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Abstract

Selective laser melting (SLM) has emerged as one of the leading additive manufacturing (AM) processes for the fabrication of
complex metallic components, due to its capability to achieve high quality at acceptable times. However, due to the complexity of
physical phenomena occurring during SLM, such as heat transfer and phase transformations, laser absorption, molten metal flow,
and moving interfaces, it is still necessary to conduct research in order to achieve a deeper understanding of the process and
improve it. In the present work, a comprehensive simulation model for the study of conduction mode single-track SLM process of
316L stainless steel is presented. This model incorporates temperature and phase-dependent material properties for both powder
bed and substrate, detailed calculation of the absorption coefficient, and temperature-dependent boundary conditions. The
simulation results are in excellent agreement with experimental findings, regarding the morphology and dimensions of melt
pool under various process conditions. Moreover, with the proposed model, analysis of power losses as well as cooling and
heating rates is conducted, identifying the characteristics of SLM process and providing valuable insights for its optimization.
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1 Introduction

Additive manufacturing (AM) can be defined as the process of
producing parts from a three-dimensional data model, by join-
ing or adding material using the layer-by-layer principle [1].
The physical AM process is relatively simple as it consists of
only two steps: the generation of a single layer, with specific
shape and thickness based on slice data coming from a 3D
CAD model, and the joining of each new layer on top of the
preceding one [2]. There are various AM processes and they
can be classified according to the type of the energy source,
the type and form of the material, and the bonding means and
techniques that they use. The laser-powder bed fusion (L-
PBF) processes, such as selective laser melting (SLM), are
found and considered more promising than the solid-based
ones [1]. AM is a revolutionizing product development and
manufacturing technology that may reform the whole
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manufacturing industry. The rapid character of AM technolo-
gy, the capability of building parts regardless of their shape
complexity in a single step within an AM machine, and the
inherent flexibility of the process make AM a promising
manufacturing technique, competitive to the traditional sub-
tractive and formative ones [3].

SLM is regarded as one of the most advanced AM tech-
niques, with tremendous potential for producing complex,
lightweight, high density (over 99%), and functionally opti-
mized parts. The production of high-quality models, at re-
duced costs and lead times, is expected to benefit the medical,
aerospace, and automotive industries [4]. SLM is a powder-
based AM process, where a laser beam selectively melts me-
tallic powder layers, forming a solid part on a base plate [5].
One additional advantage of SLM is its capability to utilize a
variety of alloys as raw materials (powder bed). Specifically,
in L-PBF processes, titanium (T1)-, stainless steel (SS)—, nick-
el (Ni)-, aluminum (Al)-, lead (Pb)-, and niobium (Nb)-based
alloys can be used [6]. During L-PBF, the interaction of the
powder bed and the heat source is short due to the typically
high scanning speeds of the laser beam, but due to the high
energy densities, rapid heating and subsequent solidification is
taking place. In the formed melt pool (MP), radial temperature
gradients on the order of 10% to 10* K/mm can be developed
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between the center of the MP and the cooler solid-melt inter-
face, while the cooling rates are estimated over 10* K/s [1].
Although the basic principle of SLM is quite simple, there are
more than 130 parameters that affect the final quality of the
produced part [7, 8].

The SLM system has non-linear response to the change of
machining process, since complex physical mechanisms such
as laser absorption; reflection and radiation; heat transfer in
liquid, solid, and gas phases; phase transformations; fluid
flow; and moving interface between the solid and liquid
phases are taking place [9]. As the quality of the produced
parts is strongly dependent on the optimized selection of ma-
chining parameters, the need of deep and clear understanding
how the principal process parameters affect the SLM system
arises. In the last years, many studies have been conducted in
this field, both experimental and computational. The melt pool
(MP) characteristics and behavior have intense scientific in-
terest; hence, extensive experimental research has been carried
out for different materials and parameters [10—-13]. The gen-
eration of a single-track MP can be considered the basic and
primary mechanism in L-PBF, and its understanding and op-
timization are essential. After all, any part, regardless of its
complexity or material, is produced by a number of single
tracks and layers. The great number of different process pa-
rameters and materials, along with the increased costs of SLM
machines and measurement equipment, i.e., high-speed cam-
eras, thermocouples, thermal cameras, etc., raises the need to
develop realistic and accurate simulation models of the pro-
cess. At the same time, beyond the benefits in time and money
saving, the difficulties of observing the process in real time
and in situ, due to its rapid nature and the strictly controlled
environment, can be overcome by using simulation models.

Gusarov et al. [14] presented a model for the laser—powder
interaction zone based on the assumption of slow consolida-
tion, as a single-line scan on a layer of unconsolidated powder.
The model included heat transfer through radiation and con-
duction. The absorption due to radiation was approximated by
a volumetric heat source, while the power density of the laser
beam was modeled by a bell-like radial distribution. Besides
other conclusions, calculations have shown that the total ab-
sorptivity of the powder-substrate system and the fraction of
the radiation absorbed by the substrate dependent on the op-
tical depth of the powder layer. Antony et al. [15] developed a
finite element model (FEM) to determine the temperature field
in a powder melting process. For the simulation of the heat
source, a 2D surface Gaussian distribution was used. To esti-
mate the effective thermal conductivity of the powder bed, the
coexistence of solid material in a gaseous environment was
taken into consideration and it was calculated using an empir-
ical coefficient combining the conductivity of powder material
and the conductivity of the gas phase. The FEM model was
utilized for understanding the effect of process parameters on
the geometric characteristics of a single track and to facilitate
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the creation of better quality melted tracks without unwanted
phenomena.

Lee et al. [16] presented an extended 3D transient MP
physics model to calculate the temperature field, fluid convec-
tion, and MP shape in the L-PBF of Inconel Alloy 718. The
heat input from the laser beam approximated as a 2D Gaussian
heat flux distribution, while the absorption coefficient was
considered constant with a value of 0.38. Additionally, the
convection coefficient and the emissivity were taken as con-
stant values and not temperature-dependent. The model took
into consideration the heat loss by evaporation and the exis-
tence of recoil pressure. Using the simulation results, solidifi-
cation parameters, i.e., temperature gradients and solidifica-
tion rate were computed and used to quantitatively assess the
solidification microstructure. Heeling et al. [17] developed a
simulation tool using a homogenized powder bed in its initial
configuration, to achieve a balance between computational
time and accurate results. A dynamic absorption model pro-
posed by Gusarov et al. [18] was adopted, temperature-
dependent material properties were used, while the powder
bed thermal conductivity was handled separately since it does
not follow the rule of mixtures. The recoil pressure and the
evaporated material were calculated, too. Qian et al. [19] used
the level set method to simulate the melting process of metal-
based SLM. The assumptions that were made included a 2D
Gaussian heat source with a constant absorptivity coefficient
of 0.2, while the evaporation of material was neglected. Bian
et al. [20], in order to simplify their model, adopted a station-
ary Gaussian laser beam profile, while the attenuation and
scattering of the laser beam were ignored. Moreover, constant,
and not temperature dependent, thermal and physical material
properties and heat transfer coefficients were used. Similar
simplifications about constant physical and thermal parame-
ters and neglecting of the metal vaporization during SLM can
be found in the work of Zhang et al. [21]. In their study, in
order to calculate the laser absorption coefficient, a more so-
phisticated model was used, with multi-reflection phenomena
taken into consideration, while the absorption rate was distin-
guished during absorption by the powder bed and by the sub-
strate. The total absorption rate was estimated to be over 80%.

In another approach on the estimation of the laser—powder
bed interaction, Tran et al. [22] presented a volumetric heat
source model for the SLM process. A powder layer with var-
ious powder particle sizes was constructed using a modified
sequential addition method. The absorptivity profile along the
depth of the metal powder layer was calculated by means of
Monte Carlo ray-tracing simulations. Those results, along
with the calculations of the thermal conductivity of the pow-
der bed in the pre-melted conditions, were used as inputs in a
FEM simulation. The comparison of simulation results with
results presented in the literature showed that taking into ac-
count the powder nature of the raw material and the multi-
scattering of the laser beam along the powder bed depth can
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give accurate results, although, in some cases, there was de-
viation between simulation and experiment. In a bit different
approach for modeling the laser beam, Bruna-Rosso et al. [23]
implemented two different heat source models for modeling
the laser beam, a “Goldak™ [24] and a “Gusarov” [14] heat
source. Although the simulation results were in a fair agree-
ment with experimental ones, there was a need to calibrate
heat source model parameters, and thus, for this kind of
models, it is necessary to jointly use them with experiments
for their proper modification.

During L-PBF process depending on laser energy intensity
value, the melt pool can be created with a different melting
mode. For example, under low or moderate values of laser
energy intensity, laser energy is absorbed mainly by the upper
layers of the workpiece, no vaporization occurs, and heat
transfer takes place primarily through conduction and convec-
tion in the molten pool, a mode named conduction or conduc-
tive mode [25, 26]. In conduction mode, the evolution and the
final shape of the melt pool is caused by thermal conduction
[25, 27-30], as the powder is melted due to the heat conduc-
tion effect, whereas the convection is found to be relatively
weak in the melt pool [27, 31]. In low-energy density regime,
the effect of fluid flow dynamics on the creation of the melt
pool is lower, whereas the effect of heat conduction in the
solid-state increases, being considered the dominant factor
for the laser melting [32]. On the contrary, when laser energy
intensity is high enough to lead to vaporization of the powder
material, creating a dense plume, a recoil pressure occurs,
larger than the surface tension and hydrostatic pressure of
the liquid metal, forming a cavity on the molten material, a
mode named keyhole mode [25, 27]. In the keyhole mode,
where the fluid dynamics and recoil pressure dominate, a
characteristic feature is the large penetration depth, small
heat-affected zone (HAZ), and high energy efficiency but it
is considered an unstable process with higher probability of
defect occurrence than in conduction mode [32, 33]. In con-
duction mode, the molten pool is shallow and wider with a
semi-circular, U-shape morphology with a small aspect ratio,
below 0.5, and the heat input is better controlled [25-27, 29,
30, 34, 35]. Moreover, in this mode, the parts have higher
density and generally better mechanical properties than in
keyhole mode, with uniform microstructure and better form-
ability [26, 31]. The boundary between the two modes is not
strictly defined, but researchers have proposed that a certain
laser power, laser power density [25, 28, 29], or normalized
enthalpy value [28, 33] can define the limit between them.
Furthermore, another indicator of the melting mode during
SLM is the laser energy transfer efficiency, which is the ratio
of the energy absorbed by the target material and the laser
power of the source; if efficiency value is equal to the material
absorptivity, then conduction mode melting occurs, whereas
higher values of efficiency are associated with keyhole mode
[34]. A transition mode is sometimes observed, between the

two other modes, in which the most important factor for the
determination of melt pool dimensions is the Marangoni force,
which is the driving force for the developed fluid flow, rather
than the conductive heat transfer or fluid dynamics and the
recoil pressure [32].

The current paper, as a novelty, presents a general model-
ing methodology for SLM process under conduction mode, in
which the boundary conditions and the necessary coefficients
are based on robust theoretical background, so that the need
for empirical coefficients is limited or even eliminated. At
first, the absorption coefficient is calculated for the pre-
melted phase as the result of the laser beam and the powder
bed interaction and for the melted phase by utilizing the con-
cept of electron-phonon-dominated optical conductivity and
the Drude theory, thus adopting a volumetric Gaussian heat
source with temperature-dependent absorption coefficient.
The powder bed thermo-physical properties and the emissivity
are estimated based on its porosity, while the temperature-
dependent convection coefficient is derived from the calcula-
tion of the Nusselt number. The latent heat of melting and
evaporation are taken into consideration, as well as the heat
losses due to vaporization. Based on the aforementioned
boundary conditions, a thermal transfer model is developed
and solved. From the calculated temperature field, the dimen-
sion and characteristics of the MP can be estimated, along
with its spatial and temporal evolution, as well as the shape
of the MP. Simulation results are validated by comparison
with experimental ones, under various process conditions.
The various components of the SLM thermal model are
depicted in detail in the flow chart of Fig. 1.

2 Modeling method

In the present work, a comprehensive 3D computational mod-
el for single-track SLM process is constructed, which is capa-
ble of predicting not only the depth of melt pool but also the
shape of the resulting track due to the laser irradiation. In
specific, a finite element thermal model is developed for the
SLM process, incorporating various features, which render it
capable to take into account several phenomena occurring
during the SLM process. The laser beam is approached by a
Gaussian volumetric moving heat source, while on the upper
surface of the control volume, heat exchange occurs through
convection and radiation and due to material vaporization.
Throughout simulation, temperature-dependent material
thermo-physical properties are taken into consideration, as
well as the latent heats of melting and vaporization.
Furthermore, for the powder bed domain, the properties are
estimated according to the rule of mixtures or using analytical
relations based on its porosity. Figure 2 presents a schematic
representation of the basic feature of the SLM model. In order
to ensure the validity of the model, data from single-track

@ Springer



2942

Int J Adv Manuf Technol (2020) 111:2939-2955

Laser beam absorption Laser beam absorption
coefficient for pre-melted coefficient for melted
powder bed (T<T,,) powder bed (T>T,,)
Fresnel Equations Electron-phonon dominated optical Emissivity and Thermal Emissivity and Thermal
& Multi-scattering model conductivity and Drude theory Conductivity of pre-melted Conductivity of melted
Gaussian Volumetric Heat Source powder bed (T<T,,) powder bed (T>T,,)
— Sy - N e = T —
Convection Coefficient of Temperature dependent
powder bed system using THERMAL — thermo-physical properties of
analytical Heat Transfer relations MODEL powder bed & substrate

Melt Pool dimensions
& characteristics

Validation with
Temperaturefield R experimental results

Temperature gradients
& cooling rates

Fig. 1 SLM model flow chart

SLM experiments are considered [36] and a comparison be-
tween experimental and computational results is performed.
It is obvious that during the melting process, a velocity
field with relatively low velocities is developed within the
melt pool and in this region convection heat transfer takes
place, apart from conductive heat transfer. However, the
heat losses due to convection are not significant in every
case of SLM process. The inclusion of fluid flow calcu-
lations in the SLM models is essential in order to predict
the melt pool dimensions in cases where flow-related phe-
nomena such as Marangoni flow are dominant, e.g., in the
keyhole melting mode, but for the conduction melting
mode the simulation results can be in good agreement
with the experimental data without considering the flow-

Fig. 2 Schematic of SLM model
features
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related phenomena [28]. When the effects of fluid flow
are less significant, the inclusion of Marangoni effect can
lead to overestimation of the melt pool dimensions [32].
Thus, various thermal models exist in the relevant litera-
ture, which were shown to predict melt pool dimensions
with high degree of accuracy [16, 23, 37-49], as well as
microstructure [50], onset of balling formation [37], and
residual stresses [38], and some researchers noted that in
some cases melt pool dimensions can be predicted even
by using simplified thermal models such as the Rosenthal
equation [38, 39, 50].

For example, Gusarov et al. [14] employed a thermal
model for the selective laser melting of 316L steel powder
in order to successfully predict cross-section dimensions

T Slbstrate

aser Beam—P er-particle
interaction for absorption
coefficient calculation
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of the melt pool as well as the morphology of produced
tracks. They noted that according to the experimental re-
sults, the absorptivity did not increase significantly with
temperature and thus Marangoni convection could be
neglected because its contribution to heat transfer was
rather low. Tran and Lo [22] aimed also to predict the
geometry of melt pool region below the upper surface of
the substrate by using a thermal model. They stated that in
the region of melt pool, where conduction melting occurs,
the effect of fluid flow on the formation of this region
can be neglected, as the conductive heat transfer is the
dominant factor that should be taken into consideration
in order to predict the dimension of the melt pool. Their
findings indicated that a high level of accuracy was
obtained regardless of the assumption that the effect of
recoil pressure and Marangoni convection on the crea-
tion of the melt pool was negligible, as, only if keyhole
mode melting occurred, the accuracy could be signifi-
cantly lower. Hodge et al. [40] developed a thermo-
mechanical model in order to predict temperature field,
melt pool dimensions, and other phenomena occurring
during SLM and verified the validity of their model
with results from previous works such as the work of
Gusarov [14]. Moreover, Guo et al. [41] used a thermal
model for SLM process of tungsten in order to predict
temperature gradient and cooling rate, both in cases of
conduction and keyhole mode melting and managed to
explain successfully the phenomena occurring during the
SLM experiments. Krakhmalev et al. [42] studied the
microstructure of AISI 420 steel after SLM process
and employed a thermal model in order to calculate
the temperature field and re-melted depth of tracks.
Their model did not include the heat losses due to the
convection of the molten material, as during conductive
model of melting these losses were assumed to have a
negligible contribution.

Additionally, in the work of Kundakcioglu et al. [43],
it was found that a thermal model was able to predict the
melt pool cross-section depth and width with sufficient
accuracy compared to experimental measurements for
Inconel 625 and titanium workpieces. Metelkova et al.
[38] pointed out that in the estimation of melt pool di-
mensions during conduction mode, the Rosenthal equa-
tion can be used, which does not include neither
temperature-dependent properties nor fluid flow. The
same statement was supported by the work of
Promoppatum et al. [50], who noted that the natural con-
vection in the liquid melt pool can be neglected without
considerable alteration in the prediction of melt pool
width. Moreover, Philo et al. [37] recently used a thermal
model with an ablation module but without considering
fluid flow and managed to achieve the prediction of melt
pool profile even in keyhole mode.

2.1 Governing equations

In the thermal model of SLM process in conduction mode, the
governing equation is the time-dependent 3D heat equation,
formulated as follows:

oC, L v kvry = 0 (1)

"o
where p represents the density (kg/m?), Cp represents the spe-
cific heat (J/kgK), k represents the thermal conductivity
(W/mK), and Q represents the heat rate per unit volume
(W/m?).

The boundary conditions of the governing equation
include the heat transfer due to convection between
the surrounding environment and the workpiece, and
the radiative heat transfer, as well as the heat loss due
to vaporization of the workpiece material, when temper-
ature exceeds the boiling point. To specify the thermal
boundary conditions, the following expression is
employed:

kVT = Geonv + Qrad T Dabi (2)

where Geonys Grad> and gap are the heat fluxes because of
natural convection, radiation, and vaporization of the
material, respectively.

2.2 Moving Gaussian volumetric heat source
The laser beam is approached with a moving volumetric heat

source with Gaussian spatial distribution. Mathematically is
represented as:

2
i G 1)2 2 ds-tdpp=z
Pn 2 %( Tt 'efé( g[z )

X 17[ — . e X 'y
Q( 7y’ ) zﬂ_o_xo_y /27.[_0_Z

3)

with P as the nominal laser beam power, 1 as the absorption
coefficient, vy as the laser beam velocity on x-axis, ds and dpq
as the substrate and powder bed thicknesses respectively, and
Oy, Oy, and o, as the standard deviation of Gaussian distribu-
tion on the respective axes. For the SLM laser beam, it can be
considered that:

R
O’x:Jy:TL
o )
‘ 3

with Ry as the laser spot radius. The Gaussian spatial distri-
bution along the powder bed thickness approximates the mul-
tiple scattering and the consequent absorption of the laser
beam by the powder particles.
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2.2.1 Absorption coefficient

The interaction of the laser beam with the powder bed is di-
vided into two phases: the pre-melted phase, where interaction
between the electromagnetic wave and the solid particles of
the powder bed occurs and the melted phase, during which the
laser beam energy is absorbed by liquid material. The funda-
mental physical mechanism is different for each kind of inter-
action, thus different calculation methodology is appropriate.
The main steps for this modeling approach are presented in
Fig. 3.

For the pre-melted phase, the laser beam interacts with the
solid particles of the powder bed and is either absorbed by the
material or undergoes multiple reflections. As a consequence,
the absorption coefficient must be calculated as the sum of the
total reflections along the powder bed volume. The absorbed
or reflected proportion of energy depends on the electromag-
netic beam wavelength, the powder material’s optical con-
stants, and the incident angle of laser beam. The absorption
coefficient is calculated in respect to the incident angle (0) by
using the Fresnel equations [44]:

2
cos0*(n2*sin29) 172
as(0) = 1- 7
cosf + (nz—sinZG) 5)
2
n2cosf— (nzfsinze) 12
ay,(0) = 1- 7
n2cosh + (n2—sin29)

where o and o, refer to the absorption to S-polarized and P-
polarized light, respectively, and 7 is the relative refractive
index of the powder material. For 316L steel, the refractive
index is n=2.9613-4.0133; at the wavelength of 1070 nm
[45], corresponding to YD fiber laser. Solving the above equa-
tions for the pre-mentioned refractive index, the results that
are depicted in Fig. 4 emerged.

The absorption coefficient in respect to the incident angle
can be approximated by the second order polynomial of Eq. 6,
with R*~ 1, and 0 representing the incident angle in degrees:

a(f) = —0.000046¢” + 0.0000066 + 0.372491 (6)

For modeling the powder material, the assumption of an
ideal powder bed is made; thus, 3 layers of identical spheres in
hexagonal close packing arrangement are used. This approach
is not far from the actual setup of the powder bed fusion in
SLM [46]. Using a ray-tracing computational module, the
trajectories of an incident laser beam are calculated, see
Fig. 5, and thereby, the incident angles along the laser beam
path over the powder bed, considering the multiple scatter-
ings. As the assumption of an ideal powder bed is made, the
model presents symmetry, and, thus, can be solved for the
quarter of a sphere. Using the calculated incident angles in
Eq. 6, the total absorbance can be estimated, taking into ac-
count the energy that is absorbed due to multiple scattering.

For powder particles with diameter 30.5 pum, and laser
beam wavelength of 1070 nm, the mean total absorbance co-
efficient is computed as 58.66%. This result is in line with
experimental measurements of Yan et al. [47], who have de-
termined a 55% absorptivity coefficient for 316L powder.

When the powder bed material reaches a temperature above
the melting point, the absorbance physical mechanism is differ-
ent, since the laser beam “meets” a liquid material. For estima-
tion of the absorbance during the melted phase, electron-
phonon-dominated optical conductivity and the Drude theory
was used. Based on the work of Siegel [48], the absorbance of
iron at 1060-nm incident light wavelength, for temperatures
above its melting point, is calculated by Eq. 7:

1 = 0.00024857-0.07833 (7)

This approach has an upper temperature limit of two times
the melting temperature. The total absorbance is mathemati-
cally expressed by Eq. 8:

0.5866—T < Tm
0.00024857—-0.07833—=T,, < T < 3622 |=7a
0.82—T > 3622

’[7:

=0.82 (8)

Equation 8 indicates that the maximum absorbance is 82%
for extremely high temperatures, a conclusion that is justified
by the experimental measurements of Trapp et al. [49]. In their

Fig. 3 Main steps for the
absorption coefficient calculation
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Fig. 4 Absorption, reflectance,
and transmittance coefficients of
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study, a similar high value of average absorbance was mea-
sured for high laser powers.

2.3 Thermo-physical properties and emissivity

The computational domain is composed of two main regions,
namely the powder bed region and the solid substrate region,
which is placed below the powder bed. Initial temperature in
both regions is 293 K. For powder bed and substrate regions,
material properties such as density, specific heat, and thermal
conductivity are assumed as temperature-dependent and for
the case of powder bed, phase-dependent as well. Thermo-
physical properties and emissivity for both materials are de-
fined as polynomials, with different expressions below and
above the melting point, using appropriate formulas from the
relevant literature for 316L steel.

2.3.1 Thermo-physical properties and emissivity
for temperature below the melting point

The modeling of powder bed effective thermal conductivity
kpb is complex, based on the Zehner and Schlunder model,
taking into account free fluid radiation, and core heat transfer,
as well as solid contact heat transfer terms [51]. Thus, it is
expressed as follows:

Fig. 5 Ray trajectories

Incident
beam .
"
.,
.,

20 40 60 80
Angle (°)

kpb = kff + keore + keontact (9)
k(11 Ke) | W
ky = ke (1-1/1%) (1+kg) [mK} (10)

PN B kN, ke Bl Bl | kg
Kaore = kg /1241 C’)Ly.kg ((l_g.kg)z (1 kS)I"B-kS 2 ls.kg) +kg‘|
Bl | (- By

ks

B3 (11
o ksol.con w
kcontact - QST |:ij| (12)

where k¢ represents the free fluid radiation heat
transfer, k.o represents the core heat transfer, kconact
represents the solid contact heat transfer, k, is the ther-
mal conductivity of the continuous gas phase, ki is the
part of thermal conductivity owing to radiation, ¢is the
porosity of the powder bed, B is the deformation pa-
rameter of the particle according to its geometry, kg is
the thermal conductivity of solid, and kg, con represents
the solid contact conductivity. The deformation parame-
ter B in the present case is expressed as follows:

it ;”'
iy
i
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1- 10 /9
B~1.25 (‘0> (13)
¥
The thermal conductivity part due to radiation is calculated
as follows:

kr (14)

40 T3dp [ W
mK

T 1-0.132¢7-7, |mK

where ¢ is the emissivity of the powder bed, o is the Stefan-
Boltzmann constant equal to 5.6704 x 108 Wm2K74, T repre-
sents the mean absolute temperature of the powder bed (K),
and djy is the effective length for radiation between particles,
equal to the particle diameter (m).

Emissivity of the powder bed is modeled using two differ-
ent equations for temperatures below and above the melting
point. For 7 < T;, the following expression is employed:

(15)

where ¢y is the emissivity of cavities (holes) of the powder
bed, ¢g is the emissivity of solid particles in the powder bed,
and Ay is the area fraction of the surface that is occupied by
the radiation emitting cavities. The area fraction can be calcu-
lated by the following expression:

er<r, = Anen + (1-An)es

09087
©1.908-¢02 2. + 1

H (16)

Moreover, the emissivity of the cavities can be expressed
as a function of solid particle emissivity and bed porosity as
follows:

- s {2 +3.082 ({;’ﬂ -

Es{l —&-3.082(%)2} +1

Finally, the specific heat and the density of the powder bed
is calculated based on the rule of mixtures, while for the solid
state, the literature-recommended formulas are used [52].

2.3.2 Thermo-physical properties and emissivity
for temperature above the melting point

For temperatures above the melting point, the powder bed has
been transformed into a homogeneous liquid material, having
the same properties with the melted substrate material.

Thermal conductivity of the melted material is expressed
by Eq. 18 [52]:

w
kror, = 12.41 + 0.003279-T[—} (18)
mK
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and the emissivity is expressed as follows [53]:

—(T-T,,
ersr, = 0.28exp ((55)) + 0.087 (19)

2.4 Convection heat flux
The convective heat transfer coefficient between the powder

bed and thesurrounding environment is calculated, taking into
account the Nusselt number of the flow field, as follows [54]:

W) = Nu(Tz.k(T) [mxivK] 0
where

Nu(T) = 0.54(Gr(T")-Pr(T")) /s

;’fdz Too2+ T (21)

Gr represents the Grashof number and Pr the Prandtl
number.

2.5 Phase change and material ablation

Phase changes in both materials are taken into account by
including the latent heat of the phase transition. The phase
changes that can occur are solid to liquid and liquid to gas.
In the case of powder bed material, porosity is taken into
account, as well. The latent heat of melting and vaporization
for 316L are 260 kJ/kg and 6090 kJ/kg respectively.

Finally, in order to model the heat produced during vapor-
ization of the powder bed material when temperature reaches
the boiling point, a heat flux is also defined, as follows [55]:

1

m

O = {wk) (57) 2

(Jep(T)dT + L,y + Ly) [%}
(22)

where By is equal to 0.95 as SLM is a weak evaporation
process, while p(T) is calculated by the expression:

o) =presp | (102 |ipa

where m represents the mass per atom of a metal (kg), L,
represents the latent heat of evaporation (J/kg), L., is the latent
heat of melting (J/kg), and kg is the Boltzmann constant.

(23)
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2.6 Computational domain and mesh P ;

VED = ——— [—3} (24)
In order to reduce computational cost, the computational do- VLR dpp [ mm

main is cut along the symmetrical plane so that one-half of the
real domain is solved, see Fig. 6. The domain consists of two
sub-domains, one for the powder bed and one for the sub-
strate. The depth of the substrate domain is 75 pm, while the
substrate depth changes according to SLM parameters, i.e.,
laser power and speed, in order to avail sufficient depth for a
fully developed thermal profile. The length of the powder bed
and substrate domain is 5 mm, i.e., 2 mm longer than the laser
path and the domain’s width is 0.5 mm. In the contact face of
the powder bed and the substrate domain, a temperature and
energy continuity boundary condition is used. Special mesh
refinement has been performed near the melt pool area, which
will be affected mainly by the laser irradiation during the SLM
process, whereas the element size is larger in the rest of the
powder bed and substrate regions, as these areas will not be
significantly affected by thermal phenomena, see Fig. 6. The
implicit time-dependent method of backward differentiation
formula (BDF) was used, with maximum BDF order 2 and
event tolerance 0.01. The computational time was set always
greater than the real process time, providing an additional time
frame of 0.003 s, in order for the temperature profile to be
adequately developed. Finally, all the necessary temperature-
dependent material properties and coefficients were defined as
a function of temperature, based on literature data and/or cal-
culations that took place prior to the simulation. The powder
bed thermal conductivity, the convection coefficient, and the
heat flux due to ablation were estimated for a wide range of
temperatures and subsequently approximated by a
polynomial.

3 Results and discussion

For the validation of the model, experimental data for three
different volumetric energy densities (VEDs) have been used
[36]. The VED is defined as:

0.2

Powder Bed Domair; o

Substrate Domain

Symmetrical Plane

0.4
0.2 mm

The different sets of laser power and laser scanning speed
of the simulations are presented in Table 1.

3.1 Track shape evolution

The track shape evolution and the formation of continuous
tracks are a crucial parameter in AM. In SLM, the material
has to be fully melted and uniformly spread on the substrate.
Under certain process parameter values, namely laser power
density and laser beam speed, irregularities in track morphol-
ogy can appear, along with the balling effect. Balling effect is
called the phenomenon where the molten metal breaks into
droplets, forming separate beads in lieu of a continuous line.
The volumetric energy density of the process and the Plateau-
Rayleigh capillary instability of the melt pool are considered
the essential causes of irregularities and balling formation in
SLM. As the VED is decreased, the track morphology is
shifted towards an irregular shape, until the balling regime is
reached. This lower VED limit for the balling formation dif-
fers depending on the laser power and the powder bed thick-
ness, but for a specific laser power and powder bed thickness,
the crucial parameter is the scanning speed. Increase in the
scanning speed results to an elongation of the melt pool,
which loses its circular shape. When this elongation becomes
too prominent, the Plateau-Rayleigh instability condition is
satisfied, and instabilities in the melt pool appear, and thus,
it breaks into droplets [36, 56]. The balling effect and the
threshold of its formation depend on the geometrical and
shape characteristics of the melt pool and namely the length-
to-depth ratio [57, 58]. As a result, a modeling method that can
accurately simulate the melt pool shape can predict the balling
formation during the SLM process. This statement is also
supported by the highly cited work of Gusarov et al. [14],
who presented a purely thermal model and managed to predict
melt pool dimensions during SLM, stating explicitly the pre-
diction of balling formation with this model. There is an

mm

0.2

Heat-source path

Mesh
Refinement

233>

mm

Fig. 6 Computational domain; mesh refinement is necessary, especially along the heat source path
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Table 1 Simulation parameters

No. Laser power (W) Scanning speed (mm/s) VED (J/mm?) Computation time (s)
100 250 97 0.015
100 300 81 0.013
200 1000 48 0.006

inherent difficulty in modeling of the irregularities and balling
formation, as in the melt pool dynamics, other physical mech-
anisms, like Marangoni convection, are involved [59, 60].
Nevertheless, the current thermal model, through the analyti-
cal and extended definition of the material properties and
boundary conditions, can predict the melt pool shape, along
with the irregularities up to the onset of balling. The track
shape is evaluated according to the substrate melt pool; as
for the efficient joining of the molten powder material with
the substrate or previous layers, a molten pool has to be
formed. In a different case, when the molten powder material
cannot develop, a sufficient bond with the substrate material
or fails to wet the underlying substrate, defects can be formed
[61].

In Figs. 7, 8, 9, and 10, the geometry and shape of the melt
pool, as it has been formed during the whole process, is
depicted. The temperatures that are presented refer to the max-
imum reached temperature in every melt pool point during the
process. In other words, they are all the locations in the sub-
strate where the value of temperature exceeded the melting
point, for all the calculated moments up to a particular time
step.

In Fig. 7, the simulation results are juxtaposed with exper-
imental ones. In the simulation results, the material volume of
the substrate that has reached the melting point is presented,
i.e., the melt pool. In agreement with the established theory, as
the scanning speed increases, the track shape becomes irreg-
ular, with corrugated track sides, see Fig. 7a and b. It is obvi-
ous that the track morphology shifts towards to various ellip-
soid formations separated by narrow tracks as the onset of
balling formation is approached; however, disconnected
balling formation is not observed, yet. For 200-W laser power
and scan speed of 1000 mm/s, see Fig. 7c, the track is narrow,
with ellipsoid formations; however, these formations are not
totally disconnected from the track, in compliance with the
characteristics of “irregular” tracks described in [36]. At the
beginning and the end of the track, where the laser is turned on
and off, respectively, there is an unstable state region with
length of about 1 mm.

In Figs. 8 to 10, the track shape evolution is presented. For
P =100 W and vy =250 mm/s, see Fig. 8, at first an unstable
melt pool is formed with about 1.2 mm length. After that,
there is a narrow “neck” formation, and, subsequently, there
is an almost uniform melt pool. At the end of the track, there is
again a “neck” before the instability of the track end.

@ Springer

For P=100 W and v =300 mm/s, see Fig. 9, again at the
beginning of the track, there is an unstable state, followed by a
“neck” formation. After that, and as the VED has decreased, a
melt pool zone with several ellipsoid formations is developed
and is formed. The melt pool gradually loses its circularity,
moving towards an elongated geometry. At the end of the
track, instabilities are distinguished once more.

Finally, for P=200 W, vy = 1000 mm/s, and VED =48 J/
mm°, see Fig. 10, the track shape is uniform but narrow, with
small ellipsoid formations at the end of the track. The typical
unstable formations at the beginning and at the end of the melt
pool still exist.
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Fig. 8 Track shape evolution for P =100 W and vy =250 mm/s

In Fig. 11, the calculated widths and depths of the molten
pools are presented, in juxtaposition with experimental results.
Both, width and depth of the track, are not constant, with,
especially the depth varying eminently. Nevertheless, a mean
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Fig. 9 Track shape evolution for P=100 W and v =300 mm/s
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value for the melt pool depth can be estimated. In the simula-
tions, as it can be also seen in experiments, the increase in
laser speed from 250 to 300 mm/s results in higher molten
pool depth, while the width does not change significantly. For
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Fig. 10 Track shape evolution for P=200 W and v, = 1000 mm/s

laser speed 1000 mm/s, even though the laser power raised at
200 W, the track width and depth were reduced. It can be
concluded that decrease in VED leads in lower aspect ratio
of depth to width. This ratio is of high importance since it is
directly related to the sufficient bond of layers. Extremely
shallow depth may result to inadequate attachment of the
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Fig. 11 Width and depth of the melt pool
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new layer on the previous one, ensuing parts with defects
and/or weak points. Hence, the machining parameters have
to ensure the sufficient melt pool depth, along with the avoid-
ance of keyhole formation. The melt pool has the characteris-
tic U-shape morphology, with a small aspect ratio, i.e., lower
than 0.5, indicating that SLM process is under conduction
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Experimental Results
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mode; thus, the current model is rightly adopted. Furthermore,
the existence of unstable regions at the beginning and the end
of the track, for all sets of parameters, raise the need of extra
caution in planning of the process, while implying that for
modeling, adequate track length has to be simulated for real-
istic and accurate results.

3.2 Power losses during SLM process

By integrating the power fluxes from the top surface, the heat
losses due to ablation, radiation, and convection can be calcu-
lated. The corresponding diagrams are presented in Fig. 12. It
is concluded that the power losses coming from the material
ablation are the highest, for all sets of processing parameters.
For 100-W laser power, the maximum ablation power loss is
approximately 2 W, while for 200 W it increases at 2.5 W. The
power loss due to material ablation is the most mutable as it
depends on the re-condensation of the material. On the other
hand, the radiation power losses are similar and steady in all
cases. They are in the range of 0.5 W and almost constant for
the whole time of the process, while they are rapidly decreased
when the laser beam is switched off. Taking in mind that the
heat transfer due to radiation strongly depends on the temper-
ature difference, it is a rational result that the radiation heat
loss, which occurs while the laser beam is turned on, is more
intense. Finally, for all sets of processing parameters, the heat

a Power Losses for P=100W and laser speed 250mm/s
25

~—— Ablation

Power [W]
w
ff‘:w
=
= —=

—— Radiation

Convection

A

"W,
05 M - yrli\t",j\'ﬂ.)h

0 0.005 0.01 0.015 0.02

Time [s]

0.025 0.03

losses due to convection are the lowest and almost constant, in
the range of 0.1 to 0.2 W. It has to be mentioned that convec-
tion heat transfer depends on the fluid properties; thus, a dif-
ferent processing environment, for example with different gas
velocity, will result to a change in the convection heat losses.
At this point, an important clarification regarding the heat
losses due to ablation has to be made. The heat losses due to
ablation are proportional to ablated material volume, which
strongly depends on the combination of process parameters.
This dependence is mathematically expressed through the co-
efficient 3y in Eq. 22. Hence, in modeling and result’s eval-
uation, it is always to be considered and re-estimated, keeping
in mind that higher VED may lead to more intense material
ablation, thus a lower coefficient .

3.3 Cooling and heating rates in the workpiece

Finally, remarks on the temperature rate, during different
SLM conditions, can be made. In Fig. 13, the temperature
profiles and the temperature rates are depicted, at the center
cross-section, when the laser beam reaches the end of the track
and is turned off. The maximum temperature rates are of the
order of 10° K/s, with the areas on either side of the center
having a temperature rate of an order lower, i.e., 10* K/s.
These cooling and heating rates that emerged from simulation
are in total agreement with bibliographic references [1].
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Fig. 12 Power losses due to material ablation, radiation, and convection for a P =100 W and vy =250 mm/s, b P =100 W and vy =300 mm/s, ¢ P =

200 W and vy, = 1000 mm/s
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Additionally, the importance of a detailed modeling of the
powder thermal properties can be emphasized through those
figures. It can be seen that at the boundaries of the molten
material, namely, where the temperature is lower or equal
to material melting point, the temperatures rates are ex-
tremely low. This rapid reduction in the temperatures
rates is the result of the low thermal conductivity of the
powder bed, forming some kind of heat barrier around the
melt pool, with the thermal energy being transferred eas-
ier and faster to the substrate material through the melt
pool. Thus, an anisotropic thermal system is developed,
forming asymmetric melt pools with irregularities. The
high temperatures rates that occur can explain the devel-
opment of thermal residual stresses, which often result in
defects like cracks, and/or the distortion of the compo-
nent. Finally, according to the results of Fig. 13, for dif-
ferent VED, the cooling rate profiles differentiate; hence,
it is feasible for an optimal set of parameters to be found,
which limits areas with extremely uneven cooling rates,
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and/or high temperature gradients that may lead to un-
wanted results.

4 Conclusions

The current paper presents a complete and robust meth-
odology for modeling the evolution and final shape of
melt pool, as well as other thermal phenomena occurring
during conduction mode SLM process. At first, the effec-
tive absorption coefficient of the laser beam incident is
calculated using the Fresnel equations, taking into account
the multiple scattering that the laser beam undergoes as it
interacts with the powder material. For the melted phase
of the material, the absorption coefficient was determined
based on the electron-phonon-dominated optical conduc-
tivity and the Drude theory. Then, the thermo-physical
properties of the powder bed were calculated; in order to
determine the thermal conductivity of the powder bed, the
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Zehner and Schlunder model was used, while for the other
material properties, analytical relations from the literature
were adopted, both temperature- and phase-dependent.
The convection coefficient was calculated based on the
Nusselt number, according to the process parameters.
Moreover, the energy loss due to ablated material was
estimated, while the latent heats of melt and evaporation
were taken into consideration. Finally, a moving volumet-
ric Gaussian heat source was used, to simulate the laser
beam.

Three simulations were run, for different volumetric
energy densities, and the simulation results were com-
pared and validated with experimental ones. The melt
pool shape and its geometrical characteristics were cal-
culated; the total heat losses owing to material ablation,
radiation, and convection were estimated, as well as the
heating and cooling rates. In brief, from the described
study, it was deduced that:

* The absorption coefficient of the powder bed, with the
material remaining in a solid state and taking into consid-
eration the multiple scatterings of the laser beam, was
calculated as 58.66%. The coefficient increases gradually
as the material melts, reaching up to 82%.

e Innumerical models of the SLM process, thermo-physical
properties of the powder bed have to be calculated in re-
spect to the powder characteristics, as they significantly
differ from those of the solid material. Specifically, the
thermal conductivity of the powder bed was found to be
one order of magnitude lower than that of the solid
material.

* The melt pool formation, as well as the track shape,
can be simulated by the presented model with a sig-
nificant degree of accuracy. For different VED values,
the track acquires different geometrical characteristics.
For VED value of 97 J/mm? , a uniform melt pool was
formed, while for 81 J/mm?>, the melted pool devel-
oped ellipsoid formations and instabilities. For a VED
value of 48 J/mm?>, the melt pool was narrow, with a
small zone of ellipsoid formations connected to the
track. The above results were in line with experimen-
tal findings.

e The nominal depth and width of the melt pool were esti-
mated and it was found that they were in accordance with
the experimentally measured values.

» The heat losses due to material ablation are the highest,
followed by the radiation losses which are almost con-
stant, while the convection losses are, in all cases, consid-
erably low.

*  From the obtained results, it is found that temperature rates
of the order of 10° K/s occur during the SLM process at
the time when laser beam is turned off, being in agreement
with the relative literature.
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