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Abstract

This thesis discusses a model for simulation of the Powder Bed Fusion (PBF) process
of metallic powder with the capability to become amorphous. The temperature field
in the PBF process is predicted by a three-dimensional thermal finite element model
using a layer-by-layer approach, meaning that the scanning strategy of the moving laser
spot is consolidated into a single heat source acting on the entire layer momentarily. This
temporal reduction enables simulations of large domains and many layers while it becomes
less computational demanding compared to a detailed transient model that incorporates
a scanning sequence. Predictions of the amorphous and crystalline phase fractions are
performed with a phase model coupled to the temperature field simulation. The phase
model is based on differential scanning calorimetry measurements and optimized to fit
continuous heating transformation into a crystalline state of an amorphous sample. The
simulations are performed on the commercial available glass forming alloy AMZ4.

Bulk Metallic Glasses (BMG) have an amorphous structure and possesses desirable
mechanical, magnetic and corrosion properties such as high yield stress, low magnetic
losses and high corrosion resistance. Glass forming alloy has the potential to become
amorphous provided that the solidification rate is rapid enough to avoid crystallization.
However, traditional manufacturing techniques, such as casting, limits the cooling rates
and size of components due to limited heat conduction in the bulk. With Additive
Manufacturing (AM) on the other hand, it is possible to produce BMG’s as the melt pool
is very small and solidification can be achieved very rapid to bypass crystallization. Yet,
crystals may form by devitrification (crystal formation upon heating of the amorphous
phase) because of thermal cycling in previous layers. Simulation of the process will aid the
understanding of glass formation during AM and the development of process parameters
to control the level of devitrification.
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Chapter 1

Introduction

This chapter aims to introduce metallic glass and additive manufacturing (AM), by
which metallic glasses can be produced. Metallic glasses possesses many desirable prop-
erties compared to their crystalline counterpart, such as very high yield stress, excellent
corrosion resistances and low magnetic losses, explored by Suryanarayana and Inoue [1].
The focus of this thesis however, is on simulation of the manufacturing process and
prediction of the amorphous and crystalline phase. Thus, thermal properties required
for accurate simulations of the material will be discussed in Chapter 2. The AM pro-
cess will be discussed in this introduction and a thermal Finite Element (FE) modelling
approach for the Powder Bed Fusion process (PBF) will be introduced in detail in Chap-
ter 3. A model for prediction of crystalline phase formation of the glass forming alloy
AMZ4 (Zr59.3Cu28.8Al10.4Nb6.5 at%) is presented in Chapter 4. Chapter 5 presents the
thermal properties of AMZ4 used for thermal FE simulations. Simulation results of the
temperature field and the evolution of crystalline phase is presented in Chapter 6.

1.1 Background

This work is part of a project that focus on designing of alloying systems and manu-
facturing of complex materials, such as metallic glasses, using additive manufacturing.
Stronger and tougher materials may meet a loading requirement with use of less mate-
rial and thus, reduce the weight of a component. Other properties like corrosion and
wear resistance can significantly increase the life time of a component. Magnetic prop-
erties of Fe-based metallic glass is close to ideal and can provide very efficient electrical
equipments with low resistance. Thus, innovative materials like metallic glasses have the
possibility to increase the performance and life time of components in many applications,
if they can be manufactured with limited defects.
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1.2 Metallic glass

Metallic glasses are non-crystalline solid materials with an amorphous structure that
differs from traditional crystalline solids. The atoms are not ordered in periodic lattice
structures and appears to be randomly distributed, as illustrated in Figure 1.1. Because
of the lack of orientation, metallic glasses have no grains nor grain boundaries. Grain
boundaries are otherwise a weak spot for, e.g., corrosion and wear in crystalline solids.
Thus, metallic glasses possesses significant higher yield strength, better corrosion and
wear propertied compared to their crystalline countarpart [2]. The areas of applications
are many and medical equipment and implants are two important areas. For example,
a surgical blade made of metallic glass can be extremely sharp and long lasting. Micro
geared engines for advanced medical equipment and micro-industries can also be made
very small and incredible wear resistant.

(a) Amorphous

HHY Grain-
boundary

(b) Crystalline

Figure 1.1: Illustration of the atomic structure of a binary alloy in the crystalline and
amorphous state.

The first amorphous metal was synthesized back in 1960 by Duwes et al. [3] by rapidly
solidifying an Au-Si alloy by shooting small droplets of molten metal on a cold copper
plate, using the gun technique [1]. The cooling rate was estimated to ∼106 K/s and the
thickness of the splatter was only around 50 µm. The first Fe-based metallic glass of
Fe80B20 was synthesized in thin ribbons in 1976 by Davis [4]. During the early time of
amorphous metals, at least one dimension of a sample was limited to very small sizes due
to the extreme cooling rate required to avoid crystallization. The extraction of heat in
the melt is limited by conduction within the material and large components would suffer
from insufficient cooling rate in the bulk. The driving force to synthesize thicker samples
led to the formation of Bulk Metallic Glasses (BMG). Inoue presented the first Fe-based
BMG by copper mould casting of ∅1.0 mm rods in year 1995 [5].

Laser processing and laser PBF have been shown to be promising techniques for pro-
duction of BMGs [6–12]. Pauly et al. [7] published a paper in 2013 where the first Fe-based
BMG was produced using PBF. However, these amorphous samples where contaminated
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by some nuclei which were also found in the powder. Yang et al. [13] concluded by simu-
lation and experiment that reheating without melting resulted in crystal formation when
melting up to seven layers of deposited powder.

An undercooled liquid transforms to a metallic glass when the atoms no longer can
rearrange to the equilibrium state. The transformation takes place at the glass transfor-
mation temperature region, Tg, generally close to two third of the melting temperature.
The heat capacity and other thermal properties in the undercooled liquid region are com-
parable to the liquid state. At temperatures close to Tg, the viscosity rapidly increases;
hence, the relaxation time becomes longer. During the glass transformation, if the tem-
perature is decreased even further, the viscosity continuous to increase and the atoms
can no longer rearrange to the equilibrium state in time scales practical for experimental
observation. Thus, the structure becomes frozen and consequently, transformed into a
solid glass. For lower temperatures, well below the glass transformation temperature, re-
laxation takes significant amount of time, long enough for the structure to be considered
mechanically stable.

Unfortunately, metallic glass is difficult to manufacture in bulk due to their meta-
stable condition and the driving force for crystallization. Rapid solidification is one
necessity for glass formation which becomes limited by heat conduction in the bulk.
Some amorphous systems form glass easier than others and is well investigated in a large
number of studies [1, 14, 15]. How well a system can form a glassy structure can be
described by the glass forming ability (GFA). Inoue stated three criteria for an alloy to
form a BMG [1], that is:

1. There must be at least three alloying components. Glass formation becomes easier
with more components as they hinder each other to rearrange and form crystalline
structures.

2. The size difference between the smallest and largest atoms should be at least 12%.

3. There should be negative heat of mixing between the alloying elements. They
should mix well and not form segregations with low GFA.

1.3 Additive manufacturing

Additive manufacturing is a technique where complex structures and materials can be
manufactured from a stock of build material. In contrast to traditional manufacturing,
where material is removed by machining, material is instead added where needed. In
that sense, the amount of scrap material can be heavily reduced. There exists a variety
of AM techniques where the build material is made by either wire or powder [16–18]. In
the family of powder based AM, there are two techniques of how the powder is added
to the component. First out is Powder Deposition (PD), also known as Directed Energy
Deposition (DED), Laser Engineered Net Shaping (LENS), Directed Metal Deposition
(DMD) and others [16]. By this technique metal powder is being melted while deposited.
The metallic powder is continuously fed to the fusion zone using a nozzle and is then
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melted by the heat source (arc or laser). The nozzle and heat source is then moved in a
predefined scanning strategy. The other technique is Powder Bed Fusion. With this tech-
nique, thin layers of powder are spread in a building chamber in sequence with selective
melting and fusion by a directed energy source according to the scanning strategy. Thus,
each layer becomes a thin cross section of the finished component. The build chamber is
lowered by the height of one layer before a new layer is prepared. Lose powder that have
not been fused are removed after finishing and can often be reused several times such
that very little material waste is achieved. However, to large and non-spherical particles
(due to loose powder sintering) can reduce the flow and spread ability of the powder bed
and needs to be wasted.

The PBF-process can be used with different energy sources that leads to different
qualities of the manufactured component. Commonly used energy sources are laser and
electron beam [19]. Even though they both are high energetic, large differences exists
between the two techniques. The laser based PBF was the first technique to be developed
and is the most common for industrial applications [16]. With the use of laser powder bed
fusion (LPBF) also named selective laser meting (SLM) or selective laser sintering (SLS),
a focused laser beam melts the powder in a protective environment to avoid oxidation of
reactive materials. The building chamber reaches temperatures of about 90oC. A very
fine powder can be used (10-60 µm) and a single layer thickness is typically 20-100 µm [18,
19]. Thus, the very fine powder and thin sections results in a very high surface quality
compared to other AM-techniques.

In contrary to the laser based energy source, Electron Beam Melting (EBM) uses
charged electrons to energize and melt the powder. EBM uses three modes of energy
intensity in sequence in order to enable fusion of one layer. Firstly, a diffuse electron
beam ”lightly” sinter the entire added layer. Sintering of the entire layer is required
to enable the negative charged electrons to be dissipated in the bed. Equally charged
lose powder would otherwise repel each other and could cause a catastrophic kind of
”explosion” that leads to process failure and many hours of machine cleaning. At the
same time, the sintering must be weak enough so that the powder can be separated from
the manufactured part. The risk of charged particles is also the reason why the used
powder is large in comparison to the powder used in LPBF. Secondly, selected areas is
melting with a concentrated beam at very high scanning speed. Thirdly, a reheating
sequence is performed before next layer is prepared. The reheating is intended to reduce
residual stresses and increase the mechanical properties of the component [18]. The
working temperature varies between around 550–700oC. An other major difference with
EBM is that a vacuum is required in the build chamber. Molecules in the atmosphere
would hinder and dissipate the electrons, making it diffuse and less energy intensive. One
important feature to consider with the electron beam is that it can become missaligned
when magnetic building material is used. Therefore, EBM is not suitable for use with
iron or cobalt based alloys.

Common for both techniques (LPBF and EBM) is that a substrate is needed to build
the component on. The substrate has two important objectives: dissipate heat from
the component and fix it in space. Support structure can also be built together with
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the component but is not part of the final structure and has to be removed afterwards.
The support structure, as indicated by the name, gives the component support to reduce
deformations by thermal strains during manufacturing. Other important aspects of the
support structure is to help dissipating the heat and enable new surfaces to be built in
the vertical building direction. New surfaces in the lose powder bed and large overhangs
are not possible to produce.

1.4 Scope of the thesis

The focus of this thesis is on thermal simulation of the LPBF process and phase mod-
elling of a bulk metallic glass. The aim is to develop a generic model for simulation of
the temperature field and phase evolution in the PBF process of metallic powder with
the capability to become amorphous. Thus, the model should be able to predict the
crystalline fraction during the process. The model will be applied to the glass forming
alloy AMZ4 in the study. Two research questions are formulated for this task followed
by a strategy to answer these questions.

RQ1 How can the powder bed fusion process of a glass forming alloy be simulated with
sufficient accuracy for predicting the amount of crystalline fraction?

RQ2 How should a model for computing the amount of crystalline fraction of the material
be formulated?

1.5 Approach

Thermal properties of the metallic glass will be determined from the literature along
with complementary measurements and investigations of correlations to existing data for
the crystalline structure. Data for heat capacity and thermal conductivity are needed
in the simulation for temperatures ranging from liquid to room temperature. Data are
required during both cooling and heating at high cooling/heating rates, both for the
crystalline and amorphous structure for an accurate material model.

Simulation of laser-PBF with FEM will be performed using thermal properties and
material models obtained in the previous task. The work in this task can be divided into
three sub-tasks where the outputs are: (1) a calibrated heat input model, (2) calibrated
boundary conditions for heat losses and (3) accurate predictions of the temperature field
during simulation of the PBF process of a glass forming alloy.

Phase predictions will be preformed based on the temperature field predicted by the
FE-model. A phase model will be calibrated to measurements of the crystal formation of
an amorphous alloy. The phase model will be coupled to the temperature field predicted
by the FE-model.
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Chapter 2

Thermodynamics of metallic glass

This chapter focuses on the thermodynamic behavior and thermal properties of metal-
lic glasses and how they are formed. Metallic glasses lack the crystalline structure and the
well defined crystallographic ordering of atoms. Instead, metallic glasses have the struc-
ture of a liquid with random orientation of atoms and are therefore less dense compared
to the crystalline counterpart [1, 14, 15, 20, 21]. They exist in a meta-stable condition
where the corresponding crystalline structure has the most favourable state of energy.
Thus, there is always a driving force for devitrification, which is the term for crystal
formation from the amorphous state. However, devitrification is driven by diffusion and
as long as the material is held below the alloy specific glass transformation temperature,
Tg (described in Section 2.1), it stays in the meta-stable state.

Gibbs energy (G) is the state of energy for a system at a given temperature. A system
always strives to lower the Gibbs energy and atoms will rearrange to form the most
favourable structure. Thus, the driving force for crystallization is to lower the total
energy of the system. Gibbs energy is given by Equation (2.1) where H is the enthalpy
containing internal energy, T the absolute temperature and S the entropy.

G = H − TS (2.1)

A system favour disorder at higher temperatures as the entropy is multiplied by T .
Even if H increases as well because of the energy supplied to release the atomic bounds,
i.e., latent heat, the term TS dominates. At constant pressure, the enthalpy and entropy
can be described with the specific heat capacity, Cp, as functions of temperature:

H =

∫ T0

T

Cp(T
′)dT ′ (2.2)

S =

∫ T0

T

Cp(T
′)

T ′
dT ′ (2.3)

During cooling from the liquid state, both the enthalpy and entropy decreases with
increasing undercooling. The entropy of the undercooled liquid can however, as stated
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by Kauzmann [22], not decrease below the entropy of the crystal counterpart. This
restriction is known as the Kauzmann paradox. It states that the entropy of a undercooled
liquid can decrease to a level close to the entropy of the crystalline counterpart, but not
below [22–24]. Therefore, the undercooled liquid will undergo a glass transition into an
amorphous state if the temperature is further decreased, so that the internal entropy
never goes below the crystalline counterpart. The temperature where the entropy of the
undercooled liquid equals the entropy of the crystal is the Kauzmann temperature, TK ,
generally said to be the lowest possible temperature for a undercooled liquid. Data for
enthalpy and entropy has been computed from an estimation of specific heat capacity
using Equations (2.2) and (2.3) for the alloy AMZ4 by Heinrich [25].

2.1 Glass transformation

Glass transformation can be thought of as a significant change in thermodynamic relax-
ation time [22, 23, 26]. In the undercooled liquid state, molecular movements are required
for reaching equilibrium, i.e., a crystalline state. These motions can be characterized by
relaxation times. A shorter relaxation time means that the atoms can move quicker to
reach equilibrium positions. However, the time available for this motion depends on the
rate of cooling. Faster cooling prevents this relaxation due to increasing viscosity. Fur-
thermore, the diffusivity decreases with temperature and thus the liquid state will be
frozen and a meta-stable equilibrium is established [23].

The temperature range for the glass transformation region, ∆Tg is a property specific
for a system or alloy composition. It is the temperature range where transformation
from undercooled liquid to solid glass takes place and vice versa. This range is generally
relativ narrow, thus, large structural and thermodynamic changes evolves in short time
within the glass transformation region. Thus, the glass transformation temperature range
can be expressed as a glass transition onset temperature as illustrated in the isothermal
transformation diagram in Figure 2.1. Tg is also a kinetic parameter and is shifted
to higher temperatures for higher cooling or heating rates. The glass transformation
temperature has traditionally been defined as the temperature where the viscosity of the
undercooled liquid is 1012 Pa·s [1].

The thermodynamic theory only states conditions for equilibrium. Thus, kinetics must
be considered when determining if and how fast this equilibrium is reached. The glass
transformation is a kinetic event as it depends on the cooling rate [1, 15, 23, 27]. A lower
cooling rate enables the undercooled liquid to reach equilibrium at lower temperatures.
Therefore, the glass transformation takes place at lower temperatures with decreasing
cooling rate (as long as crystallization can be avoided). However, the rate dependence
is not very strong as an order of magnitude change in cooling rate only change Tg by
3-5oC [23]. Some studies have shown a higher rate dependence of the glass transition
temperature upon heating. Busch et al. [24] presented the glass transformation range
for a Zr-based amorphous alloy during different heating rates. Results shows that about
13oC change in T onset

g can be expected by an order of magnitude change in heating rate.
Also, the glass transformation range (∆Tg = T end

g −T onset
g ) increases with increasing rate
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Figure 2.1: Schematic transformation diagram showing the critical cooling and heating
rate, glass transformation region (as a line even though it is a range) and curves for
crystallization and devitrification onset.

of heating.

There exists a critical cooling rate, Rc, that indicates the lowest rate to cool a liquid
to form an amorphous structure. If the cooling rate exceeds Rc, then the nose of the
crystallization curve in Figure 2.1 is avioded. The critical cooling rate to suppress crys-
tallization is a well investigated parameter for different alloying systems [1, 15] and can
work as a indicator of how good glass former the alloy is. Perepezko and co-workers have
been studying the solidification microstructure during wedge-casting where the cooling
rate varies along the depth of the cast [28–31]. A wedge formed copper mould equipped
with temperature sensors has been used to investigate the transition from fully crystalline
to hybrid amorphous/nano-crystalline to fully amorphous in a single experiment.

There is also a critical heating rate, Rh, to matintain the amorphousstructure while
heating to the liquid state. It indicates the lowest heating rate required to avoid devitri-
fication when heating a perfect amorphous sample to a liquid in equilibrium. It has been
shown that the critical cooling and heating rate are different and that a much higher
heating rate is required to avoid crystal formation [32–34]. This asymmetry can be de-
scribed by the difference in nucleation and growth rate. The nucleation rate increases
with increasing undercooling whereas the growth rate decreases as a consequence of lim-
ited diffusion. Thus, nuclei formed during cooling will experience a decreasing growth
rate as the cooling continues. During heating from the amorphous state on the other
hand, nuclei can be formed at high rate and also experience an increasing growth rate,
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leading to a high rate of transformation. This difference in critical cooling and heating
rate cause asymmetry in crystallization and devitrification, as shown in the schematic
transformation diagram in Figure 2.1.

2.2 Thermal properties of amorphous alloys

Thermal properties of metallic glasses can be determined by differential scanning calorime-
try (DSC) or differential thermal analysis (DTA). DSC measurements provides informa-
tion about transformation temperatures such as glass transition, Tg, crystallization, Tx,
solidus, Ts and liquidus temperature, Tl. DSC measurements analyses the flow of heat
between the test sample and a reference sample while heated or held at constant tem-
perature. The reference has a known heat storing capacity and heat flow between the
samples indicates a difference in heat capacity or a phase change.

2.2.1 Specific heat capacity

Measurement of specific heat capacity at constant pressure gives the enthalpy and en-
tropy according to Equation (2.2) and (2.3). Specific heat capacity of amorphous metals
have been examined for a large number of amorphous alloys by measuring the difference
in entropy change to a material with known heat capacity in DSC or DTA. Many of the
studies are performed during heating of an amorphous sample with DSC and heating
rates of 0.13-0.67oC/s [24, 35–41]. The low heating rate causes the material to devitrify
soon after the glass transformation and the measurements becomes limited to low tem-
peratures. Latent heat is released when the glass devitrifies and appears as an exothermic
peak in the DSC measurements, with a smooth/diffuse onset.

The onset temperature of devitrification is heating rate dependent and increases with
increased heating rate [38]. At very high heating rates, above Rh, the devitrification
can be completely bypassed by a supercooled–superheated liquid transformation. Con-
sequently, the specific heat capacity depends on the heating rate and the phase transfor-
mations (amorphous–crystal). Martis et al. [37] experimentally determined the specific
heat capacity of Fe78B13Si9 (METGLAS 2605S-2) alloy ribbon using DSC at 10 K/s
heating rate in the temperature range of 283–783 K. The experiments reviled a change
in the slope of Cp due to structural relaxation at Tg and a peak associated with the
ferromagnetic–paramagnetic transition at the Curie temperature. Busch et al. measured
the specific heat capacity in the undercooled liquid by isothermal increments close to the
glass transformation and onset of crystallization [24, 39, 42]. The measured values where
then fitted to an expression by Kubaschewski et al. [43], in Equation (2.4) for estimation
of Cp in the undercooled liquid region,

Cp = 3R + a′T + b′T−2 (2.4)

where R is the universal gas constant, a′ and b′ are fitting parameters. Küchemann and
Samwer [44] studied the specific heat capacity of Zr64.0Cu28.2Al7.8 during ultra fast heating
above 106 K/s of small samples. This high speed measurements showed an endothermic
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event around 1200 K while crystallization was bypassed. The reason was suggested to be
caused by a liquid–liquid phase transformation from undercooled to superheated liquid.

2.2.2 Thermal conductivity

Not much work to determine thermal conductivity of amorphous metals are found in
the literature. Early work in 1987 were performed by experimental determination of
thermal conductivity of Fe78B13Si9 (METGLAS 2605S-2) in temperature range between
283–783 K by Martis et al. [37]. The heat flow through a ribbon sample was measured
during a time of 2-4 h to ensure that equilibrium was reached. Thus, the measuring
technique makes it impossible to analyse the sample above the glass transformation
temperature as crystallization will take place.

Another early study by Wang [45] in 1990, examined six different Fe-based and four
Cu-based glasses in the temperature range of 280-560 K. The specific heat capacity was
measured with DSC and the thermal diffusivity, α, by pulsed photothermal radiometry.
Then the thermal conductivity, λ, was computed by the following relation where ρ is the
density of the material:

λ = ρCpα. (2.5)

Januszka et al. studied the thermal conductivity of different metallic glasses in room
temperature by measuring the heat flow in rods with 3 mm in diameter in the work
by Pusz et al. [46] and Nowosielski et al. [47].

2.3 Correlation with crystalline structures

The glassy structure is a meta-stable condition and the differences in Gibbs energy be-
tween the glass and crystal is given by:

∆Gg−c = ∆Hg−c(T )− T∆Sg−c(T ) (2.6)

with superscript g–glass and c–crystal. The difference in enthalpy and entropy can be
related to the difference in specific heat capacity,

∆Hg−c(T ) = ∆Hf −
∫ T0

T

∆Cg−c
p (T ′)dT ′ (2.7)

∆Sg−c(T ) = ∆Sf −
∫ T0

T

∆Cg−c
p (T ′)

T ′
dT ′ (2.8)

where ∆Hf and ∆Sf are the enthalpy and entropy of fusion respectively. Correla-
tion of specific heat capacity between the non-crystalline and crystalline form of alloy
Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 has been investigated by Busch et al. [24] during heating from
the amorphous state with different heating rates. The specific heat after the relaxation
during glass transformation was measured and fitted to the expression of Kubaschewski,
Equation (2.4). The specific heat capacity decreases in the undercooled liquid state with
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increased temperature and heating rate. Singh and Dubey [48] has theroetically ex-
pressed the difference of specific heat between the undercooled liquid and the crystalline
state:

∆Cp = ∆Cp,m

(
Tm
T

)2

exp

[
−σD

∆T

T

]
(2.9)

where ∆Cp,m is the specific heat difference at the melting temperature, Tm, ∆T the
degree of undercooling and σD a coefficient which can be described by:

σD =
Tg

Tm − Tg
ln

[(
Tm
Tg

)2
∆Cp,m

∆Cp,g

]
. (2.10)

where ∆Cp,g is the difference in specific heat capacity at Tg. The difference in specific
heat capacity between the undercooled liquid and corresponding crystalline phase was
also investigated by Li et al. [49] based on the liquid state.

∆Cp = ∆Cp,m

(
σL − 1 + (2− σL)

Tm
T

)
(2.11)

They further formulated an expression for the Gibbs energy difference:

∆G = ∆Sm∆T −∆Cp,m

[
(3− σL)∆T + ((3− σL)Tm − (σL − 1)∆T )ln

Tm
T

]
(2.12)

where the coefficient σL was expressed as:

σL = 1 +
Tm − Tg∆Cp,g/∆Cp,m

Tm − Tg
. (2.13)



Chapter 3

Thermal FE modelling of powder
bed fusion

Modelling and simulation of the powder bed fusion process is a challenging task because
of the large difference in time and length scales. For example, the energy source and
thickness of a single layer is in micrometer scale such that hundreds or thousands of layers
are required to build a component measured in millimetres, as illustrated in Figure 3.1.
If each layer is discretized with a large number of elements, the model then becomes
unmanageable large. Modelling of the process enforces simplifications and a variety of
approaches are used as reviewed by Lindgren and Lundbäck [50]. In a FEM simulation
of PBF, it is necessary to model the moving heat source using a transient approach.
The transient approach enables predictions of the thermal history and local behaviour
for every string, layer or the entire component dependent on the level of accuracy in the
model. Furthermore, high radiation speed and rapid solidification requires small time
increments for thermal and mechanical stability. Therefore, simulations are doomed to
be time consuming as a great number of time increments are required for a stable and
accurate solution.

Another challenge with simulation of the PBF process is validation of models. Existing
PBF machines contains a building chamber that are difficult to access while it operates.
In LPBF, a protective gas is used to avoid oxidation and in EBM, a high vacuum is used.
The top surface is always changing and the feeding of new powder is automatized with
a moving scrape. However, the substrate that the structure is built on, can be equipped
with sensors to register temperature during the process. But, as the building process
goes on and more layers being added, the substrate is lowered and the distance to the
heat input increases. Thus, making measurements progressively less accurate since heat
is dissipated in an increasing volume.

During the PBF process, heat flow through the solid material towards the base plate.
The base plate acts as a heat sink with its significant mass and heat storing capacity. Heat
is mainly conducted through the solid material but also transferred through the loose
powder and to the surrounding atmosphere. The loose powder conducts heat very poorly
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80 mm

70 µm

Figure 3.1: FE-simulation of a cylinder built with PBF. The number of layers are 1142
and the current discretization with 1800 cells in each layer yields more than 2 million
elements.

in comparison to the solid. Solid-state sintering of the powder particles occurs due to the
elevated temperature in the bed close to the part being built [16]. Lose powder can fuse
to one another and also to the component, creating a skin of progressively less density
away from the solid part. In a processing point of view, this is considered a negative
factor as recycling of powder can result in aspherical particles and uneven spreading with
slightly increased particle size. It also requires some post treatments for a good surface
finish. However, with some lose powder sintering, the bed will gain strength, transport
heat better and be able to restrain some part movements. Heat loss to the surrounding
atmosphere occurs via convection and radiation.

All the above factors are challenging to model and some simplifications are always
needed. An increasing number of studies has been performed on modeling and simulation
of PBF during the last past years. It is natural that simulation of PBF emerge from
simulation of welding and wire/powder deposition. Lundbäck presented a 3-dimentional
FE model for simulation of PD using welding paths and filler material [51]. Simulation
of the PBF process is similar to PD but with two major deviation: the time and lenght
scales. Much thinner layers are melted at considerably higher scanning speeds which puts
more effort on the simulation models of PBF. Despite this effort, effective simplifications
on modelling of PBF has been performed with various approaches [50, 52, 53].

Foroozmehr et al. [54] presented a model to compute the size of the melt pool and
fusion of lose powder of 316L. In this study, the powder bed was modelled and elements
were given properties that undergoes a transition from powder to solid after passing
by the heat source. The heat source was defined by optical penetration depth theory
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rather than defining the shape of the melt pool. Denlinger et al. [55] investigated the
effect of neglecting the powder bed in simulation of PBF, in terms of heat conduction for
computational time reduction. A model with a thick layer of pre-placed powder conducts
heat whereas a model without powder represent the assumptions that the powder bed
act as a perfect insulator (a common assumption). In the study, the authors concluded
that the temperature at a distance from the scanning area were over predicted when
excluding the powder bed.

Computational fluid dynamic (CFD) has been used to simulate the melt pool during
PBF [56, 57]. Lee et al. [57] presented a combined powder-packing model by discrete
element method (DEM) and a CFD model to solve heat transfer and fluid flow. The
powder packing model based on DEM was used to simulate the packing density and
powder distribution by solving Newton’s second law. The powder was stochastically
generated in size and rolled out in an average thickness of 40 µm. The heat and fluid
flow was then solved using CFD base on conservation of mass, momentum and energy. In
such a model, all interacting phases are fundamentally described as fluids in an Eularian
domain. Thus, the volume of fluid method was used to track the free surface interfaces of
solid and liquid as melting and solidification occurs. Only a small computational domain
was considered due to the computational cost of this model. The domain consist of two
overlapping tracks (strings) á 1000 µm with a hatch spacing of 116 µm, yet containing
1.25 million cells. Even though these models can predict the temperature filed with high
accuracy, they are limited to extremely small modelling domains.

3.1 Temporal reduction

The simulation approach in this thesis adopts temporal reduction for computational
speedup. A detailed representation of the heat source requires many time increments
to apply the heat over the entire layer. However, the temperature history could be
predicted in detail with high temporal resolution. On the cost of thermal history, the
heat can instead be applied as entire strings or layers with a infinite scanning speed,
as illustrated in Figure 3.2. The first approach (Figure 3.2b) applies the heat flux in a
rectangular box with the width of a string. This box is then swept over the layer with
the scanning velocity. The second reduction (Figure 3.2c) expands the heat flux box
to cover the entire layer and does not include any movement of the heat source. The
resulting thermal history at a fixed material point four layers beneath the top surface is
presented in Figure 3.3 to compare the models. Model M1, M2 and M3 represents the
levels of temporal reduction where M1 uses the detailed scanning strategy, M2 and M3
uses the string-by-string and layer-by-layer approach respectively. The fine model is very
computational demanding and results in very large post-files. Even though the model
predicts different temperatures in the window of Figure 3.3, they converge to the same
values.
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(a) (b) (c)

Figure 3.2: Temporal reduction by varying heat input approaches according to the arrow.
In (a), the heat is applied according to the scanning strategy; in (b), the heat is applied
continuously string-by-string and in (c), the heat is applied in a layer-by-layer fashion.

-40 -20 0 20 40 60 80

Time [ms]

0

200

400

600

800

1000

1200

1400

T
em

p
er

at
u
re

 [
°C

]

M1

M2

M3

Figure 3.3: Temperature history at a fixed material position four layers beneath the
added layer using three different models. M1, M2 and M3 corresponds to a detailed,
a string-by-string and a layer-by-layer model respectively, as described in Figure 3.2.
The time is set to zero when the temperature reaches the melting temperature at 930oC
during cooling.

3.2 Heat source model

The heat input in PBF is provided with a laser beam focused on a circular spot of 10s of
micrometers. It rapidly scans the powder bed according to a scanning strategy to melt
selected areas. The shape and intensity of a heat input model of a moving heat source can
be represented by double ellipsoid in 2D or 3D as proposed by Goldak [58]. It requires
parameters such as width, length and depth to represent the real melt pool shape. The
double ellipsoid heat source in three dimensions requires a very fine mesh grid to resolve
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the Gaussian distribution along each axis. Thus, the amount of finite elements becomes
very high to accurately resolve the heat input. Simulation methods of the heat source
interaction with the powder bed and preditions of the melt pool size have been performed
in various studies [54, 57, 59]. However, these models are very computational demanding
and can only be applied to small domains with a few strings limited in length.

Because of the rapid and complex scanning strategy in the PBF process, it is more
convenient to oversee the heat source as a moving spot and instead apply the heat to
strings or even entire layers momentarily as illustrated in Figure 3.4. This method has
been used in various studies [60–63]. Elements can be heated without the need of a
moving heat source. The presented heat source model is a 3-dimensional volume heat
flux with a Gaussian distribution of heat in the depth direction, z.

Figure 3.4: Heat distribution models where (a) the spot is traced in detail, (b) the heat
is applied on an entire sting with infinite welding speed and (c) the heat acts om the
entire layer. The modeling time to heat a layer is represented by t1 > t2 > t3.

q(z) = Be
−z2

C (3.1)

The constants B and C describes the power density at various depths. The assumption
of 5% intensity at the penetration depth c, by Goldak et al. [58] gives the following
expression for C:

C =
−c2

ln 0.05
≈ c2

3
(3.2)

The other constant is determined by conservation of energy. The total energy applied in
one layer at the process is the laser power, Q multiplied by the time it takes to scan the
layer, tprocess. This energy should equal the applied heat by the model over the depth



20 Thermal FE modelling of powder bed fusion

and total area, A, of the layer multiplied by the heating time in the model, tmodel.

Q× tprocess =

∫
A

∫ c

0

q(z)dzdA× tmodel (3.3)

Equations (3.1)-(3.3) provides an expression of the constant, B.

B =
Q

A
∫ c

0
exp

(−3z2

c2

)
dz
× tprocess

tmodel

≈ 2
√

3Q√
πcA

× tprocess
tmodel

(3.4)

Now the heat source model is a function of processing time, scanning area and modelling
time but the process time can be related to the area, scanning velocity, v and hatch
distance, h as:

tprocess =
A

hv
. (3.5)

Thus, the heat density equation can be written in a form that is independent of the
scanned area.

q(z) =
2
√

3Q√
πchvtmodel

e
−3z2

c2 (3.6)

With the equation above, the heat density is scaled by the penetration depth, hatch
distance, scanning speed and the time for the heat input. Next, we consider a fixed
material point in the powder bed. The time this point experience direct heating is
the ratio of the heat source length in the scanning direction and the scanning speed.
The length of the heat source can be represented by the hatch distance to determine the
heating time close to the real process. Thus, the modelling time, tmodel can be formulated
as

tmodel =
h

v
. (3.7)

Substituting (3.7) into (3.6) gives the heat density equation as a function of penetration
depth and hatch distance.

q(z) =
2
√

3Q√
πch2

e
−3z2

c2 (3.8)

The total amount of energy added in one layer with scanning area, A is given by Equa-
tions (3.3), (3.7) and (3.8).

2
√

3QA√
πhcv

∫ c

0

e−
3z2

c2 dz (3.9)

3.3 Element deactivation and activation

Simulation of AM requires a succesive increasing computation domain as new material
is added continuously. This can be achieved with activation of elements as introduced
by Lindgren et al. [64]. The approach has been used with inactive or quiet elements [51,
65]. Inactive elements are not included in the system of equations and does not effect
the simulation until activated. Thus, a computational model can increase in size by
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activation of predefined and inactivated elements. Quiet elements on the other hand, are
part of the simulation but the material properties are set such that they do not influence
the results. Sequential activation of elements can be triggered by the heat source.

Inactive elements are used in the presented model to enable simulation of a large and
growing domain. All elements that represents the powder bed are initially refined in
three levels while they are deactivated. The hight of each mother element is chosen such
that the refined elements have the hight of one layer. Thus, an element size of 160 µm
in the vertical direction provides a layer thickness on 20 µm.

3.4 Mesh adaptivity

One technique to limit the computational domain in terms of element and node numbers
is to perform mesh coarsening of elements where the temperature gradients are small,
as shown in the post processing snap shot in Figure 3.5. Coarsening of elements will
reduce the model size and hence, maintain a fairly constant number of elements as more
elements becomes active. Figure 3.6 shows the number of active elements in the model
shown in Figure 3.5. The mean value of active elements in the simulation is about 4000
while in fact, the total number of activated elements is about 65 000.

Figure 3.5: Computed temperature field of PBF using element activation and mesh
adaptivity with the layer-by-layer approach.

Mesh coarsening is restricted in order to maintain high accuracy at selected regions.
Because of mesh coarsening, elements will collapse and the spacial resolution will be lost.
Thus, when information is wanted for each layer, there should be enough nodes to store
the simulation results.
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Figure 3.6: Number of active elements in the PBF model shown above.

3.5 Nonlinear transient heat transfer

Heat conduction is the main process for cooling of the liquid metal after melting with the
laser beam in AM. One method used in FEA to compute the temperature field will be
described briefly below. Firstly, lets consider the heat flow through a infinitesimal cube
of sides, dx, dy, dz. The total heat transfer out of the cube is

∂qx
∂x

+
∂qy
∂y

+
∂qz
∂z

. (3.10)

This heat flow will change the total heat content of the volume. For conservation of heat,
the heat flow must be equal the heat generated in the volume and the change of stored
heat during a unit of time

∂qx
∂x

+
∂qy
∂y

+
∂qz
∂z

= Q− ρCp
∂T

∂t
. (3.11)

The heat flux is given by the thermal conductivity, λ and the temperature gradient

qi = −λ∂T
∂i
, where i = x, y, z. (3.12)

Thus, the heat equation in three dimensions, with isotropic properties becomes:

∂

∂x

(
k
∂T

∂x

)
+

∂

∂y

(
k
∂T

∂y

)
+

∂

∂z

(
k
∂T

∂z

)
+Q = ρCp

∂T

∂t
. (3.13)

Finite element simulations of thermal problem uses the heat equation to compute the
temperature field within a finite element. Here, the temperature for each finite element
is computed with the aid of shape functions, Ni as:

T (x, y, z, t) =
P∑
i=1

Ni(x, y, z, t)T (t) (3.14)
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with P as the number of nodes in each element. Furthermore, the heat equation (3.13)
can be written on weak form as:∫

V

NiρCp
∂T

∂t
dV +

∫
V

λ

[
∂Ni

∂x

∂T

∂x
+
∂Ni

∂y

∂T

∂y
+
∂Ni

∂z

∂T

∂z

]
dxdydz

−
∫
V

NiQdV +

∫
Γ

NiqdΓ = 0.

(3.15)

Galerkin’s method is on example used to approximate the heat equation by finite
difference in the time space [66, 67].

m∑
e=1

∫
V

NiNjρCp

∂T e
j

∂t
dV

+
m∑
e=1

∫
V

k

[
∂Ni

∂x

∂Nj

∂x
+
∂Ni

∂y

∂Nj

∂y
+
∂Ni

∂z

∂Nj

∂z

]
T e
j dxdydz

−
∫
V

NiQdV +

∫
Γ

NiqdΓ = 0

(3.16)

where m is the total number of elements. The first term of the final Galerkin equation is
named the global heat capacity matrix, M. The second term represents the global con-
ductivity matrix, K and the remaining terms is the load vector, f. Thus, Equation (3.16)
can be written as:

MṪ + KT = f. (3.17)

For further use of the above equation in many practical problems, it has to be solved for
all elements in a time space. Non-steady state problems such as phase transformations,
solidification and processing of material requires discretization of the time domain with
a constant or varying time step, ∆t = n+1t − nt (superscript n indicate the increment
number). The time derivative of the temperature, Ṫ can be approximated by dividing
the change of temperature by the time increment, ∆t

Ṫ ≈
n+1T − nT

∆t
. (3.18)

If the time derivative of T is evaluated in the present state of the solution, n, as

nṪ =
n+1T − nT

∆t
⇒

n+1T = nT + nṪ∆t (3.19)

then the time stepping algorithm is a forward difference method and the temperature in
the n+1 state can be determined explicitly. The transient heat conduction equation (3.16)
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can than be written as

M

(
n+1T− nT

∆t

)
+ KnT = nf ⇒

Mn+1T = (M−∆tK) nT + ∆tnf (3.20)

On the other hand, if Ṫ is evaluated at the desired increment, n+1, the approximation
can be written as

n+1Ṫ =
n+1T − nT

∆t
⇒

n+1T = nT + n+1Ṫ∆t (3.21)

and the temperature cannot be computed directly. Thus, the time stepping algorithm is
a backward difference method and the scheme is therefore implicit. Equation (3.16) then
becomes:

M

(
n+1T− nT

∆t

)
+ Kn+1T = nf ⇒

Mn+1T + ∆tKn+1T = MnT−∆tnf (3.22)

or

(M + ∆tK) n+1T = MnT−∆tnf. (3.23)

The solution is then approximated by iteration algorithms, such as Newton-Raphson,
to minimize the residual. Various iteration algorithms can be used to find the solution
within a specified tolerance.
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Phase modelling in metallic glass

Nucleation and growth of a crystalline phase is possible in the undercooled liquid
region, given enough time for orientation of atoms. The crystalline phase is a energetically
more favourable state but it comes with the cost of surface energy for the solid/liquid
interface. Thus, a stable nuclei should exceed a critical size in order to not dissolve.
Once a stable nucleus is formed, it can grow as more free atoms aligns to the lattice
structure. Growth of a nucleus is controlled by diffusion, i.e., the mobility of atoms.
Both these phenomena; nucleation and growth, is temperature dependent and the rate
varies with the amount of undercooling. The rate of nucleation increases with increasing
undercooling whereas the rate of growth decreases.

It is, however, impossible to model all the atoms forming stable and unstable nuclei,
but statistics can tell the probability rate for stable nuclei to form. From there, it becomes
possible to predict the growth by the temperature dependent diffusion. Consequently,
crystallization can be modelled as a function of time and temperature and be presented
in form of a time–temperature–transformation (TTT) diagram.

With accurate predictions of the temperature history during PBF, it becomes possible
to predict crystallization and devitrification by phase modelling. Classical nuclation and
growth theory have been applied in studies of the crystallization behaviour of metallic
glasses [32, 68]. Input to the models was taken by fitting to an existing TTT diagram.
Difficulties emerge when the TTT-diagram is impossible to construct. Guo et al. [69]
used DSC measurements and Kissinger analysis [70] for fitting of parameters to the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation to construct a TTT-diagram used
for estimation of precipitate formation. Chen et al. [71] construct a continuous heat-
ing transformation diagram (CHT) directly from a Kissinger analysis to compare with
thermal cycles from welding simulations. They were able to predict if and where crysal-
ization took place for a set of welding parameters. Lu et al. [72] used a similar approach
to estimate a TTT-diagram and compare with thermal cycles from simulations during
powder deposition. Even though these approaches are effective for phase estimation of
one heating cycle, they cannot be used to predict the crystalline phase fraction of cyclic
reheating.



26 Phase modelling in metallic glass

4.1 DSC measurements

Differential scanning calorimetry measures the heat flow between a sample and a reference
with known heat storing capacity when heated at the same rate. The heat flow can
then be interpreted as a phase change where a latent heat of transformation is released.
DSC measurements of amorphous AMZ4 were performed with varying constant heating
rates of 60, 80 and 100oC/min as shown in Figure 4.1. Details of the experiments and
equipment used are described more in detail in Paper B. The samples experiences a
constant endothermic heat flow up to the glass transition region, starting at around
400oC, due to increasing heat capacity. The samples then experience a relaxation before
they devitrify to form a crystalline phase. The exothermic event represents the latent
heat of transformation and was further investigated to formulate a phase transformation
model.

0 100 200 300 400 500 600

Temperature [°C]

-6

-5

-4

-3

-2

-1

0

1

2

H
ea

t 
fl

o
w

 [
m

W
/m

g
]

60

80

100

Heating rate

[°C/min]

Figure 4.1: DSC measurements of AMZ4 at heating rates of 60, 80 and 100oC/min.

The transformed phase fraction can be estimated by the ratio of released heat and
total latent heat for the transformation. Thus, the onset and end of the transformation
was determined by constructing a baseline for the exothermic peak. The area between
the baseline and the DSC-curve was then integrated to obtain the crystalline fraction as
presented in Figure 4.2.
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Figure 4.2: Phase transformation based on DSC measurements of AMZ4.

4.2 JMAK model

The Johnson-Mehl-Avrami-Kolgomorov equation in (4.1) was used to predict the phase
fraction, x of the crystalline phase during the thermal simulation of the PBF process.
This model is used to predict isothermal transformations and is a function of time, t
and temperature, T . The model cannot be used directly on the non-isothermal history
predicted by the FE model and is therefore manipulated as described in Section 4.2.1.

x(t, T ) = 1− exp

(
−k0 exp

(
− E

RT

)
tn
)

(4.1)

The model includes an activation energy for the transformation E, obtained by DSC
measurements as discussed in Section 4.2.2, and the molar gas constant R. The constants
k0 and n are optimized to fit the transformations by DSC measurements in Figure 4.2a,
further discussed in Section 4.2.3. The phase model is implemented in the FE-model
via user defined subroutines. The phase fraction is computed at each integration point
in every time step during the simulation. The model is weakly coupled, meaning that
it uses the computed temperature field from the FE-model but does not return input
for updating the material properties. Whenever the temperature exceeds the melting
temperature, any crystal fraction will dissolve and the phase fraction is set to zero.

4.2.1 Non-isothermal manipulation

The additivity rule [73] is applied in order to navigate in the non-iosthermal PBF-process.
The method assumes that the phase evolution during an arbitrary temperature change
can be predicting by increments of isothermal time steps. The method includes a fictive
time, τ , to ensure conservation of the phase fraction at the end of previous increment,
i−1x = x0, and the beginning of the current increment, ix = x(iτ,i T ).
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iτ =

 − ln (1− x0)

k0 exp

(
− E

RiT

)


1
n

(4.2)

The phase change for an isothermal increment is then computed with the fictive time
plus the small time increment, dt: ix = x(iτ + idt, iT ). This method introduces large
errors if the temperature change is large between two increments. Therefore, sub-stepping
is used to ensure good approximations even at large temperature increments. In the
sub-stepping, the temperature increment is initially split in two and compared to the
prediction without splitting. If the difference exceeds the tolerance of 0.1% difference,
the procedure is redone until the tolerance condition is satisfied.

4.2.2 Activation energy

The activation energy used in the JMAK equation was obtained using the Kissinger
method [69]. The method relates the temperature at the peak transformation rate, Tf ,
the heating rate, φ, the activation energy and R in the modified Kissinger Equation (4.3).

ln

(
T 2
f

φ

)
=

E

RTf
+ ln

(
E

RK0

)
+ ln βf (4.3)

Here, K0 and βf are constants. The activation energy is achieved by linear regression
on the slope of ln (T 2

f /φ) versus 1/RTf at different heating rates. This was done with
the three heating rates from the DSC measurements and is presented in Figure 4.3. The
slope was determined by linear regression in Matlab using a least square fit and the value
is presented in Table 4.1.
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Figure 4.3: Kissinger plot with linear regression to determining the activation energy, E.
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4.2.3 Parameter optimization

The two remaining constants in the JMAK equation, k0 and n were optimized to fit the
evolution of crystalline phase with respect to time for the three heating experiments. An
optimizer was set up in Matlab using the lsqnonlin function to compute the residuals. A
cut off at 20% was used to increase the accuracy of the model at low crystalline fraction.
After all, the PBF process should generate very little crystalline phase. The additivity
rule was applied during the optimization to account for the non-isothermal behaviour of
the experimental data. The results are shown in Figure 4.4 and the optimized parameters
are presented in Table 4.1.
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Figure 4.4: Fitting of parameters k0 and n to phase transformation by DSC measure-
ments.

Table 4.1: Parameter values for phase model of AMZ4 at low heating rates.

Parameter Value

E 88.8 kJ/mole
k0 9.49×107

n 1.49
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Chapter 5

Thermal properies of AMZ4 used
in FE simulations

Models for the specific heat capacity and thermal conductivity is discussed in this
chapter. It is not simple to construct material data of amorphous alloys due to their
metastable condition and driving force to crystallization. Experiments are often not
fast enough to avoid devitrification. Structural changes leads to different heat storing
capacity and thermal conductivity. A change in the structure also generates latent heat
of transformation related to the difference in enthalpy between the phases. The glass
forming alloy AMZ4 is used in this study and some estimations of the material data can
be found in the literature. Yet, some extrapolation is required to represent the material
response in the whole temperature range within the PBF-process.

5.1 Heat capacity

The heat capacity of AMZ4 was studied by Heinrich et al. [74] with DSC measurements
at a constant heating rate using the step method with a reference material of sapphire
as described by Busch et at. [24, 42]. The heat capacity measurements were fitted to the
expression proposed by Kubaschewski et al. [43] for the liquid region and the crystalline
state.

Cc
p = 3R + a′T + b′T−2 (crystalline state) (5.1)

C l
p = 3R + c′T + d′T 2 (liquid state) (5.2)

The constants were determined to a′ = 5.225 × 10−4 J/mole×K2, b′ = 1.031 × 107

J×K/mole, c′ = 0.00623 J/mole×K2 and d′ = −6.047×10−7 J/mole×K3. The presented
heat capacity was then divided with the molar mass of AMZ4 (76.595 g/mole) to achieve
the specific heat capacity used in the simulations.
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Figure 5.1: Specific heat capacity of AMZ4 used in FE-simulations. Squares are mea-
surement data from Heinrich et al. [74].

5.2 Heat conductivity

The heat conductivity of the amorphous structure is difficult to measure in the under-
cooled liquid region because of devitrification. Yamasaki et al. [75] used the approach to
estimate the conductivity by a relation of material density, ρ, specific heat capacity and
thermal diffusivity, α as by Equation (2.5).

λ = ρCpα (5.3)

Measurements of the thermal diffusivity were performed on a similar alloy (Zr55Al10Ni5Cu30)
from room temperature to the onset of crystallization. A value of α = 4.2 × 10−6 m2/s
was achieved in the undercooled liquid region and was argued to remain constant for
higher temperatures. The constant value of α is used for estimation of the heat conduc-
tivity of AMZ4. The specific heat capacity achieved in section 5.1 is used to construct
the conductivity at high temperatures, above the glass transformation temperature at
400oC, as shown in Figure 5.2.
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Figure 5.2: Heat conductivity of AMZ4 used in FE-simulations. Squares are measurement
data by Yamasaki et al. [75].
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Chapter 6

Simulation of BMG formation in
powder bed fusion

A cylinder with a diameter of 8 mm and height of 1 mm was built during the simulation.
The thickness of each layer was 20 µm and resulted in 50 layers. The cylinder was centred
on a 10 mm thick rectangular base plate with the sides of 16 mm. Mesh coarsening was
restricted in a volume surrounding the center of the cylinder to ensure high spacial
accuracy. Sample point were placed in the center of each layer as shown in Figure 6.1
and the results were extracted in the end of the simulation when all 50 layers was built.
Results are presented in Section 6.2 and 6.3 for the temperature field and crystalline
phase prediction respectively.

Figure 6.1: A cross sectional view of the model with sample point for post processing of
results.
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6.1 Boundary conditions

No boundary conditions for heat losses were used during the simulation. The mass of
the base plate is the heat sink that drives the cooling and heat transport via conduc-
tion. The heat was applied through a volume heat flux according to the thermal model
by Equation (3.8), acting on the entire layer simultaneously. A dual-exposure heating
sequence with a laser heat source on 80 Watts with an efficiency of 70 % was used in the
simulations. Dual-exposure means that a layer is scanned twice with the same scanning
parameters without any dwell time. The scanning velocity was 2000 mm/s and the hatch
distance 100 µm. The heat input was assumed to penetrate four layers; thus, c has a
value of 80 µm.

The time for heat input load case used in the model was determined by Equation (3.7)
as h/v = 50 µs. This was then followed by a dwell time of the true process by Equa-
tion (3.5), A/hv = 251 ms before the second heat input. This time represents the
scanning time of the entire layer based on the area and scanning strategy and speed. It
is the time it takes for the heat source to return to the same position during the second
scan. After the second heating, a second cooling load case was applied to fill out the
time such that a new layer was built every five seconds.

6.2 Temperature prediction

The temperature was predicted in every element during the simulation. A contour plot
of the temperature field in a 3-dimensional, cross-sectional view through the center of
the cylinder is shown in Figure 6.2. The results are collected about 1 second after
the second heat input when the final layer has been deposited (while there still is a
visible temperature gradient). The temperature at the sample points are shown in the
history plot in Figure 6.3 during processing of the final layer. Results show that the
peak temperatures are greater after the second scan and that the cooling rates are very
high above the glass transformation temperature at 400oC. Thus, by only evaluating the
temperature history, it is not possible to predict if and how much crystal phase is formed.

6.3 Evolution of crystalline phase

The crystalline phase was predicted at all positions and every increment during the
simulation. A 3-dimensional contour plot in Figure 6.4 shows the crystalline phase during
the same time as in Figure 6.2, about 1 second after depositing the final layer. There
are no results in the region where mesh coarsening have been used. This is because
information was not transferred from the children to the mother elements and the mother
elements are not included in the simulation while refined. Thus, the final structure can
only be evaluated in the coarsening restricted region.

The phase evolution in time based on the thermal history is shown in Figure 6.5 for the
top eight layers during the second heat input of the final layer. The temperature at the
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Figure 6.2: Temperature prediction during cooling of layer 50.

top three layers (50-48) exceeds the melting temperature of 930oC and thus, the existing
crystalline fraction dissolves. During cooling, the model predicts that crystallization
occurs in these layers. At layer 47 and beneath, the material is reheated but not melted
and the crystalline fraction steadily increases.
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Figure 6.3: Simulated temperatures at each layer when layer 50 is built. The results are
collected at the sample points.

Figure 6.4: Phase prediction during cooling of layer 50.
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Figure 6.5: Results collected at sample points at processing of the final layer.
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Chapter 7

Summary of appended papers

7.1 Paper A

The first appended paper elaborates on the approach with temporal reduction. Three
different models are presented and compared regarding predicted temperature history
and computational time. The detailed model, denoted M1, use no temporal reduction
regarding the heat input. It scans the surface with a heat source with the spot size
travelling at the scanning speed. Model M2 uses the first level of temporal reduction
by consolidating the heat of each track into a single string. The heat is then applied
momentarily along each string in a sweeping motion perpendicular to the track. The
string heat source travels with the scanning speed across the layer. The third model,
M3, uses a single heat source to scan the entire layer momentarily. This heat source is
only active for a short time and there is no motion involved.

The different models predicts the temperature history at a point located four layers
beneath the top surface. Model M1 shows the preheating and reheating at the sample
point when scanning adjacent tracks. Model M2 and M3 on the other hand, show very
similar results with a rapid heating and a descending temperature. It is argued that the
simplified models are conservative when it comes to evaluation of crystallization. The
cooling rates are lower, with about a factor of ten, and the time spent in the critical
temperature region is longer. The cooling curves predicted by models M1 and M3 are
compared in a transformation diagram based on available preliminary data for crystal
formation.

Author contribution: The modelling was divided between the first and the second
author. The present author performed the modelling of M3 and all the post processing
of data and wrote the majority of the paper.
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7.2 Paper B

This paper gives a presentation and derivation of the heat source model for temporal
reduction in a layer-by-layer fashion. It also presents a phase model for prediction of the
crystal formation during an arbitrary temperature evolution. The phase model is based
on and calibrated to DSC measurement of the glass forming alloy AMZ4. The Johnson-
Mehl-Avrami-Kolgomorov (JMAK) equation is used to predict the phase transformation
and it includes the activation energy for the transformation which is determined using the
Kissinger method, also based on the same DSC measurements. The phase transformation
is estimated by integrating the exothermic peak in the DSC measurements and used to
optimize the two remaining parameters in the JMAK equation. In order to navigate in
the non-isothermal temperature history predicted by the FE-model, the additivity rule
is applied to manipulate the time used in the equation. The additivity rule introduces a
fictive time to ensure conservation of phase fraction when taking isothermal increments
of the temperature evolution. The predicted phase in the previous increment equals the
phase fraction in the beginning of the present isothermal increment.

Results indicates that the critical moment when printing this metallic glass is on re-
heating of material that are not remelted. Elevated temperatures accelerates the phase
transformation and the most critical region is around four layers down. Yet, there are
more work to be done on calibration of boundary conditions for heat losses and on phase
predictions at higher temperatures.

Author contribution: The present author performed all modeling, post processing
of DSC measurements and implementation of phase model into the FE-model.
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Conclusions

Literature can provide material data useful for modelling of PBF where alloys have
been investigated with DSC analysis. These data can provide specific heat capacity, glass
transition temperature, crystallization temperature and ultimately Gibbs energy. How-
ever, most experiments are done with extremely low heating rate compared to the PBF
process. Often with the aim to force a sample to crystallize and thereby draw conclusions
on the amorphous structure and determine various critical temperature intervals for the
alloy. Because of the limits in glass formation and high heating rates required to avoid
devitrification, useful experiments for material modelling are not easily done.

In order to provide material data for the simulation models, extrapolation and estima-
tions are required. A continuous measurement of the specific heat capacity of thermal
conductivity cannot be done in the entire temperature range of the undercooled liq-
uid. Even though estimated TTT-diagrams can be constructed from DSC analysis, the
heating/cooling rates in PBF are much higher. Also, the relaxation effect due to cyclic
thermal events close to the glass transformation temperature affects the crystallization
behaviour, but is not measured in standard DSC analysis. Published work on the glass
forming alloy AMZ4 have been used to initiate simulations of BMG formation with laser-
PBF. The published work contains fitted expressions for the specific heat capacity of
AMZ4 and measured heat conductivity of a similar alloy up to the glass transformation
temperature.

To reconnect to the research questions, more work can be done regarding the thermal
properties needed for simulation of additive manufacturing of powder with the capability
to become amorphous. Specific heat capacity and thermal conductivity are needed in
the temperature range from room temperature to the liquid state. Data is also needed
for different heating and cooling rates as the glass transformation is a kinetic event. The
results of preformed simulations show that the cyclic event can be very destructive to
the amorphous structure. Future work is discussed in the Outlook in Chapter 9.

The first research question has been discussed and partly answered in this thesis. The
PBF process can be simulated with the use of activation of elements along with adaptive
meshing to reduce the number of elements in the model. The mesh grid can also be
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made considerable coarser in the plane compared to a detailed model when temporal
reduction is used. Temporal reduction will further reduce the computational efforts as
only a few time increments are required to heat the entire layer. It has been shown that
temporal reduction is conservative regarding crystallization due to reduced cooling rates
and longer times spent in critical temperature regions. Heat will only dissipate in the
downward direction when the entire layer is heated momentarily. In a detailed model
with a moving heat source, heat can dissipate in all directions and the cooling rates will
therefore be higher.

Simulation models found in the literature have the ability to simulate the PBF process
with good accuracy concerning melting, solidification, temperature field and residual
stresses. However, the accuracy of models will always be at the expense of computational
effort. Detailed model on the melt pool scale are very computational demanding and
limited to small simulation domains. The critical location of devitrification was predicted
to be few layers beneath the top surface where the material is reheated but not melted.
Results also indicates that the crystalline fractions increases as more layers are being
added. Thus, a simulation model of BMG formation in PBF should include many layers
and a large domain for a representative temperature field and phase prediction.

The second research question, how a model to compute the amount of amorphous and
crystalline fractions could be formulated, has been presented in the thesis. A criterion
may be formulated based on results from DSC measurements at different heating rates.
It is possible to calibrate a JMAK model for prediction of the phase evolution during the
thermal simulation. However, the presented phase model has only been calibrated for low
heating rates that are very different compared to the PBF process. It uses an activation
energy for the transformation that were determined by a Kissinger analysis. Thus, it
does not include nucleation and growth separately. Results show that the crystalline
fraction increases as more layers are added and the largest phase changes occurs at high
temperature, close to melting.



Chapter 9

Outlook

The presented FE model lacks boundary conditions for heat losses to the environment.
Heat is expected to leave by convection and radiation on the free surfaces and by con-
duction into the powder bed. The lack of boundary conditions will eventually lead to
a continuously increasing temperature in the base plate that leads to inaccurate phase
predictions. A simple test with a face film boundary condition of 20 W/m2 at the bot-
tom of the base plate was performed to evaluate the effect on the temperature field and
final phase fraction. The results are shown in Figure 9.1 where lower crystalline fractions
are predicted compared to the model without any boundary conditions. Experiments
are planned for calibration of heat input and boundary conditions for heat losses in the
PBF model. This will include temperature measurements on the base plate during the
process. Analysis of the structure in the printed component will also be performed for
validation of the model. All experimental work will be performed in cooperation with
project members at Uppsala University.

The phase model enables predictions of the crystalline phase fraction but can only be
accurate in low temperature regions, limited to the low heating rates in the DSC mea-
surements. Further improvements will be on calibration to higher heating rates, more
similar to the PBF process, with use of flash DSC measurements. The JMAK model is
used with the assumption that the activation energy for transformation is constant in
the entire temperature range. This is not true as the transformation is an interplay with
nucleation and growth, which are very much temperature dependent. It has also been
shown that there is a significant asymmetry between cooling and heating, i.e., crystal-
lization and devitrification [32, 68, 72]. This asymmetry is explained by the difference
in nucleation and growth. If a sample is heated to a holding temperature in the under-
cooled liquid region above Tg, it brings more nuclei compared to cooling to the same
temperature. Therefore, a more detailed phase model based on classical nucleation and
growth theory (CNGT) should be considered in future phase modelling. This work will
be performed and compared to the JMAK model in cooperation with project members
at Lund University.
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Figure 9.1: Crystalline phase prediction at each layer in the end on the simulation of 50
layers.
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D.H. Kim, K.B. Kim, and J. Eckert. Fabrication of Fe-based bulk metallic glass
by selective laser melting: A parameter study. Materials & Design 86 (Dec. 2015),
pp. 703–708.

[9] X. Li, M. Roberts, S. O’Keeffe, and T. Sercombe. Selective laser melting of Zr-
based bulk metallic glasses: Processing, microstructure and mechanical properties.
Materials & Design 112 (Dec. 2016), pp. 217–226.

[10] D. Ouyang, N. Li, W. Xing, J. Zhang, and L. Liu. 3D printing of crack-free high
strength Zr-based bulk metallic glass composite by selective laser melting. Inter-
metallics 90 (Nov. 2017), pp. 128–134.

[11] S. Pauly, C. Schricker, S. Scudino, L. Deng, and U. Kühn. Processing a glass-
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1.—Luleå University of Technology, 971 87 Luleå, Sweden. 2.—e-mail: Lars-Erik.Lindgren@ltu.se

Additive manufacturing by powder bed fusion processes can be utilized to
create bulk metallic glass as the process yields considerably high cooling rates.
However, there is a risk that reheated material set in layers may become
devitrified, i.e., crystallize. Therefore, it is advantageous to simulate the
process to fully comprehend it and design it to avoid the aforementioned risk.
However, a detailed simulation is computationally demanding. It is necessary
to increase the computational speed while maintaining accuracy of the com-
puted temperature field in critical regions. The current study evaluates a few
approaches based on temporal reduction to achieve this. It is found that the
evaluated approaches save a lot of time and accurately predict the tempera-
ture history.

INTRODUCTION

This article summarizes the applicability of
approaches in computational welding mechanics
(CWM) to simulate additive manufacturing (AM)
and pinpoints the renewed necessity for performing
efficient simulations to manage extremely large
amounts of ‘welds’ in the case of additive
manufacturing.

The study has a special emphasis on efficiency
with retained accuracy for the powder bed fusion
(PBF) of amorphous powder in creating bulk metal-
lic glass (BMG). The rapid cooling of an appropriate
multicomponent system provides it with an amor-
phous structure. This metallic glass can have
special electric, magnetic, corrosion, and mechani-
cal properties.1 Powder bed fusion processes can be
used to produce BMGs, as they give substantially
high cooling rates of the solidifying material.2,3

However, there is a risk that this material, when
reheated at a temperature not sufficiently high to
cause melting, may crystallize, i.e., become devitri-
fied. Therefore, it is advantageous to simulate the
process to fully comprehend it and design it to avoid
the aforementioned risk. However, a detailed sim-
ulation is computationally demanding. Thus, sim-
plifications enabling faster simulations are
advantageous. The accuracy of these models in

critical regions is important to be able to predict
crystallization and devitrification. The studied
amorphous alloy is AMZ4, Zr59.3Cu28.8Al10.4Nb1.5,
and preliminary data are used to evaluate the
modelling approaches.

COMPUTATIONAL WELDING MECHANICS

The overall aim of CWM4 is to establish methods
and models that are usable for the control and
design of welding processes so as to obtain the
appropriate mechanical performance of the welded
component. It is focused on subjects ranging from
the modelling of heat generation, weld pool phe-
nomena, and heat flow to thermal stresses and
deformations. Models in CWM can be combined
with other models to obtain microstructure evolu-
tion and other features that enable the prediction of
microstructure cracking and other phenomena. The
centrepiece in modelling is the heat generation
process, which is very complex for fusion welding
processes. Some models may include fluid flow but
exclude the physics of heat generation. However,
the classical, i.e., common, approach is to also
exclude this flow. The introduced heat input model
must be calibrated with respect to experiments or
obtained from more detailed weld process models.
Initially, researchers applied various techniques for
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reducing computing time,4 whereas it is now possi-
ble to solve multipass welds in three dimensions
(3D). However, the necessity for efficiency remains
important when applying CWM to AM processes.5,6

APPROACHES FOR EFFICIENT
MACROSCALE SIMULATIONS OF PBF

Approaches for reducing the wall-clock time when
performing CWM simulations can be divided into
three groups: spatial and temporal reductions and
numerical techniques. The first two groups always
bring some degree of approximation into the prob-
lem, whereas it is easier to control the degree of
accuracy in the last group.

Spatial reduction explores the possibility of reduc-
ing a 3D problem to one that is two-dimensional.7

This also implies a type of temporal reduction
similar to the axisymmetric model of a circumfer-
ential pipe, and the use of a plane deformation
model for a weld in a plate corresponds to infinite
welding speed.

Temporal reduction ignores some of the history of
the process. The use of analytic solutions, as well as
solutions ignoring phase changes and similar sim-
plifications, are examples of temporal reduction.
One temporal reduction used in this study is the
lumping of several welds into one, which can be
combined with infinite welding speed. The latter
means that, at least, parts of the weld are laid
instantaneously. Ding et al.8 based the stress
calculation on peak stress during a cycle. This
appears to be similar to envelope methods used
early in CWM. Afazov et al.6 used a combination of
remeshing to group layers and an analytic temper-
ature field for increased speed. The inherent strain
approach replaces the weld process by an estimated
final residual strain field that is supposed to yield
the same residual stresses and deformations as the
weld. It was previously published in 19709 and
developed and promoted further by Ueda and co-
workers.10,11 This approach has recently been
applied to AM and is available in commercial
software.

The current study focuses on temporal reduction
techniques for accelerating simulations of the PBF
process (see Fig. 1). For each case shown, heating
advances according to the arrows. The case in

Fig. 1a has no temporal reduction, whereas the
whole width of a string is heated instantaneously
for the case in Fig. 1b, and the entire layer is heated
for the case in Fig. 1c.

COMPUTATIONAL SETUP

Thermal analyses were performed using
MSC.Marc with full Newton–Raphson iterations
solving the resulting non-linear system of coupled
equations. Adaptive time stepping was used to
adjust the length of the time step to the non-
linearity of the solution during cooling. A cylinder
with a diameter of 15 mm on a 10-mm-thick base
plate was modelled with eight-node solid brick
elements. The mesh size was such that one element
represents the thickness of a layer, i.e., 40 lm. Local
mesh refinement was used to resolve the heat
source, and coarsening was used to reduce the
computational domain where the temperature gra-
dient is small. A 5-s pause was included between
each added layer. The laser power was set to 340 W
at an efficiency of 30%. The spot diameter was
100 lm and scanning speed was 1000 mm/s. More
details pertaining to heating in different models are
provided in the following section.

The powder was not modelled explicitly. Instead,
elements were activated with bulk material proper-
ties at the position of the heat source. A face film
boundary condition with a film coefficient of 100 W/
m2 was used on all faces interacting with the
powder bed.

Heat Input Variants

A cylinder with a diameter of 15 mm is built on a
10-mm-thick base plate. Each added layer has a
thickness of 40 lm. The laser power, spot diameter,
and scanning speed are 340 W, 100 lm, and
1000 mm/s, respectively. The most detailed model,
denoted M1, simulates the moving heat source
along the actual scanning path, as shown in Fig. 1a.
The classical double ellipsoid heat input model with
Gaussian distribution proposed by Goldak et al.12 is
used in this case.

q x; y; zð Þ ¼ 6
ffiffi

3
p

Qg
abcp

ffiffi

p
p e�

3x2

a2 e�
3y2

b2 e�
3z2

c2 ð1Þ

Fig. 1. Basic principles for the simplification of heating, where the heating progresses according to the arrow. (a) The path of the heat source is
followed in detail. (b) Each string is laid at an infinite speed, and (c) corresponds to the instantaneous heating of the whole layer, progressing
layerwise. The simulated case has a cylindrical shape, but here is drawn as a box for simplicity.
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where Q and g are the laser power and its
efficiency, respectively. The variables a, b, and c
are geometrical dimensions limiting the region of
heat input in a local moving coordinate system.
The ellipsoid is a circle in the xz plane with the
parameters a and c replaced by the spot diameter
d, and b is the penetration depth of 0.16 mm.
Goldak et al.12 suggested that at least four
elements should be covering each semi-axis of
the ellipsoid. However, we were limited to four
elements over the heat source width after mesh
refinement because of limited computer memory.
Thus, the model does not experience a Gaussian
distribution, but the total heat acquired by the
model is controlled as described in Ref. 13. This
method makes the total heat input independent of
discretisation.

The first model with temporal reduction is denoted
M2, as shown in Fig. 1b. The entire length of a hatch
is briefly heated with a Gaussian distribution only in
the depth direction. The heat was applied as a box
with no overlap or spacing between hatches. The
power density Eq. 1 was then reduced to one dimen-
sion and rewritten using the above assumptions.

q yð Þ ¼ 2
ffiffi

3
p

Qg
ffiffi

p
p

bd2 e
�3y2

b2 : ð2Þ

Consequently, the power density becomes inde-
pendent of the scanning area.

The total supplied energy is the same for all cases.
Thus, the integral of the heat source along one scan
in model M1 is the energy supplied for each heating
line in model M2. The sum of all heating lines in
model M2 yields the amount of heating in model M3.

As described above, the net time spent on heating is
different for each model, but the total time spent on
one layer was set to 5 s for all models.

The total scanning time for each model is a result of
chosen process parameters and geometry as illus-
trated in Fig. 2. The characteristic heating time of
any point is the same for all models and is given by

t� ¼ d
v : ð3Þ

The time to sweep the entire area in model M1 is
t1= A/dv, as shown in Fig. 2a. The time to cover one
layer in this model then becomes 1.767 s. However,
the scanning path was limited to exclude the edge at
the beginning and end of each hatch. This approach
enabled numerical stability and avoided extremely
high temperatures at the contour. This reduced the
total scan time to 1.736 s. Model M2 has an infinite
speed for each hatch, and the heating line moves
across the area with the scanning speed to maintain
the characteristic heating time. Thereafter, the time
to cover the whole cross section is t2= D/dv. The
simplest model, M3, briefly heats the whole area with
the characteristic heating, t3= t*.

Thermal Properties

The glass-forming alloy AMZ4 is the focus of an
on-going research project. This alloy has the capa-
bility of becoming amorphous, provided the cooling
rate from the liquid state is greater than approxi-
mately 20�C/s. The material model is based on
thermal properties from the literature. The
required high cooling rate limits the possibility to
measure material properties at higher

Fig. 2. Different heat distributions for various models in Fig. 1. (a) Heat source followed in detail, (b) each string laid with infinite scanning speed,
and, (c) instantaneous heating of the entire layer. The heating times for each case are given by t1> t2> t3 and described in the text.
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temperatures for the amorphous state. However, a
complete transformation diagram for crystallization
is currently not available.

The thermal conductivity of a similar glass-forming
alloy, Zr55Al10Ni5Cu30,

14 is used because of the lack of
published data for AMZ4. Data are available at
temperatures of up to the crystallization temperature
and are extrapolated to higher temperatures using the
slope of available data. Above the liquidus tempera-
ture, the conductivity is assumed to increase linearly to
imitate convective heat transport. It is considered
constant in the superheated liquid state (see Fig. 3).

The heat capacity of AMZ4 has been measured by
Heinrich15 and fitted to Kubaschewski equations16

for the supercooled liquid region and solid glass
state,

Cliquid
p ¼ 3Rþ aT þ bT�2 ð4Þ

Cglass
p ¼ 3Rþ cT þ dT2 ð5Þ

where the fitting parameters are given as
a = 5.224 9 10�4 J1 mole�1 K�2, b = 1.031 9 107

J1 K1 mole�1, c = 0.00623 J1 mole�1 K�2, and d =
� 6.047 9 10�7 J1 mole�1 K�3 in Ref. 15. The tran-
sition region between these two equations is based
on measurements at a gradual heating rate, as
indicated in Fig. 3.

Finite Element Models

Simulations with M1–3 start with the same
initial state. The initial structure was built on the
base plate and consists of 16 layers, with a total
height of 0.64 mm. The simulation of the initial
state was performed on M3. The simulation time
between each layer is 5 s, including heating and
subsequent cooling. The mesh was coarsened at
the end of the analysis, leaving two layers of
elements corresponding to the previous 16 layers
(see Fig. 4). The model is cut in a plane perpen-
dicular to the building direction showing the
temperature profile.

The computational efficiency of each model was
evaluated according to the computer wall-clock time.
All models were solved on 16 multiple threads for
assembly, recovery, and matrix solving. Model M1
required 381,000 s (approximately 4.5 days) to build
one layer. Models M2 and M3 required 1660 s
(30 min) and 770 s (13 min), respectively. Thus, only
0.2% of the computational time of M1 is used by M3.
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Fig. 3. Heat capacity and conductivity used in simulations. The solid
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dash-dot line denotes assumed properties of heat conductivity,
where symbols indicate experimentally determined data.

Fig. 4. A cross-sectional view of the temperature distribution used as initial state for comparison of the three different models.
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Furthermore, the time increments to heat the entire
surface were reduced from 34,700 for M1 to 150 for
M2 and only a few for M3.

RESULTS

The cooling rate of the molten material is in the
order of magnitudes greater than the critical cooling
rate of 20�C/s. Therefore, the material will remain
in an amorphous state with certainty. The critical
locations are at the lower layers that are merely
reheated but not molten. However, they run the risk
of devitrification, i.e., crystallization. The choice of
the critical location, four layers down, is based on
preliminary evaluations. The peak temperature
computed by the most detailed model is just above
900�C at this point. Figure 5 shows the temperature
history at the selected point versus time for the
three models. The cooling rate for the models is
evaluated and shown in Fig. 6.

DISCUSSIONS

Model M1 has no temporal reduction and is
considered as a reference with respect to simplified
cases because measured temperatures are lacking.
Its numerical accuracy has been evaluated by
changing the temporal and spatial discretisation.
Doubling the time step and/or mesh size affect the
temperature field near the heat source. However,
the effect is negligible at the evaluated critical
location, which is four layers down. The heat
conductivity used in the model had to be employed
for another BMG. Consequently, a numerical exper-
iment was conducted to evaluate whether changing
this property will affect the relative behaviour of the
models, thereby the conclusion below. Reducing the
value of the conductivity by ten times did not
change the relative performance of the models.

As further shown in Fig. 5, it is evident that the
number of cyclic heating sequences differs among
the models. The high temperature region also
differs but solutions approximate each other at
lower temperatures. However, this is unimportant
as they all exhibit extremely high cooling rates.
Therefore, this accuracy is not a problem. More
relevant for the current application are the pre-
dicted cooling rates (Fig. 6). It is possible to define a
quantitative error measurement on this rate, but
what certainly is important is whether crystalliza-
tion or devitrification occurs. However, this requires
a model that is currently not available. Therefore, a
sufficiently accurate model is employed as a conser-
vative model, i.e., one that has a lower cooling rate
than the real case. The simplified approaches are
conservative in this respect compared with M1.

The critical cooling rate for AMZ4 can be esti-
mated as approximately 20�C/s, with the nose at an
undercooling of approximately 80�C.15 The cooling
rates at higher temperatures (see Fig. 6) are in the
order of magnitudes greater than this critical value.
The risk for devitrification is for reheated layers
located further down that experience lower temper-
atures during the reheating cycle. Any thermal
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shifted to zero for each case when the temperature is equal to the
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history of remelted material can be ignored. Accord-
ing to Fig. 7, all models predict temperatures at
these locations that seem to be away from the region
for the nucleation of a crystal structure. It should be
noted that the figure has no complete data set. The
solid line in the upper right corner is based on
differential scanning calorimetry measurements of
materials cooled at low cooling rates. The symbols at
the lower right are from heating experiments. Tem-
perature history lines for models M1 and M3 at the
selected point are well to the left of these symbols,
indicating a negligible risk of devitrification.

CONCLUSION

The presented work describes an approach to
significantly reduce the computational effort to
merely 0.2% of a fully detailed model, but one that
still ensures sufficient accuracy in the thermal
simulation of PBF. The approach includes the
temporal reduction of the heating sequence and
obtains a conservative estimate of the risk of
devitrification of bulk metallic glass.
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Thermal simulation and phase modeling of bulk

metallic glass in the powder bed fusion process

Johan Lindwall, Victor Pacheco, Martin Sahlberg, Andreas Lundbäck and Lars-Erik
Lindgren

Abstract

One of the major challenges with the powder bed fusion process (PBF) and formation
of bulk metallic glass (BMG) is the development of process parameters for a stable
process and a defect-free component. The focus of this study is to predict formation of a
crystalline phase in the glass forming alloy AMZ4 during PBF. The approach combines a
thermal finite element model for prediction of the temperature field and a phase model for
prediction of crystallization and devitrification. The challenge to simulate the complexity
of the heat source has been addressed by utilizing temporal reduction in a layer-by-layer
fashion by a simplified heat source model. The heat source model considers the laser
power, penetration depth and hatch spacing and is represented by a volumetric heat
density equation in one dimension. The phase model is developed and calibrated to
DSC measurements at varying heating rates. It can predict the formation of crystalline
phase during the non-isothermal process. Results indicate that a critical location for
devitrification is located a few layers beneath the top surface. The peak is four layers
down where the crystalline volume fraction reaches 4.8% when 50 layers are built.

1 Introduction

Metallic glass have an amorphous structure and possess many desirable properties for a
variety of applications, such as very high yield strength due to lack of defects associated
with grains and grain boundaries [1]. They can also possess incredible corrosion resistant
properties and low magnetic losses due to the amorphous structure.

Since the discovery of metallic glass by Duwez et al. in 1960 [2], one great challenge
has been to manufacture amorphous alloys in practical dimensions. The challenge is to
cool the liquid rapid enough to avoid crystallization. Favorable alloying combinations
that assist glass formation and reduce the critical cooling rate have been developed [1,
3–8]. These good glass formers can be processed into Bulk Metallic Glass (BMG). How-
ever, limited heat conduction in the bulk controls the critical dimensions of a BMG
during casting as the core might not be cooled fast enough. The review by Williams et
al. [9] presented pregression of laser processing of BMGs. Additive Manufacturing (AM)
enables the rapid cooling needed for formation of BMG’s. Still, there are issues with de-
vitrification due to reheating and crystallization in the heat affected zone [10]. However,
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promising use of the Powder Bed Fusion process (PBF) using a laser heat source have
been resented resently for fabrication of amorphous samples [11–16].

Numerical simulations of PBF could assist the development of process parameters and
reduce the number of tedious and costly trails for a successful build. One of the challenges
with numerical simulations however, is to reduce the size of the computational model and
at the same time predict accurate results. Lundbäck [17] presented a simulation technique
of AM by creating weld paths with addition of filler material by element activation as
introduced by Lindgren [18]. The approach enables the modeling domain to grow as more
layers are built. The computation effort can futher be reduced by reducing the temporal
history by adopting lumping of strings [19, 20]. Lumping of weld paths during PBF
has also been applied to consolidate the strings/hatches to entire layers [21]. Modelling
of the laser heat source and powder bed interaction have been performed in various
studies [22–24]. Simulations on this scale enables predictions of the melt pool size at
varying scan speed, laser power and layer thickness. However, these models are very
computational demanding and limits the modeling domain to few tracks short in length.
Thus, a simplified heat source model is required for simulation of large domains and
many layers.

With accurate predictions of the temperature history during PBF, it becomes possible
to predict crystallization and devitrification by phase modeling. Classical nuclation and
growth theory have been applied in studies of the crystallization behaviour [25, 26].
Input to the models was taken by fitting to an existing time temperature transformation
(TTT) diagram. Difficulties emerge when the TTT-diagram is difficult or impossible to
construct. Guo et al. [27] used Differential Scanning Calorimetry (DSC) measurements
and Kissinger analysis for fitting of parameters to the Johnson-Mehl-Avrami-Kolmogorov
theory to construct a TTT-diagram used for estimation of precipitate formation. Chen
et al. [28] construct a continuous heating transformation diagram (CHT) directly from a
Kissinger analysis to compare with thermal cycles from welding simulations. They were
able to predict if and where crysalization takes place for a set of welding parameters. Lu
et al. [29] used a similar approach to estimate a TTT-diagram and compare with thermal
cycles from simulations during powder deposition. Even though these approaches are
effective for phase estimation of one heating cycle, they cannot be used to predict the
crystalline phase fraction of cyclic reheating.

This study shows an approach to predict the phase evolution of a glass forming alloy
during PBF using Finite Element (FE) analysis together with a model for crystallization.
A fully detailed FE model where the heat source is modeled in three dimensions and time
becomes very computational demanding, as each layer consists of many scanning paths
(hatches) and requires a very fine mesh and small time increments. An efficient thermal
FE model was developed in [21] based on temporal reduction by consolidation of the
heat source into entire layers. The simplification retains high accuracy close to the weld
pool in the plane and provides valuable insight in the depth direction with subsequent
reheating and cooling of underlying layers, where devitrification is most likely to occur.
The approach of using temporal reduction was concluded to be conservative compared
to a fully transient model. Predicted cooling rates are lower in high temperature regions,
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which leads to longer time spent in critical regions where crystallization is most likely
to occur. Therefore, prediction of crystal phase evolution should also be conservative
and beneficial for simulation of BMG formation. The phase model is based on DSC
measurements and optimized for the early stage of devitrification. Because of the non-
isothermal nature of AM, the model is implemented with an additivity rule [30] to be
able to navigate in the thermal cycles predicted by the thermal model.

Results indicate that thermal cycling without remelting is the most critical situation.
Even though the cooling rate is high enough to bypass crystallization, the total time
spent in high temperatures enables crystal formation.

2 FE model geometry and meshing

A cylindrical geometry with a diameter of 8 mm and height 1 mm is modeled on a 10
mm thick base plate with sides of 16 mm. The layer thickness is 20 µm that gives 50
layers. The domain of unmolten powder is not modeled. Neither is the powder/solid
interface thus, the powder bed is treated as a perfect insulator. There are no boundary
conditions for heat losses in this model. All heat is conducted through the material and
stored in the base plate. Fully integrated solid brick elements were used in the analysis
with one element over the thickness of each layer. New layers are introduced by element
activation. The analysis was performed with the commercial FE-software MSC Marc.

2.1 Element deactivation and activation

All elements representing the powder bed are deactivated prior to the simulation. Dur-
ing the simulation, new elements are continuously activated according to the scanning
sequence of the heat source. The activation is triggered by the moving heat source, which
immediately heats the activated elements. The activated elements possess the thermal
properties of the metallic glass as provided in section 4.

2.2 Adaptive mesh formulation

Mesh refinement are performed to maintain high resolution of the temperature field in
critical regions. All elements that represent the component are refined in the initiation
of the analysis such that each child element attains the height of one layer. The mesh is
coarsened further away from the heated layer where the temperature gradients are small
and overall temperature low. A snapshot of the model showing the adaptive meshing is
shown in Figure 1.

3 Heat source model

During the PBF process, the heat source scans the powder bed in a strategy that can
be very complex. The complexity lies in the rapid motion of the heat source and various
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Figure 1: Snapshot of model showing fine mesh at the surface where large temperature
gradients exist and high resolution is required. A coarse mesh is used further away from
the heated layer.

hatching patterns. The heat is supplied in a layer wise fashion by consolidating the
heat source instead of detailed simulation of the motion of the laser. This simplification
has been motivated in [21] and provides a significant speed up of the simulation and
a conservative temperature prediction. The peak temperature is always higher when
using this layer heat source approach because heat conduction becomes limited to one
dimension towards the base plate. Therefore, the cooling rates are lower and the time
spent in high temperatures is longer also contributing to the conservative approach.

A heat source can be represented by a double ellipsoid in three dimensions with Gaus-
sian distribution along each axis as suggested by Goldak [31]. A very fine mesh grid is
required to resolve the Gaussian distribution. With a laser spot of tens of microns in
size, the required number of finite elements becomes extremely high with the modeled
geometry. Therefore, the heat source is modeled as constant across a layer and varies
only in the depth direction. It can be written as

q(z) = Be
−z2

C (1)

where B and C are constants. The exponential constant was determined by the assump-
tion in [31] that the power density is reduced to 5% at the penetration depth, c. This
gives

C =
−c2

ln 0.05
≈ c2

3
(2)

Conservation of energy gives that the model should provide the same amount of heat
over the time it takes to scan a layer in the printing process, tprocess, with the laser power
Q. This is expressed as

Q× tprocess =

∫
A

∫ c

0

q(z)dzdA× tmodel (3)
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where tmodel is the heating time in the simulation and A the total area to be scanned.
Combining Eqs (1)-(3) leads to

B =
Q

A
∫ c

0
exp

(−3z2

c2

) × tprocess
tmodel

≈ 2
√

3Q√
πcA

× tprocess
tmodel

(4)

The process time is a function of the area (A), hatch distance, h and velocity, v. The
relation is given in Eq (3.5).

tprocess =
A

hv
(5)

The corresponding heating time for the model represents the time for the heat source to
pass a fixed material point. The length of the heat source is not known from the process
and instead is the hatch distance used. The heating time for the model is then expressed
by the ratio of hatch distance and scanning velocity in Eq (6).

tmodel =
h

v
(6)

Combining Eqs (2)-(6) into (1) gives the heat density equation as a function of depth in
0 < z < c.

q(z) =
2
√

3Q√
πch2

e
−3z2

c2 (7)

The power density model is volumetric with a Gaussian distribution along z and has
an intensity of 5% at the penetration depth. The power intensity is scaled by the size
of the heat source, penetration depth and laser power. The radiating time by Eq (6) is
scaled by the characteristic length of the heat source and the welding speed. Finally, the
amount of energy added to the material at each scanning sequence is given by∫ c

0

q(z)dz × tmodel =
2
√

3Q√
πhcv

∫ c

0

e−
3z2

c2 (8)

A dual-exposure heating sequence with a laser heat source on 80 Watts with an effi-
ciency of 70 % is used in the simulations. The scanning velocity is 2000 mm/s and the
hatching distance 100 µm. The heat input was assumed to penetrate four layers; thus, c
has a value of 80 µm.

4 Material properties used in FE-model

It is not possible to measure material properties both for the crystal and amorphous
structure for all temperatures they are subjected to in the PBF process. The reason is
that measurements cannot be done fast enough to avoid changes in the structure. These
structural changes are elaborated in the next chapter. Thus, lack of data enforces some
assumptions and extrapolations of existing measured data.
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The material used in this study is the glass forming alloy AMZ4. This is a Zr-based
alloy (Zr59.3Cu28.8Al10.4Nb1.5, at%) designed to be relative inexpensive compared to other
Zr-based alloys with good glass forming ability [32]. Models and data for heat capacity
and conductivity used in the model are presented below.

4.1 Heat capacity

Specific heat capacity of a BMG in the solid state, below the glass transition region,
is similar to the crystalline counterpart. During heating, there is a sudden increase in
heat capacity due to increased mobility of atoms at the glass transformation temperature.
Further heating may lead to devitrification, depending on the rate of heating. For AMZ4,
a very high heating rate is required to bypass devitrification before reaching the liquidus
temperature. Therefore, the heat capacity cannot be measured in the whole temperature
region from room to the melting temperature. Heinrich et al. [32] evaluated the heat ca-
pacity of the crystalline, glassy and liquid phases of AMZ4 through differential scanning
calorimetry using the so-called step method with sapphire as reference material for the
lower temperature range (473 - 833K). A detailed explanation of the step method can be
found in reference [32]. For the higher temperature range (up to 1375K) continuous mea-
surements through differential thermal analysis were conducted. The results were fitted
with the models proposed by Kubaschewski [33] to obtain the mathematical expressions
that describe the variation of heat capacity of the glassy, crystalline and liquid states
with temperature. The following fitting parameters have been reported [32]:

Cp = 3R + a′T + b′T−2
(glassy state) (9)

Cp = 3R + c′T + d′T 2
(liquid state) (10)

were R is the molar gas constant, a′ to d′ are fitting constants determined to a′ =
5.224 × 10−4 J/mole×K2, b′ = 1.031 × 107 J×K/mole, c′ = 0.00623 J/mole×K2 and
d′ = −6.047 × 10−7 J/mole×K3. The heat capacity of AMZ4 used in the simulations is
presented in Figure 2.

4.2 Heat conductivity

The heat conductivity in the undercooled liquid region, above the glass transition, was
investigated for a similar alloy (Zr55Al10Ni5Cu30) by Yamasaki et al. [34]. The authors re-
lated heat conductivity to the heat capacity and thermal diffusivity through the following
expression:

λ = ρCpα (11)

where ρ is the density and α the thermal diffusivity which increase with temperature but
remains constant in the undercooled liquid region. The constant value of α = 4.2× 10−6

m2/s was achieved and used to represent AMZ4. Thus, the heat conductivity can be
expressed in heat capacity in the undercooled liquid region as shown in Figure 2.
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Figure 2: Specific heat capacity and thermal conductivity of AMZ4 used in simulations.
Symbols indicate measurement and lines shows extrapolation of properties.

5 Phase model description

All metals and alloys are in a disordered state when molten. At lower temperatures,
a crystal structure becomes energetically more favorable. The driving force to nucleate
crystals increases with increased undercooling. At the same time, the mobility/diffusion
decreases as the temperature decreases. Thus, crystallization becomes limited by the
rate of nucleation at low undercooling and by growth at high undercooling. Due to
the difference in nucleation and growth rate, the time to complete the crystallization at
constant temperature has a minimum for a certain degree of undercooling, as illustrated
by the onset curve of crystallization in the schematic phase transformation diagram in
Figure 3.

Whenever the cooling rate is sufficient high, no crystallization can occur as not enough
time is given for nucleation and growth. The cooling rate required to avoid crystallization
is simply referred to as the critical cooling rate, Rc and is illustrated by the dashed line in
Figure 3. The metallic glass can obtain a crystal structure again if it is reheated and this
process is called devitrification. These two phenomena, crystallization and devitrification,
destroy the amorphous structure. There is a critical heating rate, Rh, required to avoid
devitrification when heating to the liquidus temperature, also indicated in Figure 3.

Because of the asymmetry in nucleation and growth, there is a significant difference
in critical cooling and heating rates [25, 29]. The critical heating rate and the risk of
devitrification are always higher compared to crystallization during cooling.

6 Model for crystallization and devitrification

A phase model is used to predict crystal formation during the PBF process where both
cooling and reheating takes place. Earlier work [21] evaluated the cooling rate to predict
if crystallization could take place or not. However, the presented phase model uses the
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Figure 3: Schematic phase transformation diagram for crystallization and devitrification.
A critical cooling rate to bypass crystallization is indicated by the cooling path by Rc

and a critical heating rate to avoid devitrification by Rh.

thermal history from the process simulation where temperature and cooling/heating rates
vary over time and is used to predict the amount of formed crystal due to an arbitrary
thermal history.

The Johnson-Mehl-Avrami-Kolgomorov (JMAK) equation for iso-thermal transforma-
tion is formulated to model the crystallization. The fraction of crystals is described by
x in Eq (12) as a function of time (t) and temperature (T ):

x = 1− exp

(
−k0 exp

(
− E

RT

)
tn
)

(12)

where k0 and n are constants. The activation energy for the transformation, E in Eq (12),
can be calibrated from DSC measurements. Because of the isothermal limitation in the
model, it is modified to fit a general incremental context of finite element simulations
and the non-isothermal nature of the AM-process.

7 Implementation of JMAK-model into FE-code

The additivity rule [30] is applied to enable solution of phase changes due to arbitrary
temperature evolution. The finite element simulation requires a general incremental for-
mulation. When implementing the additivity approach, a fictive time, τ is introduced.
This fictive time ensures conservation of crystal fraction between each isothermal incre-
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ment such that the phase fraction in the beginning of each isothermal increment, x(iτ,i T )
equals the end of the previous time step, x0, giving:

iτ =

[
− ln (1− x0)

k0 exp
(
− E

RiT

)] 1
n

(13)

The incremental version of the phase model is implemented in the thermal model via
user subroutines in the FE-software. It is a one-way coupling, such that the converged
temperature field for positions at each time step in the FE-model is used as input to
the phase models. Sub stepping is used in the phase model to reduce the error by the
additivity approximation when the temperature change is large within one time step.
Then, the phase evolution can be predicted accurately even with large time steps in the
FE-model. It is assumed that possible existing crystal fraction is removed whenever a
material point reaches the melting temperature. Thus, the crystal phase fraction is set
to zero if the condition T > Tm is satisfied.

8 Calibration of JMAK model

DSC measurements were performed on amorphous samples of the alloy AMZ4. Samples
of AMZ4 were produced by arc melting pure elements of high purity (>99.99%) in a
Ti-getter Ar atmosphere. Afterwards the samples were suction casted into 5 mm rods in
suction casting device under the same atmosphere and then processed into test samples to
fit the metallic aluminum crucibles used in the NETZSCH DSC204F1. Metallic aluminum
crucibles with a lid were used for the DSC experiments because these crucibles could be
cold sealed in an Ar-filled glove box protecting the sample from any possible oxidation
(below 1ppm H2O and O2). The samples were heated with varying heating rates up to
100 oC/min. The variation of the heat flow with the temperature during the continuous
heating was measured as shown in Figure 4. After the glass transformation at around
400 oC the so-called undercooled liquid region (SCLR) is reached. At further heating,
all samples devitrify and a crystalline phase is formed. This transformation lowers the
systems energy and result in a release of latent heat, as shown by the exothermic peaks
at around 500 oC.

The crystalline fraction was computed by integrating the released heat by the devit-
rification for each heating rate in the DSC measurements. The fraction of transformed
phase corresponds to the amount of heat release contained by the exothermic peak and
a baseline. The baseline was constructed as a straight line from the beginning to the end
of the transformation. The activation energy, E, for the transformation was determined
using a modified Kissinger method [27]:

ln

(
T 2
f

φ

)
=

E

RTf
+ ln

(
E

RK0

)
+ ln βf . (14)

A linear regression on the slope of ln(T 2
f /φ) versus 1/RTf gives the activation energy

shown in Figure 5a. In this method, Tf represents the peak temperature for each heating
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Figure 4: DSC scan for varying heating rates up to 100 oC/min.

rate φ while K0 and βf are constants. The remaining JMAK constants k0 and n were
optimized to fit the phase transformation, Figure 5b. The optimization is performed by
applying the incremental version of the phase model to fit the DSC measurements. A cut
of at 20% crystalline phase is used in the optimization to improve the fit at low crystal
fractions as the PBF process is expected to produce very small amount of crystals. The
optimized parameter values for the iso-thermal transformation model are presented in
Table 1.

(a) (b)

Figure 5: (a) Kissinger plot with linear regression determining the activation energy, E
and (b) fitting of parameters k0 and n to phase transformation by DCS measurements.
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Table 1: Parameter values for phase model of AMZ4 at low heating rates.

Parameter Value

E 88.8 kJ/mole
k0 9.49×107

n 1.49

9 Results & Discussion

The simplified approach of adding the heat in a layer wise fashion enables fast simulations
of the temperature field and phase prediction in PBF. The crystalline phase formation is
driven by the temperature evolution and predicted by the presented phase model. The
mass of the base plate is large enough to dissipate the heat and provide the cooling of
heated material. Figure 6 shows the cylinder with a section cut through the center. One
sample point at each layer is placed along the center line for post processing of the results.
A box with a fine mesh grid was used during the simulation to maintain high accuracy
at the area surrounding the sample points.

Figure 6: Sample points for post processing of results in highlighted region along the
center line.

The FE-model predicts the thermal history during each time step of the simulation.
3D contour plots shows the temperature field and the crystalline fraction one second after
scanning of the final layer in Figure 7. The final crystalline fraction varies in the layers
and peaks 5 layers beneath the top surface with a fraction of 4.8%. The fraction generally
increases in the cylinder as more layers are built because of increased temperatures and
reduced cooling rates. Each layer was exposed twice with the same scanning strategy
(dual exposure) during the simulation which provides two temperature peaks for each
layer. The second scan gives the highest peak temperatures due to accumulated heat
from the first scan. Figure 8 shows the results at the sample points during processing of
the final layer in the simulation. The temperature in Figure 8a is sampled in all sample
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points, whereas the crystalline fraction are sampled in the top eight layers (counted from
the top) in Figure 8b. The second scan results in larger transformation into crystalline
phase than the first scan. Elevated temperature in the surrounding and limited heat
conduction in the bulk results in longer times spent in critical region above the crystal-
lization temperature. As shown in Figure 8b, the crystalline fraction increase in layer
1-4 during the second scan. At layer 5-7 the crystalline fraction increases only slightly,
as the temperature exceeds the glass transition temperature only for a short amount of
time.

(a) Temperature field (b) Crystalline phase praction

Figure 7: Contour plot of cross section at 1 second after deposition of layer 50 showing
(a) temperature field in oC and (b) crystalline fraction (in fraction between 0-1) predicted
by phase model.

There are no boundary conditions used for heat losses in the model. Therefore, the
temperature continues to increase in the base plate and will never reach a steady state
temperature. The lack of boundary conditions also leads to over predictions of crystal
formation over time due to the increased overall temperature and reduced temperature
gradients.

10 Conclusion

An efficient and general approach to model the PBF process of an amorphous alloy
predicting the crystalline fraction has been formulated. Previous [21] and current work
show that it provides conservative estimates of crystal fractions. The approach does not
rely on the simplified use of critical heating and cooling rates and is general applicable
for all temperature histories. The models provides valuable insight in the PBF process
and where devitrification is most likely to occur. Results indicate that a critical region
for crystal formation is located a few layers beneath the top surface where the material
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Figure 8: History result at sample points evenly distributed in the cylinder during pro-
cessing of layer 50; (a) temperature history of the first and second scan (b) crystalline
fraction predicted by phase model at the eight top layers.

is reheated but not remelted.
Future work will continue to improve the accuracy of the models. The heat input

model and boundary conditions for heat losses will be calibrated with experiments and
measurements during the process. Improvements on the accuracy for phase prediction
of AMZ4 during the PBF process will be conducted by more material testing. DSC
experiments will be performed at high heating rates and the phase model will be validated
with process tests.
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