the work piece. In order to describe this cross section area A, a constant dy is
defined to represent the out of plane dimension, i.e. the depth. A reasonable depth value can
be taken as dy = 0.1 m. Therefore, the cross sectional area A for a rectangle work piece can

[ =

be calculated as Ag = dowo = 0.01 m?.

Three frequently used SLM materials are selected for the simulations, which are Inconel
718, 316L stainless steel and Ti-6Al-4V. The machine printing speeds are representative for
of M2 Series 5 which is produced by GE additive. Recall that H = lly/« and typical H
value corresponding to different materials for a rectangular work piece are thus calculated
and listed out in Table 3-1.

However, when a trapezoid work piece is built, the H value will change during the process
because of the varying in top cross sectional area. Accordingly, the relation between the
dimensionless growth rate and the top cross sectional area can be written down as,

Hy A _ wodg (3-18)

H A wd
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Table 3-1: Dimensionless growthrate values depending on material properties for rectangular

work piece.
Material Melting point(°C) Conductivity (W/m - K) Thermal diffusivity(m? /s) Printing speed(cm?/h) H
316L 1380 [30] 34.39 [30] 7.22 x 10~ [30] 21.9 [31] 8.42 x 1074
Inconel 718 1300 [32] 27.02 [33] 5.38 x 10~ [33] 21.6 [31] 1.12 x 1073
Ti-6Al-4V 1630 [32] 25.96 [34] 5.68 x 10~ [34] 40.4 [31] 1.98 x 103

“Data for melting point and thermal diffusivity are collected from bulk material. The value of thermal
diffusivity is evaluated at melting temperature.

For trapezoid examples depicted in Fig. 3-7, it can be seen that the work piece width varies
with time and we assume depth is fixed, i.e. d = dp, hence Eq. (3-18) is rewritten to describe
both positive inclinations and negative inclinations.

. Jip

H= 1 —2ftany (H — 1) (3-192)
. H,

H 0 (3-19b)

T 1- 2ptany (H — 4)

v in both of the equations means the inclination of the trapezoid work piece. Eq. (3-19a) is
used for the negative inclination and Eq. (3-19b) is for the positive inclination. H value will
keep updating as the grid grows and Hy here represents the value for H when the work piece
top cross sectional area equals Ay = dgwy.

It can be concluded that the trapezoid inclination makes dimensionless grow rate H be-
comes a function of top cross sectional area, which further relies on current work piece thick-
ness H. Recall that the pre-set value of the geometry parameters are dg = 0.1 m, wg = 0.1 m,
if Hy is taken as 0.001, Eq. (3-19a) and Eq. (3-19b) are thus plotted for all 7 trapezoid
inclination options in Fig. 3-9.

-3
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2.5 | | | ) I )
I —y =45
ey = —d5°
= 60°
oy = —60°
1’ ’y - 750
2 | /, Y= —75°U
g
155 _
o
1 lesszzeiEes : I | - | I
0 500 1000 1500 2000 2500 3000

T

Figure 3-9: H evolution due to trapezoid inclinations during simulation(only contains heating

steps). Hy = 0.001.
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Fig. 3-9 displays that H curves for +v always intersect at some point. The work piece with
an acute angle always shows a larger growth rate value because a small |y| value results in a
limited top cross sectional area in the process. This growth rate variance for different ~ also
directly reflects on the duration of the heating/cooling cycle.

3-3-2 Cooling condition

As discussed earlier, a layer deposition in the SLM process comprises a heating stage and a
cooling stage. During the cooling stage, the work piece is cooled down by heat convection in
a protective gas atmosphere. The convection coefficient and cooling time are hence crucial in
the cooling stage.

Biot number Bt is an integrated parameter combines thermal conductivity k£ and convection
cooling coefficient h.. Its value depends on both a material property and convection condition.
Furthermore, a connection can be built between Biot number Bi and dimensionless grow rate
H since H relies on thermal diffusivity o and o = k/ (pcp). This implies, H and Bi are not
independent from each other. However, Biot number can be changed independent of H by
means of changing h. only, which represents the degree of convective cooling while keeping k
constant. It is assumed that the convection type in build chamber is natural convection by
air and the corresponding convection coefficient can be picked as 1 W (m? - K), 5 W (m? - K)
and 10 W (m? - K) [35].

The cooling time, i.e. the duration of a cooling stage, is another critical parameter that
influences work piece temperature distribution. This factor is evaluated by introducing a
ratio between total heating time and total cooling time, written as A\. When A > 1 means
the heating stage is longer than the cooling stage. Generally in a SLM process, a heating
stage should be considered more extended than the cooling stage, hence the A values are
selected as 6, 2 and 1. Additionally, the cooling duration in each heating/cooling cycle should
also depend on the scanning area, hence the actual cooling time in each cycle is distributed
according to the heating time in the same heating/cooling cycle.

3-4 Part scale simulation

There are four parameters that can fully define the SLM process. They are dimensionless
growth rate H, work piece geometry 7, heating/cooling time ratio A and the last one is Biot
number Bi. During the simulation, different combinations of process conditions and materials
can be completely tested with these four parameters listed in Table 3-2.

Furthermore, mesh constants and dimensional parameters defined are listed in Table 3-3.

With all the conditions and parameters defined, the simulation flow chart can be plotted in
Fig. 3-10. In the pre-processing part, the value of dimensionless grow rate, Biot number and
heating/cooling time ratio that define process conditions and material properties are chosen.
In the mesh scheme part, the work piece inclination controlling the shape of work piece is
imported and the mesh is thus established. The appropriate thermal boundary conditions are
applied depending on whether a heating stage or a cooling stage is simulated. A counter is
set to check whether the heating stage is finished. If a layer is completely deposited, a cooling
stage begins afterwards with another cooling counter to record the cooling time set by A in
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Table 3-2: As-used process conditions and simulation parameters

Parameter value

H 0.0008, 0.001,0.002

Bi 1.850 x 1073, 2.908 x 104, 1.454 x 1073, 5.816 x 1073
Inclination ~ (°) —45°, —60°, —75°, 90°, 45°, 60°, 75°

Heating/cooling cycle ratio A 6, 2, 1

sk

*

* Three types of materials (316L, Inconel 718, Ti-6Al-4V) will be used in the simulation. For
simplicity, the approximate H value are taken from Table 3-1 .
* Bi is calculated based on the thermal conductivity of Inconel 718 and 316L.

Table 3-3: Mesh constants and dimension parameters

Constant Meaning Value

nx number of nodes in horizontal direction 26

ny number of nodes in vertical direction 26

Az spatial mesh size in horizontal direction(x — y space) 4 x 1072 m
Ay spatial mesh size in vertical direction(x — y space) 4%x1073 m
ly original length in vertical direction 0.01 m

wo length in horizontal direction 0.1m

do length in longitudinal direction 0.1m

AX spatial mesh size in horizontal direction(X — ¢ space) 0.04

Al spatial mesh size in vertical direction(X — ¢ space) 0.04

nt" total time step in the simulation 5 x 106

" The time step size A7 relies on H since A7 = 7/nt and 7 = (4 — 1)/H. Also, when a
trapezoid work piece is building, the total time step needed will be lower than 5 x 10°,
so the termination requirement of the simulation is to check the thickness of the work
piece.

the pre-processing stage. When a cooling stage is completed, the termination condition will
be examined to see whether the part geometry is completely built. Once the simulation is
finished, the temperature data will then be saved for plotting, if the part geometry is still in
processing, a new layer is deposited and the whole procedure repeats.

3-5 Result and discussion

The factors that influence temperature distribution can be attributed to four different aspects,
which are part geometry defined by +, heating/cooling time ratio A\, dimensionless grow rate
H and Biot number Bi. In order to get an insight on how these parameters will have an
impact on temperature field, for each parameter, a series of simulations are carried out. The
parameter values are picked from Table 3-2 and simulation data will be recorded for discussion.

A useful parameter to quantify the temperature plot is the average value. In each time
step, the average temperature can be defined as the temperature value for the whole work
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Figure 3-10: The flow chart for thermal field modelling.

piece. The expression is Eq. (3-20):
[ 0dQ

0=>——, 3-20
[ d ( )
where 0 is the average temperature value for the current time step and df) indicates the
integral over the whole solid domain. In a structured mesh, Eq. (3-20) is calculated by
summing up the average temperature for each element and then divided by the total area of

solid domain.

In the next section, firstly a straightforward simulation for rectangular work piece is im-
plemented. After that, a series of simulations are carried out with different combinations of
process conditions and parameters. The temperature data are recorded and depicted with
plots. In the end there is a thorough discussion focusing on how these factors affect the
thermal distribution in the SLM process.

3-5-1 Rectangular work piece

In this section, the parameter value for H and Bi are 0.001 and 1.850 x 10~ respectively. ~
is 90° and heating/cooling time ratio A is 1. In Fig. 3-11, the temperature field of a heating-
cooling cycle during the deposition of layer 300 is presented. Fig. 3-11 (a), Fig. 3-11 (c¢) and
Fig. 3-11 (e) are the temperature fields plotted in « — ¢ space and Fig. 3-11 (b), Fig. 3-11 (d)
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and Fig. 3-11 (f) are shown in x — y space. Both the work piece and the base plate part are
included in the contour plot.

Fig. 3-11 (a) and (b) display the heating stage when printing layer 300. The heat energy
is supplied into the work piece from the laser source on the top part, which is modelled by
the Dirichlet boundary condition, # = 1, the highest temperature appears at the top surface
accordingly. Fig. 3-11 (c) to Fig. 3-11 (f) present the cooling stage, during which the laser
source is temporarily turned off and a new layer of powder will be recoated. The heat thus
dissipates from both the top surface and the bottom surface and it can be observed that nodal
temperature drops very fast in the work piece. In Fig. 3-11 (g) and (h) a new layer is being
built and the temperature on top rises again. This heating-cooling cycle is repeated during
the simulation until the whole work piece is completely built.
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Figure 3-11
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Figure 3-11: A complete heating-cooling work cycle in SLM process. Both work piece and
base plate are included in the plot. The H and Bi value is set to be 0.001 and 1.850 x 1073.
Heating/cooling ratio A is 1. All the temperature profiles are given in both 2 —y space and X — ¢
space. (a) and (b) is the temperature fields for the heating stage hence the top layer is kept at
melting temperature. From (c) to (f) is the cooling stage, during which the heat losses from both
top and bottom. Temperature in (g) and (h) is arising means a new layer is being built and the
work piece is reheated again.

Under the same conditions and parameters, the sampled average temperature profiles are
shown in Fig. 3-12 and the sampling time is 5 heating/cooling cycles for each case.

1 ! ! ! ! —Tayer 501 - 505
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0.8 - layer 21 -25 1
0.6 .
I

04 _
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0 |
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Figure 3-12: 5 heating-cooling cycles are sampled from the average temperature curves for
rectangular work piece in different stages. Blue curve is the profile for layer 501 to layer 505, red
curve is for layer 201 to layer 205 and orange curve is for layer 21 to layer 25.

Plotting the average temperature for all 600 layers in one figure is sometimes confusing
and it is hard to get some detail information from it as too many data points are included.
A clearer way to demonstrate the result is to sample the average temperature profile for
several heating/cooling cycles for comparison purpose. In Fig. 3-12 this sampling time is 5
heating-cooling cycles and the = axis indicates the sampling time.

The orange curve in Fig. 3-12 indicates average temperature evolution from layer 20 to layer
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25. It can be observed that during the heating stage, the average temperature increases to
the peak temperature rapidly and keeps stable at that value until the cooling stage begins. In
the cooling stage, the average temperature drops almost back to room temperature in a short
amount of time and the average temperature stays around # = 0 until the next heating-cooling
cycle. The temperature field in the rectangular work piece is a one dimensional distribution
since thermal gradient does not exist in the horizontal direction.

It is important to note that with the number of layers built increases, the average temper-
ature range in a work cycle is no longer that drastic due to the growing thickness of the work
piece during the SLM process. In the early stage, the work piece is formed by only a few
layers of material, heat is thus easily transferred within the small solid domain. Similarly,
the procedure for heat loss is also remarkably fast because only a small amount of energy is
stored in the solid work piece. As the work piece grows thicker and thicker, it is more difficult
to quickly heat up or cool down the whole work piece . In addition, since the work piece
shape in this simulation is just a rectangle, the top cross sectional area will not change during
printing, which indicates the H value is constant. That explains the reason why in all three
curves the heating-cooling cycle durations are the same.

3-5-2 Effect of the trapezoid inclination

A change in work piece geometry is well-known as a major factor that alters the local temper-
ature distribution. The inclination ~ is the parameter that controls work piece shape. In this
group of simulation H is 0.001, Bi is 1.850 x 1073 and heating-cooling ratio A is 1. Selected
values of v tabulated in Table 3-2 are considered.

The temperature evolution for v = 45° and v = —45° are presented in Fig. 3-13 and
Fig. 3-14 respectively.
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Figure 3-13
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Figure 3-13: The heating-cooling cycle for 45° trapezoid. The domain of temperature plot
contains both work piece and base plate. I and Bi value is set to be 0.001 and 1.850 x 10~3
and cooling ratio A is 1. All the temperature profiles are given in both x — y space and X — ¢
space. (a) and (b) is the temperature profile of heating stage for manufacturing layer 500. (c)
to (f) is the cooling stage in the same work cycle. (g) to (h) is the heating stage of a new work
cycle for printing layer 501.

Fig. 3-13 depicts the temperature history printing layer 500 to layer 501. Temperature field
in Fig. 3-13 follows the pattern as observed for the rectangular geometry: during the heating
stage high temperature value appears on the top and low temperature value shows up at the
bottom. In the cooling stage, the temperature level in all layers drops down. However, there
is a significant difference concerning the shape of isotherms in the plot. The isotherms in
45° case are curves rather than parallel lines shown in the rectangular case and that suggests
thermal gradient exists in the horizontal direction. The horizontal thermal gradient is caused
by the staircase solid-powder interface depicted in Fig. 3-4. Recall that the heat boundary
conditions for those jagged lines are insulated, demonstrating that no heat exchange with
powder domain. Therefore, to some extent the heat transfer to the underlying layers is
hindered and it seems the heat is ’stuck’ in the small region near the lateral boundaries.
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As for the nodes close to the midline of the trapezoid work piece, the heat transfer is not
obstructed by the adiabatic boundaries, which leads to the phenomenon that the temperature
near lateral boundaries are higher during both the heating and cooling stage.

Fig. 3-14 shows another example with a negative inclination. The temperature domain also
includes both work piece part and the base plate. The rest process conditions and parameters
are unchanged.
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Figure 3-14: The heating-cooling heating-cooling cycle for —45° trapezoid. The domain of
temperature plot contains both work piece and base plate. H and Bi value is set to be 0.001
and 1.850 x 10~3 and cooling ratio A is 1. All the temperature profiles are given in both z —y
space and X — ( space. (a) and (b) is the temperature profile of heating stage for manufacturing
layer 500. (c) to (f) is the cooling stage in the same work cycle. (g) to (h) is the heating stage
of a new work cycle for printing layer 501.

The thermal gradient in the horizontal direction can be also noticed in Fig. 3-14 and the
isotherms are bending to the direction of the bottom layer. The temperature near lateral
boundaries is lower than that in the center since the stair shaped adiabatic boundaries make
it difficult for heat to directly conduct to these corners from the top surface. However, it
is much easier to cool down the boundary regions from the bottom. Furthermore, it can be
concluded from both Fig. 3-13 and Fig. 3-14 that the side with longer width in work piece
will dominate the heat transfer issues in a heating-cooling cycle.

The average temperature curves for different + are depicted in Fig. 3-15.
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(a) Sampled average temperature curve for positive v from layer 501 to 505

Figure 3-15
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(b) Sampled average temperature curve for negative v from layer 501 to 505

Figure 3-15: Sampled average temperature for different inclinations in the trapezoid work piece.
H and Bi values are set to be 0.001 and 1.850 x 102 and cooling ratio \ is 1.

The sampling time for all the curves in Fig. 3-15 (a) and Fig. 3-15 (b) is 5 heating-cooling
cycles and because of the different inclinations in the trapezoid work pieces, the duration of
5 heating-cooling cycles is not identical for each curve. These curves are put together for a
better comparison.

In Fig. 3-15 (a), average temperature sample of the rectangular work piece is plotted
together with temperature samples of the trapezoid with positive inclinations. Fig. 3-15 (b)
shows the average temperature sample of the rectangular case with samples of trapezoid with
negative inclinations. Recall that in Fig. 3-9 H changes in time for the trapezoid work piece,
since the thickness for each layer is fixed, there is an inversely proportional relation between H
and heating-cooling cycle duration. Consequently, the cycle duration difference is not evident
for positive inclinations as these H values are very close to each other when approaching to
the end of the simulation, which can be seen in Fig. 3-9. Oppositely, there is an obvious
gap in cycle duration shown in Fig. 3-15 (b) because a large variance occurs in H value for
negative inclinations.

Furthermore, work piece with positive inclination has a larger top surface and smaller
bottom surface. Recalling that the Dirichlet boundary condition § = 1 is applied on the
top and work piece bottom surface connects to low temperature base plate, hence a larger
top surface suggests more energy input and a smaller work piece bottom surface implies less
energy dissipation. Similarly, wide bottom surface leads to extra heat loss and narrow top
surface limits the energy absorption. It can be seen from both Fig. 3-15 (a) and Fig. 3-15 (b)
that by comparing with the temperature of v = 90°, work pieces with positive inclinations
tend to have higher average temperature level than work pieces with negative inclinations.
This part geometry influence can be more apparently seen from Fig. 3-16.

Fig. 3-16 sketches the peak temperature value in the last layer of the simulation. It is
observed that from ~ = 45° to v = 75°, the peak temperature drops because the work piece
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Figure 3-16: Peak temperature value in the last (600) layer with different ~ values. By
changing same amount of ~y, the variation in temperature is lager among work pieces with negative
inclinations since the top surface directly relates to the total energy absorption.

bottom surface area is decreasing, while from v = —45° to v = —75°, the peak temperature
is increasing since the top surface area expands in corresponding work piece geometry. In
addition, by changing the same amount of inclination, peak temperature variation is larger
in negative v values, which denotes the influence of the top surface area is more pronounced
on temperature field because it directly relates to energy input.

3-5-3 Cooling stage duration

The influence of the duration in the cooling stage is evaluated by A which defines as the ratio
between total heating time versus total cooling time in the whole process and therefore it can
also represent heating duration versus cooling duration in each cycle. The parameter used in
the simulation are H = 0.002 and Bi = 1.926 x 10~3. The work piece inclination v is 90°.
Sampling time is 5 work cycle from layer 501. Value X is switching between 6, 2 and 1. The
temperature curve is shown in Fig. 3-17.

It is observed that the heating-cooling cycle duration in these 3 examples are different
because smaller A suggests longer cooling duration. Extended cooling time indicates work
piece is exposed longer in the cooling protective gas, which not only lowers minimum average
temperature value in a work cycle but reduces the peak temperature in every work cycle as
well.

In conclusion, the effect of increasing A implies a longer heating-cooling cycle and, at the
same time, a lower level of work piece average temperature.
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Figure 3-17: Sampled average temperature curve for different cooling time. Sampling time is 5
work cycle from layer 501 to layer 505. H = 0.002, Bi = 1.926 x 10~3 and v = 90°.

3-5-4 Dimensionless growth rate

Due to the connection between dimensionless grow rate H and Biot number Bi, the H
values applied in the simulation are 0.0008, 0.001 and 0.002, the corresponding Bi values are
1.454 x 1073, 1.850 x 1072 and 1.926 x 1073. v value is —45°. 5 heating-cooling cycles are
sampled from the average temperature profile. The simulation results are shown in Fig. 3-18.

' ' ' ' '[—H = 0.0008

0.6 — H = 0.001 ||
H = 0.002
05k /) :
(1N
04 -
031 -
0.2 | | | | | |
0 5 10 15 20 25 30
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Figure 3-18: Sampled average temperature curve for different H value. Sampling time is 5 work

cycle from layer 501 to layer 505. + is a fixed value at —45°. When H increases from 0.0008,
0.001 to 0.002, Bi changes from 1.454 x 1073, 1.850 x 1073 to 1.926 x 1073.
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From the results derived in Section 3-2, the specific H value is calculated by H =1l /.
Since printing speed [ shows up in the numerator and thermal diffusivity o appears at the
denominator in the expression of H. Therefore, increasing the printing speed helps the work
piece to grow faster in the simulation and decreasing the thermal diffusivity suggests heat
transfer is more difficult to conduct in solid domain. The joint contribution of these two
factors for H is thus presented in Fig. 3-18. It is depicted that a lager H will lead to shorter
heating-cooling cycle duration and a larger gap between the peak value and the bottom value
in average temperature curve while a smaller H is along with longer processing cycle duration
and a small variation between the peak value and the bottom value in average temperature
curve. Also, the highest peak temperature and lowest bottom temperature here both appear
in curve with the H = 0.0008.

3-5-5 Biot number

In this section, different Biot number values taken from Table 3-2 are applied in the simulation.
The other parameters used are H = 0.0008 and v = 60°. Heating/cooling time ratio \ is 1
and sampling time is again 5 processing cycles from layer 501. The results are depicted in
Fig. 3-19.

In Fig. 3-19 (a), all 3 curves in the plot almost overlap each other, the only part that
some difference can be found is at the end of each cooling stage (for example the red circle
region). The reason for such phenomenon is the effect of natural convection mainly depends on
temperature difference at the beginning of the cooling stage. Hence the influence of increasing
convection coefficient vanishes due to the considerable gap between melting temperature and
protective gas temperature in the build chamber. Only when this temperature gap gradually
narrows down then it can be seen from the Fig. 3-19 (a) that the temperature curve with a
larger convection coefficient drops faster.

Fig. 3-19 (b) presents the magnification of the red circle region. Although the tempera-
ture difference can be noticed now, the influence of adjusting convection coefficient is still
negligible.

3-5-6 Computational cost and accuracy

All the results that are collected by employing the moving grid method. It remains to compare
the accuracy and the computational costs of the moving grid method in comparison to the
element activation method reported in the literature.

With this purpose, a set of simulations are carried out with both moving grid method
and element activation method under the same thermal boundary conditions. The process
parameters for both methods are H = 0.001, Bi is 1.850 x 1073 and heating/cooling time
ratio A = 1. Selected values of v ranging between —75° - 90° will be considered. The total
CPU time is measured in Fig. 3-20 as a function of 4. For accuracy comparison, the relative
error for peak temperature value in the last layer are calculated as a function of ~, and the
results from element activation method are used as a reference. These results are in Fig. 3-21.

From Fig. 3-20 a comprehensive improvement in computational time can be noticed. Com-
pared with the moving grid method, during the element activation simulation, the total DOFs
contained in the model is increasing in time, which gradually slows down the computation.
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Figure 3-19: Sampled average temperature curve for different Biot number. Sampling time is
5 work cycle from layer 501 to layer 505. « is a fixed value at 60° for all 3 casesand A =1. H is

region in (a) after magnification.

chosen as 0.0008. Bi values used in simulation are 2.908 x 10~%, 1.454 x 103 and 5.816 x 1073.
(a) shows the effect of Biot number adjustment on temperature field and (b) is the red circle

This improvement in computational efficiency is even more pronounced when dealing with
a trapezoid work piece because all the nodes will be traversed in every time step to check
whether it belongs to solid domain or powder domain, which further brings burden to the
simulation that already slows down by a growing number of elements and nodes. The ac-
Thesis report
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Figure 3-20: Computation time comparison between element activation method and moving
grid method for various «. Cluster setting are shown in Appendix II.

curacy of the moving grid method is evaluated by computing the relative error of the peak
temperature value between these two methods when the process is finished. From the results
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Figure 3-21: Calculated temperature difference between element activation method and moving
grid element method. The temperature difference is calculated by subtract the peak temperature
for moving grid method from the peak temperature value of element activation method in the
last layer of the simulation process.

-2%

shown in Fig. 3-21, this level of error can be regarded as accurate enough when doing a fast
estimation for the SLM process.

Moreover, by comparing with the results from other scientists who set up an experiment
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framework, it is found that the average temperature values predicted by moving grid model
are higher than experiment values and the nodal temperature in practice should be almost
back to room temperature [36]. That is because in our model, it is assumed the heat load to
be applied on a whole layer simultaneously, but in realistic manufacturing, the laser will move
like as a point. As a consequence, For a single material point, it will only under heating at
the moment the laser source just passes above it and after the laser source moves away, the
material at that point cools down and re-solidified. Therefore, our assumption leads to more
heat energy absorption into the work piece during the simulation and for a single material
point, it endures much longer heating time than it should be.

Although with this defect, by referring the data from the moving grid model, the overall
trend for temperature evolution can be reflected and the influence for various parameters are
clearly displayed in our model.

3-6 Conclusions

In this chapter, a novel moving grid method is proposed based on a part-scale model to solve
the thermal field in the SLM process. Simulations are carried out with a different set of
process conditions and parameters and the corresponding results are shown and analyzed.

In Section 3-1, the idea of the moving grid is introduced with a 1D sample and then expand
to a 2D domain. Governing equation based on the 2D domain is given and heat boundary
conditions are defined over boundaries and interface and subsequently these equations are
transferred into dimensionless form. Furthermore, the equations are discretized by an ex-
plicit finite difference scheme based on a square mesh. The allowable size of time step and
spatial interval are also derived from the stability requirements. Besides, the idea of element
activation method is briefly mentioned.

In Section 3-2, dimension parameters are determined and different part geometry in the
simulation are represented by work piece inclination. In Section 3-3 three new dimensionless
parameters are defined to integrate material properties and process conditions, which are
dimensionless growth rate, Biot number and heating/cooling duration ratio.

In Section 3-5, simulations are carried out with a different set of dimensionless parame-
ters and conclusions can be drawn from these simulation results. Work piece with positive
inclination tends to result in higher average temperature while average temperature level is
lower in those with negative inclination. The dimensionless growth rate has an impact on
both heating-cooling cycle duration and the average temperature. A higher dimensionless
growth rate will result in shorter heating-cooling cycle duration as well as smaller temper-
ature fluctuation in one heating-cooling cycle. Increasing Biot number can help to reduce
the average temperature in work piece but this effect is almost negligible. Smaller heating/-
cooling time ratio indicates a longer duration of cooling, which will also lower the average
temperature level in work piece. Eventually, the comparison between moving grid method
and element activation method represents a remarkable improvement in computational cost
and the accuracy is still maintained within an acceptable level.
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Chapter 4

Thermal-mechanical coupling

In Chapter 3, a novel moving grid method is proposed to predict for temperature evolution
during the SLM process. The simulations performed showed that an nonuniform temperature
distribution is obtained in the work piece. Consequently, thermal expansion and contractions
and the mechanical constraints such as the bonding between the base plate and work piece
lead to the generation of part distortions and residual stresses. It is well-known that the
root cause of residual stresses in the work piece is the existence of temperature gradients. To
calculate the stress distribution, the temperature field data serve as the input for mechanical
analysis and a finite element method is implemented. This thermal-mechanical analysis can
be conducted considering either a strong-coupling or a weak coupling. With strong coupling,
the temperature distribution will have an effect on the stress field and in turn, the distortions
caused by thermal stress will also change the temperature field, which requires the thermal
and mechanical analysis to be performed concurrently in each time step. The weak-coupling,
or one-way coupling on the other hand, assumes thermal strains and stresses to be calculated
on the basis of the temperature field. Therefore, thermal and mechanical analysis can be
performed successively. For the sake of saving computational cost and given the fact that
the effect of the stress and strains on the temperature field in this problem is negligible, the
one-way coupling way is preferred in our simulation.

Also, according to the conclusion in Section 3-5, the work piece temperature in practice
should be close to room temperature in the cooling stage. The temperature profile fed into
thermal-mechanical coupling is thus modified as: temperature evolution during the heating
stage is preserved as in Chapter 3, but the cooling stage is simplified by decreasing the
temperature to room temperature in the entire domain. This modification also slightly reduces
the computational time as now the cooling stage can be simulated in a single time step.

Furthermore, while predicting the residual stress, temperature dependent elastoplastic ma-
terial behavior should be accounted for. However, here a temperature sensitive elastic material
model is employed for simplicity to estimate thermal residual stresses [37].

Based on these assumptions, simulations are carried out with the moving grid method
concerning work piece with different inclinations, readers can know from the results where
the extreme stress and part distortions might occur. Besides, the simulations results for
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element activation method under the same conditions are recorded as a reference. We will
compare the computational efficiency between these two methods and the accuracy of the
moving grid method are presented by computing the relative error.

4-1 Governing equations for thermal stress

The governing equation of stress analysis is defined on the same domain 2 as used in
thermal analysis. With the elastic material model in place, the governing equation for this
domain {2 can be expressed as:

V.o =0, (4-1)

where o is the second order stress tensor.
o = Ce®, (4-2)

The constitutive equation defines the stress-strain relation with a stiffness matrix C, and &°
is the second order elastic strain tensor. The total strain and thermal strain are prescribed
as,

e=¢e°+¢'l, (4-3)

et = aATI, (4-4)

where total strain e contains elastic strain €® and thermal strain e'®. I is the identical

tensor. «, AT denote thermal expansion coefficient and temperature difference respectively.
Furthermore, considering the size of work piece we defined in Chapter 3: the work piece
depth is dyg = 0.1 m while the work piece thickness is only lj = 0.01 m at the beginning of
the simulation, the depth is much larger than the thickness. The plane strain assumption is
thus applied when calculating the stress and the expression of stress components in a single
element written in Voigt notation as:

1 = 0
n E(1-v) , 1 1l EaAT
022 | = 1+v)(1—2v) o | . 02 €22 | — 1- 92, (4-5)
012 0 0 30 12 0

4-2 Mechanical boundary conditions

The boundary conditions we will use in mechanical analysis is depicted in Fig. 4-1 below.

From which it can be seen all the boundaries are free to deform except the bottom surface
of the base plate, which is rigidly constrained. The corresponding mechanical boundary
conditions can be written as:

u=0, on MNt, (4-6a)
t = 0, on 8Qt0p U 8Qlat U aQint; (4—6b)

where u indicates displacement and t is surface traction.
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Figure 4-1: Work piece with positive inclination and negative inclination, both of the work pieces
are constrained from the bottom side.

4-3 Temperature dependent material properties

During the SLM process, the temperature inside the build chamber varies between the
room temperature and the metal point of the metal, which drastically influences the material
properties. In particular, thermal expansion coefficient «, Young’s modulus E and Poisson’s
ratio v are the three key factors which may change the resulting stress prediction. Therefore,
these three material properties will be accurately defined based on the local instantaneous
temperature value. It need to notified that the material properties here are representative of
Inconel 718 (bulk metal properties used).

The empirical formula to describe temperature dependent Young’s modulus in the temper-
ature range 200K < T' < 1366K is :

E = 2216171 x 10" +1.071145 x T® +118609.27% — 77.87834T%, (E in Pa, T in K) [38]. (4-7)
and the curve is plotted in Fig. 4-2.
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Figure 4-2: The temperature dependent Young's modulus value of Inconel 718.

For thermal expansion coefficient, the empirical model in temperature range
33k < T < 1144K is :

a = 8.492399 x 1076 + 1.858772 x 10787 — 2.145462 x 10~ "'7T2 + 7.596296 x 10~ 1573

4 2.254909 x 107187 (o in 1/K, T in K) [38].
(4-8)

with the curve plotted in Fig. 4-3. Temperature dependent Poisson’s ratio is a piecewise
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Figure 4-3: The temperature dependent thermal expansion coefficient value of Inconel 718.

function that in the temperature range of 200K < T" < 800K with the expression:
v = 0.3046558 — 9.703382 x 107°T + 7.919159 x 10~°T?, (v is dimensionless and T in k) [38].
(4-9)
and for temperature range in 800k < T' < 1366K the formula is:
v = —0.3168756 4 0.001877752T — 2.021026 x 107572 4 7.534566 x 1071973 [38].  (4-10)

The piecewise function is plotted in Fig. 4-4. It is worth noting that the upper bound of the
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Figure 4-4: The temperature dependent Poisson’s ratio value of Inconel 718.

empirical formula may not reach the metal melting temperature. The solution is to introduce
the concept of ’cut-off temperature’ [36]. The value of ’cut-off temperature’ is defined as the
upper limit in the empirical model and when node temperature goes above the cut off value,
the material properties remain unchanged as the value used at cut off temperature.

4-4 Finite element analysis

It is known that in thermal analysis part a mesh with 625 square elements was used. Here
in thermal mechanical analysis, each square element is further divided into 2 constant strain
triangular elements for computational simplicity. Moreover, only one gauss point is defined
within each triangular element so that the reduced integration scheme can be used. Each
node in the triangular element has 2 DOFs.
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The thermal mechanical analysis requires temperature field data as input and it is admitted
from our assumption that the cooling stage is further simplified by resetting all nodal temper-
ature to room temperature. The parameters used in the thermal analysis are dimensionless
grow rate H = 0.001, Bi = 1.850 x 10~% and inclination ~ see Table 3-2.

During the simulation, the thermal heating/cooling cycle is followed by a mechanical anal-
ysis to calculate the stress field. The stress calculation only captures the moment after the
nodal temperature back to room temperature. The temperature difference is thus defined
between the nodal temperature in the last time step of the previous heating stage and the
room temperature. In the next heating stage, the work piece temperature field rise again after
cooling down to room temperature . However, the stress analysis here is considered to be
independent, which indicates the stress field obtained in the current layer will not rely on the
stress history in previous layers. Besides, based on our assumption for the simplified model,
it can be expected that the high stress value will occur in the work piece. It is assumed that
all the calculations are confined in the elastic domain and the stress level will not exceed the
yield strength.

4-5 Results and discussions

In this section, a stress simulation with a rectangular shape work piece is implemented
first and the thermal stress mechanism is explained with the results. Simulations for different
inclinations ranging from v = —75° to v = 90° are also conducted to show the possible
influence of part geometry on stress distribution. The comparison results between the moving
grid method and element activation method in computational efficiency and accuracy are
shown at the end of the section. The computational efficiency is evaluated by CPU time. As
for accuracy, since at the end of the simulation the stress data of the moving grid method and
the element activation method are based on different mesh (the node number are different
in the build direction), the data of moving grid method will be interpolated on the same
mesh as used by element activation method. Then a root mean square error calculation is
implemented to compare the accuracy. All the simulation results will be shown in x — ¥y space.

Following the definition for stress calculation described in Section 4-4, the stress field oy,
and o, for different layers can be computed and the results are plotted in Fig. 4-5 and Fig. 4-6
respectively.
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Figure 4-5
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Figure 4-5: o, for rectangular work piece in different layers
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Figure 4-6: 0,, for rectangular work piece in different layers

From the Fig. 4-5, it can be discovered that tensile stresses always appear at the top part
of the work piece while the lower part is dominated by compressive stresses. Also, As the
work piece grows in time, the tensile stresses on the top are gradually decreasing. The results
in Fig. 4-6 represent that compressive stresses are noticed at central part in work piece and
large tensile stresses occurs near the lateral boundary.

The causes for such kind of o, distribution in work piece can be traced back to heating-
cooling cycles in the SLM process. During the heating stage, several layers on the top will be
heated and thus these layers are at a temperature far above the temperature of underlying
layers. At this moment, the top most layers at elevated temperatures have the tendency to
expand but this expansion is restricted by the underlying part whose temperature is much
lower. Consequently, this expansion will lead to a contraction in the top part and tension in
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the bottom part. After the heat source is temporarily removed, the temperature of the top
layer will rapidly drop down because of the stark temperature contrast between the top most
layer and the surrounding protective gas, during which the top part is under contraction.
Because the temperature gradient exists, this contraction is not consistent: the layers on the
top tend to contract more while the underlying layers contract less. Hence contraction in the
top part will be constrained by lower part resulting in tensile stresses in the recently build
layers and compressive stresses in the underlying layers. It can be concluded that the final
stress state mainly develops from the thermal contraction in the cooling stage and the same
type of stress distribution will show up time after time whenever a new layer is deposited.

The stress decreasing at topmost layers can be explained by the conclusion in Section 3-6:
it becomes harder to heat up the whole work piece because work piece thickness is grow-
ing during the simulation and the corresponding average temperature level is thus reducing
with time. When calculating the thermal stress, temperature difference is a dominant factor
and it is computed as the subtraction between the room temperature and the instantaneous
nodal temperature. The decrease in work piece average temperature level cuts down this
temperature difference, which causes lower stress value on the top part.

The compressive stresses in oy, are caused by the contraction happens in the work piece
during the cooling stage. Due to the temperature gradient in the work piece, the layers on the
top tend to contract more than underlying layers, which results in lower layers are pressed by
the top layers. The compressive stresses are hence induced in the central part. However, the
contraction in the middle of the work piece also forces the material near the lateral boundary
to stretch and this stretch is restricted by bottom constraint, generating the tensile stresses
near lateral boundaries.

To summarize briefly, the stress state in work piece mainly caused by a sharp temperature
gradient on the top part during the cooling stage as well as the bottom mechanical constraint.
After knowing the mechanism of how thermal stresses are induced, a set of simulations are
carried out on work piece with different inclinations. The stress field and distortion prediction
after the part geometry is completely built are shown in Fig. 4-7 and Fig. 4-8.
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Figure 4-7: 0., and o, for different inclinations after part geometry is completely built. z, y
dimensions are scaled by meter.

Although in different inclinations, it can be seen from Fig. 4-7 that for o,,, tensile stresses
always appear on top layers while compressive stresses dominate the lower layers. The reason
for such distribution has been explained for rectangular case, due to the inconsistent thermal
contraction in the cooling stage. For o,,, compressive stresses show up in the center of the
work pieces because the top layers tend to shrink more than the underlying layers and hence
press on these lower layers. Furthermore, the contraction in the central part also forces
material near the lateral boundaries to expand. However, since the bottom base plate is
clamped, tensile stresses are observed near the lateral boundaries and the bottom corner. An
obvious stress concentration is seen on the interface between the base plate and the work
piece in part geometry with positive inclination, which is caused by the sudden change in
cross sectional area. There are also some local stress concentrations on lateral boundaries,
but these concentrations are artificial and result from finite resolution of the structured grid.

The final distortions can be predicted base on stress distribution shown in Fig. 4-8.
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Figure 4-8: Comparison between part distortion and their original shape in trapezoid work piece
with different inclinations. Part surrounded by blue rectangle is the base plate. x, y dimensions
are scaled by meter

The distortions in part geometry are thermal shrinkage caused by the sudden temperature
drop in the cooling stage. If the constraint is removed, the part geometry is expected to tilt
up according to the internal residual stress distribution.

It is acknowledged that the thermal stress is influenced by both the temperature gradient
in work piece and the constraints. In order to reduce the stress level, based on the conclusions
in Section 3-6, a negative work piece inclination is recommended, which can be proved by
results in Fig. 4-7 (d) and Fig. 4-7 (j). However, the o,, distribution in Fig. 4-7 (a) and
Fig. 4-7 (b) display an opposite trend as we predicted. This is because the part geometry
with positive inclination is much easier to deform under stress, which can be demonstrated by
checking the distortion plots in Fig. 4-8 (b) and Fig. 4-8 (d). The residual stresses stored in
the work piece are partly released by these distortions. Therefore, it is recommended to build
the part geometry with negative inclinations during SLM process and try to avoid positive
inclinations as a part geometry with an inclination is easy to deform under stress and may
induce stress concentration.

Besides, according to Section 3-6, more measures can be proposed to reduce the stress
level in work piece. For example, choosing a material with larger dimensionless growth rate
H, which would likely to give a lower average temperature. Another useful technique that
already widely used in industry is to preheat the build chamber to a higher temperature before
manufacturing so that the temperature gap during the cooling stage is smaller [37, 39, 40].

4-6 Computational cost and accuracy

It is expected that the moving grid scheme will improve the computational efficiency. There-
fore, a set of simulations are run for both element activation method and moving grid method,
during which all the process conditions and parameters are kept the same. Simplifications
made in moving grid method are also held for the element activation method. The comparison
results for time cost are plotted in Fig. 4-9.

From Fig. 4-9, it is quite obvious to notice that time consumption in the simulation is greatly
reduced by using the moving grid approach as the increasing DOFs in element activation
method will slow down the simulation. This improvement is more pronounced when building
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Figure 4-9: Time comparison for thermal-mechanical modelling between moving grid method
and element activation method. Cluster settings are shown in Appendix Il.

a part geometry with an inclination since more time is needed to monitor the nodal property
in each time step.

The accuracy of the simulation results obtained by the moving grid method is evaluated by
calculating the root mean square deviation for nodal stress quantities after the part geometry
is completely built. Since the total node numbers are different for each of the methods at the
end of the simulation, the stress field data of moving grid method are first interpolated on
a grid that is identical to the grid used in element activation method and subsequently the
root mean square deviation is calculated. The results are depicted in Fig. 4-10.

Fig. 4-10 suggests the root mean square deviation for 0., and oy, as a function of the
inclination . An abnormal data point occurs when v = 75°, the deviation suddenly increases
at this point. In order to find the cause for this deviation, the o, distributions at this point
are plotted in Fig. 4-11.

By checking the o, distribution from both the element activation method and moving grid
method after the linear interpolation, it is found that a stress concentration occurs around the
corner marked by the red circle in Fig. 4-11 and the predicted stress values are also divergent
there. This stress concentration is artificial and induced by finite mesh resolution because
a few nodes in the vicinity are judged as powder, which looks like a crack in Fig. 4-11 (a)
and Fig. 4-11 (b). Besides, the linear interpolation itself can also bring uncertainties into the
result. Despite the discrepancy in predicted stress value when v = 75°, the overall trend for
stress distribution is clearly reflected, and for the rest of the data points the deviations are
acceptable.
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Figure 4-10: Root mean square deviation as a function of v between the moving grid method
after linear interpolation and the element activation method.
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Figure 4-11: o, distribution data from both element activation method and interpolated
moving grid method when v = 75°.

4-7 Conclusions

In this chapter a thermal-mechanical model is defined with the following assumptions: (i)
The work piece is purely elastic and it is assumed that the maximum stress will not exceed
the yield strength; (ii) The cooling stage is simplified by resetting all the nodal temperature
back to the room temperature, the heating stage is preserved as we did in thermal analysis
and (iii) The stress field is calculated under plane strain assumption.

In Section 4-2, mechanical boundary conditions are applied on all the surfaces. The base
plate bottom surface is clamped and the rest of the boundary conditions are traction free
conditions. Temperature dependent material properties are introduced in Section 4-3, includ-
ing Young’s modulus, Poisson’s ratio and thermal expansion coefficient. In Section 4-4, it is
explained that the stress field is calculated only once for each layer after the cooling stage is
finished and it is assumed the stress fields are time independent. The simulations are carried
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out with different work piece geometry.

The simulation results are displayed in Section 4-5. From the results, it can be discovered
that high residual stress is induced by either sharp temperature gradient on the top layers
or the bottom boundary constraint. Besides, an obvious stress concentration occurs at the
interface between the base plate and the work piece due to the sudden cross sectional area
change in that region. Accordingly, it is suggested to reduce the residual stress by narrowing
down the temperature gap between the top layers and protective gas in the cooling stage or
avoiding positive inclination in work piece.

In Section 4-6, the comparison between the moving grid method and the element activa-
tion method shows that the moving grid method has a better performance in computational
efficiency and also gives an accurate stress prediction.
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Chapter 5

Conclusions and recommendations

In the previous chapters a novel moving grid method is introduced to solve the temperature
field and stress field in the SLM process. The simulations are carried out under different
process conditions defined by dimensionless parameters. The predictions of the moving grid
simulations are compared with the results obtained by another popular SLM process modelling
approach, which is the element activation method. In this chapter, several conclusions can be
drawn with regard to the simulation results and some outlooks can be given for future work.

5-1 Conclusions

The purpose of our research is to develop a computationally efficient thermal-mechanical
modelling approach that can shed light on what effects the process parameters will have on
the temperature distribution and the stress field in the work piece.

A moving grid method is hence proposed, in which the growing domain of the SLM process
is defined and described by the convective term in the governing equation. Both the heating
stage and the cooling stage are taken into account in the model together with the correspond-
ing thermal boundary conditions. Furthermore, the moving grid method is implemented by
an explicit finite difference scheme based on a square mesh and subsequently the stability
requirements are prescribed to calculate the allowable time step and spatial interval.

The process conditions and parameters are represented by 4 dimensionless parameters and
these parameters are, dimensionless growth rate H, Biot number B, heating/cooling ratio A
and work piece inclination v. Thermal simulations are carried out with different combinations
of these dimensionless parameters and several conclusions can be drawn from the simulation
results.

Work piece with positive inclination tends to result in high average temperature while the
average temperature level is low in those with negative inclination. The dimensionless growth
rate has an impact on both the heating-cooling cycle duration and the average temperature.
A higher dimensionless growth rate leads to shorter heating-cooling cycle duration as well as
smaller temperature difference in a heating-cooling cycle. Increasing Biot number is capable
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of reducing the average temperature in work piece but this effect is negligible. Smaller heat-
ing/cooling time ratio indicates a longer duration of cooling, which also lowers the average
temperature level in the work piece.

Besides, the moving grid method shows a remarkable improvement in computational effi-
ciency by comparing with the time cost of element activation method. The relative error of
temperature predictions are within the acceptable range.

The thermal-mechanical coupling model is defined on the same domain as in thermal model
with mechanical boundary conditions applied. Three assumptions are made in the stress
analysis part:

e The work piece is purely elastic and it is assumed that the maximum stress will not
exceed the yield strength.

e The cooling stage is simplified by resetting all the nodal temperature back to the room
temperature in one time step and the heating stage is preserved as we did in thermal
analysis.

e The stress field is calculated under the plane strain assumption.

Moreover, the temperature-dependent material properties are introduced to the model. The
thermal-mechanical analysis is implemented on work piece with different inclinations. The
simulation results prove that the sharp thermal gradient in top layers and the boundary
constraint at the bottom will lead to a high level of stress. Additionally, in work piece with a
positive inclination, a stress concentration can be observed at the interface of the work piece
and the base plate due to the sudden change of cross sectional area. Therefore, measures can
be taken to reduce the stress level from the aspects mentioned above. For example, try to
decrease the temperature gap at the top surface or avoid building the part geometry with
a positive inclination. The comparison between the moving grid method and the element
activation method in the end not only shows the superiority of the moving grid method in
computational efficiency, but also verifies the accuracy of moving grid method is sufficient.

As the final conclusion, the moving grid method introduced in this thesis greatly improves
the computational efficiency in SLM process modelling and also provides credible predictions
on the temperature field and the stress field. The relation between various process parameters
and final part quality can be thus revealed by implementing this method.

5-2 Recommendations
For the outlook of future work, some recommendations can be given in the following aspects:

e The influence of dimensionless growth rate, heating/cooling time ratio and Biot number
on stress field deserve further research as they are not mentioned in this thesis.

e [t is possible to apply a nonlinear growth rate in thermal modelling rather than a linear
one. By applying the nonlinear relation, the total number of elements in the moving
grid is still identical in each time step but the height of the element is unevenly divided.
For example, if 0y/0t is defined as [\/C rather than [, then the grid on the top part of
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the work piece is finer but grid at the bottom is coarser. Given that during the SLM
process most of the physical changes happen on the top layers, the simulation accuracy
for the top part can be further improved.

e Due to the finite resolution of the mesh elements, some numerical error may occur near
the lateral boundaries during simulations. For instance, some artificial stress concentra-
tions can be observed in part geometry with inclination. Thus it is advisable to consider
an unstructured grid in the analysis.

e The explicit finite difference scheme may become a bottleneck for moving grid method
because of the strict stability condition. Other options like implicit finite difference
method or FEM can be taken into account to solve the thermal field.

e It is suggested to build the thermal-mechanical model by elastoplastic constitutive law
for better prediction of stress results because the extreme residual stresses are very likely
to exceed the material yield strength during the simulation process.

All in all, this novel moving grid method shows promising potential in computationally effi-

cient thermal mechanical modelling. But there are still challenges and limitations within this
method. It is expected that this thesis can provide some guidance for future research.
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The idea of Von Neumann stability analysis

Assume we are concerned with the stability of a linear two time-level difference equation
in u(x,t) in the time interval 0 < ¢t < T = Jk, T finite, as éx = h — 0 and 6t = k — 0,
i.e. as J — oo. The Fourier series or von Neumann method expresses the initial values at
the mesh points along ¢t = 0 in terms of a finite Fourier series, then considers the growth of
a function that reduces to this series for ¢ = 0 by a ’variables separable’ method identical to
that commonly used for solving partial differential equations.

The Fourier series can be formulated in terms of sines and cosines but the algebra is easier if
the complex exponential form is used, i.e. with " a,, cos (nwz/l) or Y by, sin (nmz /1) replaced
by the equivalent Ane™™/l where i = v/—1 and [ is the x-interval throughout which the
function is defined. Clearly we need to change our usual notation u; ; to u (ph, gk) = up 4. In
terms of this notation,

Aneinﬂx/l — Aneinfrph/Nh — Anei,@nph
where 8, = nw/Nh and Nh = [.

Denote the initial values at the pivotal points along t = 0 by u(ph,0) = wup, p = 0(1)N.
Then the N+1 equations

N
Upo = Z ApenPh p—0,1,... N
n=0
are sufficient to determine the (N + 1) unknowns Agp,A1,...,Ay uniquely, showing that the
initial mesh values can be expressed in this complex exponential form. As we are considering
only linear-difference equations we need investigate the propagation of only one initial value,
such as ePP"_ because separate solutions are additive, The coefficient A,, is a constant and
can be neglected.

To investigate the propagation of this term as ¢ increases, put
Upg = 6iﬂzeat — eiﬂpheaqk: — eiﬁphé-q

where ¢ = e®* and «, in general, is a complex constant. ¢ is often called the amplification
factor.
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In most cases, the amplification factor needs to be satisfy the condition that |{] < 1 [29].

Calculation of stability

The governing equation of the one dimensional problem is

90 9% 1  000H ¢

= 2 1
or 0CHZ "o or H )
then the finite difference computational scheme is
Up g+1 — Up, C o Upylg — Up—1, 1 upy1,q —2up g + up—1,
P.q pa _ S prlptla — Up q_i_jp q p2q p—14q (2)
AT H 2A( H Al
further simplification can be made in the equation above,
ph - AT 1 Ar
Up,g+1 — Up,g = ﬁH% (Upt1,g — Up—1,4) + FEel (Upt1,g — 2Upg + Up—1,4) (3)
ph?H r

Y (Upt1,g = Up—1,) + 2 (Up+1,g = 2Upg + Up—1,) (4)

in which r = AA—CTZ and h = AX or AC.

Substitution of u, , = ePPhed into the difference equation shows that

9y
¢iPPhgat1 _ gifphea PhH (em(pﬂ)hgq _ eiﬁ(p—l)hgq) +L2 (ew(w)hgq _ 9¢ifPhea | ew(p—l)hgq)
2H H
, (5)
Division by ¢”#P"¢? leads to
thH ; . r . i
6—1:7’72H <€z’8h—6 Zﬁh)+m<€zﬁh—2+6 7'ﬁh) (6)
h2H
= rsz 2isina — %4 sin? % (7)
thus )
h*H
§:1—4ésin2%+rp isin o (8)
In order to check the stability condition,
2 214 [r2
2:1+16T—sin4g—8Lsian+T2p sin? o 9
H* 2 H? 2 H?
2 9 27,4 [12
=1+ 16% sin’ % — 47 sin? % (HQ — 2 7E cos? % (10)
the stability condition indicates
2 9 27,4 [12
K2 =1+ 16% sin % — 47 sin? % <H2 — P e COSQ% <1 (11)
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which means

r2 9 27,4 f12
16@ sin’ % — drsin?S <H2 d e cos? % <0 (12)
then
9 27,4 [12 2 9 27,4 [12
4r sinzg <H2 — L 7E cos? Z) > 1()’@ sin? %ﬁ — L 7z cos % (13)
72 9 QO
> IGﬁ sin’ 52 — rp*h H? cos? 5 (14)
4
> H—g sin? % (15)
Therefore,
AT < 2 - 2 (16)
r=— -
h? = sin? g & 4 p2htH2 cos? & o7 + p?hH?
so we have A 5
-
= 17
h2 % —1—p2h4H2 ( )
what’s more, p?h Cp < 1, therefore,
2h?
AT < ——— (18)
s+ (nd1)
the range of H is between 1 and 4, the larger H is, the larger RHS is, then
2h?
4+ (ni)
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Cluster settings
The PME cluster consists of

e 10 nodes equipped with 48 AMD Opteron CPUs (6344, 2.6 GHz, 4 x 12 cores) and 192
GB RAM each. (Nodes 95-98, 143-148)

e 1 node equipped with a 10-core Intel Xeon CPU (E5-2680v2, 2.8 GHz), 128 GB RAM
and 2 nVidia Tesla X20 GPU cards (Node 149)

e 4 nodes equipped with 6-core Intel Xeon CPUs (E5-2643v3, 3.4 GHz) and 128 GB RAM
each (Nodes 01 — 16)

e 12 nodes equipped with 8-core Intel Xeon CPUs (E5-2630v3, 2.4 GHz) and 128 GB
RAM each (Nodes 01 — 16)

Node 149 only uses for large-scale parallel computing which is not accessible with my au-
thority. The other nodes are the tools for running my simulation, when a job is submitted,
the terminal will assign a vacant node randomly to run your simulation. Although there is
slight variation with their computational ability, that will not make a remarkable difference
in computational time.
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