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Abstract

Laser powder bed fusion (L-PBF) is one of the most promising additive man-
ufacturing technologies for metals. In this work, the discrete element method
(DEM) was used to reproduce a powder bed of particles distributed in a random
way to be as close as possible to reality. Single and multiple scan tracks simu-
lations were performed for Ti6Al4V alloy using a commercial CFD software,
FLOW-3D AM®. The output from the numerical simulations was elaborated
to obtain shape and size of melt pools, morphology of scan track surfaces and
porosity content. In particular, a specific model was used in order to predict air
entrainment in the melt pool and, therefore, to estimate gas porosity content, as
an innovative approach to predict such defects. Results from simulations were
compared with experimental data from Ti6Al4V samples produced by L-PBF
in terms of melt pools size and morphology, as well as density. The good agree-
ment between calculated and experimental results indicates that simulation of
L-PBF can represent a powerful tool not only for the optimization of process
parameters, but also for the prediction of porosity level.
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Introduction

Laser powder bed fusion (L-PBF) is an already established additive manufactur-
ing technique, in which a laser selectively melts a pre-deposited bed of micro-
scopic metal powders [1]. The localized laser irradiation results in a micro-sized
zone of molten material, i.e. the melt pool. As the laser beam moves on, the melt
pool solidifies very rapidly, forming a track of solid material. These steps are
repeated until the part is gradually built in three-dimensions, layer by layer. Many
industries, such as aerospace or biomedical ones, have interests in employing AM
to produce application-tailored components [2].

Despite of the undeniable advantages of this technique, such as the capabil-
ity to produce complex parts within an acceptable timespan and with low mate-
rial waste, quality is recognized as a critical issue for AM parts [3]. Variability
in component quality comes from the rapid solidification typical of this process
[4], as well as defects appearance during metal AM [5]. Figuring out the com-
plex phenomena that occur during metal AM processes is very challenging since
real-time monitoring of the process at such mesoscale and temperature is very
hard. Furthermore, trial and error method to reach optimum part quality is usu-
ally time-consuming and costly.

In this regard, simulations of AM processes have been recently pursued to opti-
mize process parameters and to predict the formation of defects occurring in and
close to the melt pool and to find out a way to avoid their formation [6, 7]. Thus,
process optimization could be achieved without in-line production trials, lead-
ing to considerable economic advantages and timesaving. Various studies dealt
with the simulation of the formation of defects such as balling and spattering
[8—10]. Porosity is also one of the most harmful defects occurring in AM com-
ponents [11] since pores act as stress concentrators so that mechanical properties,
in particular strength and fatigue resistance, are decreased [5]. Therefore, many
studies have been carried out on this topic. Bayat et al. [12, 13] focused on the
creation, evolution and disappearance of keyhole and keyhole-induced porosities.
Khairallah et al. [14] used a three-dimensional high-fidelity powder-scale model
to analyze the influence of recoil pressure and Marangoni convection to define
pores formation mechanisms, in particular the effects of depression collapse on
porosities and material spattering. Martin et al. [15] explored the collapse of deep
keyhole depressions and the consequent trapping of inert shielding gas by means
of multi-physics simulation and X-ray imaging. In a study conducted by Yang
et al. [16], the presence of spatters was identified as responsible for an increase
in pores formation. Khairallah et al. [10] also studied the transition to keyhole
induced defects as a function of laser power. Other authors conducted a numerical
analysis about keyhole behavior and related pore formation during L-PBF [17];
they found that keyhole became stable at high power thus reducing the risk of
pores appearance. Tang et al. [18] focused on lack of fusion porosity simulations;
they determined the values of process parameters, such as layer thickness and
hatch spacing, at which porosity increases. Similarly, Teng et al. [3] performed a
layer-by-layer analysis to predict lack of fusion porosities in CoCr parts. Vastola
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and co-workers [19] developed a numerical model for porosity prediction at high
beam energy regime when transition from conduction mode to keyhole mode
occurs.

It appears that several works have focused on the prediction of keyhole or lack-of-
fusion porosities. However, various gas entrapment phenomena usually occur during
the evolution of melt pool and the formation of gas porosities is extremely likely to
happen and, at the same time, difficult to be avoided. Nevertheless, little attention has
been devoted to numerical simulation of porosities due to gas entrapment. In fact, this
is more complex than for lack-of-fusion porosities, that can be easily identified by the
mesh cells because of their usually larger sizes than gas pores. However, the detrimen-
tal effects of the latter have to be properly considered during design and optimization
of a new component, particularly for structural applications, where heat treatments are
mandatory, but they can lead to an increase of voids content [20, 21]. In this regard,
numerical simulation appears extremely useful for the prediction and analysis of the
formation of gas porosities. Hence, in this paper the numerical simulation was used
to study the fluid flow of melt pools and the evolution of scan track profile in a L-PBF
process, as well as to predict the level of porosities due to gas entrapment. Numerical
simulations were carried out by means of a powder-scale CFD commercial software,
FLOW-3D AM®. To validate the results from simulation, experimental analysis was
carried out on samples made of Ti6Al4V alloy produced by L-PBF. Model validation
was achieved by comparing melt pool size and surface morphology along the melt
track with experimental results. In addition, the use of a specific model for air entrain-
ment prediction was proposed to estimate the level of porosities due to gas entrapment.

Materials and Methods
Samples Production and Characterization

Cubic samples (10 mm?) were produced from Ti6AI4V inert gas atomized powder
(Table 1) using a M2 Cusing (Concept Laser, Germany) L-PBF system, with an island
scanning pattern. The particle size distribution (PSD) of the used powder is reported in
[22]. The parameters used to fabricate the samples were 300 W laser power, 1750 mm/s
scanning speed, 50 pm layer thickness, hatch spacing of 75 pm. The process was con-
ducted in a chamber filled with Argon gas to minimize oxygen pick-up to <0.1%. In
this case, no supports were needed to assure the stability of the cubes.

The top surface of the obtained sample was observed by LEICA DMS300 digital
microscope and LEO EVO 40 scanning electron microscope (SEM) to characterize the
morphology of the scan tracks. Subsequently, the cubic sample was cut to observe the
cross section of scan tracks on the top layer. These were considered as representative

Table 1 Chemical composition

Element Al V Fe C 0 Ti
of Ti6AI4V alloy powders emen ¢ !

Content [wt%] 6.40 3.98 0.2 0.008 0.14 Bal.
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and directly comparable to the results from numerical simulation of single and dou-
ble scan tracks in terms of size and morphology of the melt pools. A precision cutting
machine was used to reduce any alteration of the surface and of microstructural prop-
erties of the sample. After cutting, the sample was mounted in acrylic resin and mir-
ror polished. Chemical etching was performed using Kroll’s reagent for 30 s to reveal
material microstructure and melt pool boundaries. The sample was observed by means
of LEICA DMIS5000 M optical microscope. Analysis under polarized light was carried
out to identify the grain structure of the material. Width and depth measurements for
twelve melt pools were carried out and average values, together with standard devia-
tions, were calculated. Image analysis was carried out on four micrographs at 500x
magnification to measure the average size of porosities.

Density measurements were carried out according to the Archimedes’ method.
Weight measurements both in air and liquid (water) were performed using a Giber-
tini E42-B weight scale. The density was calculated as follows.

W, — W,

_ air water
p= )

Subsequently, the corresponding porosity was calculated using the theoretical
density of Ti6Al4V alloy (p, = 4.43 g/cm?).

Porosity (%) = <1 - ﬁ) - 100 )
Po

Numerical Simulation

Numerical simulations were carried out using a powder-scale CFD commercial
software, FLOW-3D AM®, to reproduce the L-PBF real process by setting the
same parameters used for samples production. First, the discrete element numerical
method (DEM) of FLOW-3D AM® software was used to accurately simulate the
formation of the powder bed.

Subsequently, the weld module of the CFD simulation software FLOW-3D AM®
was used to properly simulate the interaction between laser and powder particles.
The meso-scale CFD model is based on the solution of mass, momentum and energy
conservation equations (see the Appendix). Furthermore, it includes all relevant
physics to capture melt pool dynamics, melting and porosities formation, includ-
ing equations to properly evaluate the Marangoni effect and the recoil pressure of
evaporation [23]. Details on the equations specifically solved are summarized in the
Appendix (“Governing equations and thermophysical properties”).

In this regard, the innovative aspect of this study is the investigation of the reli-
ability of the simulation in predicting the level of porosity by means of a specific
parameter indicated as air entrainment.

Considering the first step of creation of the powder bed, the PSD of the Ti6Al4V
alloy powders used for sample production [22] was discretized as requested by the
DEM interface. The maximum number of intervals allowed by the DEM module
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(i.e. nine intervals) was used to describe the PSD (volume percentage as a func-
tion of particle diameter). As shown in Fig. 1, this resulted in a reduced interval in
terms of particles diameter, ranging from 18 to 61 pm. The volume of particles cor-
responding to diameters outside this range (lower or larger diameters) was distrib-
uted to maintain a good match with the experimental PSD. Consequently, slightly
lower values of Dy, and Dy, if compared with experimental results were obtained.
Despite these minor differences, a good discretization of the experimental PSD was
achieved.

The so-modelled powders were freely dropped on a substrate by means of DEM
module. Powders were spread over a substrate of 2.8 x 1.5x0.5 mm?>. A roller was
modelled to create a layer with thickness of 50 pm. Powder packing density was cal-
culated by considering particle size distribution and layer thickness.

Powder bed coming from DEM simulations was converted into a .stl file and
imported into WELD interface. A solid substrate made of Ti6Al4V was then cre-
ated. Mesh cell size was set to 5 pm in order to properly discretize the radial gauss-
ian distribution of laser heat flux, as evident in Fig. 2. In addition, this mesh cell
size can well intercept the particles in the powder bed since it is significantly lower
than the minimum particles diameter (i.e. 18 pm). Therefore, the mesh cell size is
adequate to capture the interaction between the powder and the laser, as well as to
intercept the volume of material involved in the phase changes from solid to liquid
state and vice versa. A finer mesh would result in longer calculation time without
providing additional insight into the described phenomena.

Table 2 summarizes the process parameters for the welding simulation. Laser
beam was set as cylindrical so only the radius is used to describe the geometry
of laser beam. This means that the heat flux follows the Gaussian distribution
represented in Fig. 2 for each position along the z axis. This indicates that it is
assumed that the power of the laser is independent form the distance between the
source of the laser and the powder bed. The method for laser-particle interaction
is based on the ray tracing method to consider the multiple reflections of the laser

Fig. 1 Experimental and discre- 35
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rays. Fluid absorption rate coming from literature for the studied alloy is also
reported [24]; it describes the fluid capability of absorbing energy from laser,
so it deeply affects melt pool morphology. Physical and thermal properties for
Ti6Al4V alloy come from the literature [9] and are summarised in the Appendix
(“Governing equations and thermophysical properties”).

Figure 3 illustrates the geometry for the numerical simulation of a single scan
track in the weld interface.

The schematic of the computational domain used in the present study is shown
in Fig. 4, where two mesh blocks are visible. An inner mesh is generated for
the volume corresponding to Fig. 3. In addition, an outer mesh block is present
only to capture the thermal diffusion. For this reason, this outer mesh is slightly
coarser than the inner one.

The central domain dimensions are 2 1.5x 0.4 mm? and the choice for a reg-
ular grid with a uniform size of 5 pm results in approximately three million cells.
The time step was set to be in the order of 107% s. A wider mesh is used for the
surrounding volume to allow calculation of heat exchange with cell size of 25 pm
in a shorter computational time.

Boundary conditions are set as described in Fig. 5. The letter P indicates that
the boundary conditions are atmospheric pressure and temperature. The letter S
allows the continuity between one mesh block and the other one. The letter W
indicates where there is a solid wall at temperature of 293 K.

Furthermore, the physics-based model is applied to a XY-plane for the simula-
tion of two adjacent scanning tracks (y=0.0 mm and y=0.075 mm). The second

Table 2 Process parameters of welding simulation

Laser radius Power Scanning speed Layer thickness  Hatching distance  Fluid absorption rate
[pm] [W] [cm/s] [1m] (nm]

50 300 175 50 75 0.4
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Fig.3 Schematic of the numerical model in the weld module
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Fig.4 Schematic of the computational domain used in the present study

Fig.5 Schematic of the bound-
ary conditions used in the
present study
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scan track is performed with the same scanning direction as the first track (Fig. 3)
following a linear scanning strategy. The laser beam is set off after completing the
first scan, it moves to go back at the beginning of the track and the second scan is
performed right after (uni-directional scanning strategy).

Single and double scan tracks have been already proved effective for the study
of overhanging situation at high laser scan speed due to melt instability [25]. Fur-
thermore, the melt pool variation and powder bed condition have been investi-
gated using single and double tracks using experiments and simulations to avoid
any balling effect [26].

Also, the choice of studying multiple scan tracks with the same orientation is
already documented in the literature as a valid tool to study the temperature field
development and changes on the melt pool size and depth, which was analyzed alter-
nating three scan tracks on the same orientation [27]. Furthermore, this approach
can also be applied to the case of the presence of dual laser beams with linear scan
strategy, which was considered to evaluate the reduction of residual stresses distri-
bution [28].

In addition, multi-layer simulations were performed. In this case, the volume
obtained after single and double scan track simulations (including unmelted pow-
der and melted and solidified material) was used as substrate. The steps of genera-
tion of the volume of particles and the formation of the powder bed for the second
layer were repeated following the same procedure described above. The same power,
speed and scanning direction were used also for the scanning of this second layer.

Prediction of Porosity Level

As previously reported, an additional parameter is analyzed in the present study to
evaluate the level of gas porosity in the material. In fact, a specific in-house numeri-
cal model able to consider air entrainment phenomena was used to calculate the vol-
ume of gas porosities into the component. The model considers that, when there
is a turbulent flow, small liquid elements can be raised above the free surface and
they can trap air, that is subsequently carried back into the body of the liquid. This
phenomenon depends on the intensity of the turbulences as compared to the effect
of stabilizing forces, such as gravity or surface tension. The model is based on a bal-
ance between the turbulent kinetic energy per unit volume, that is defined as P,=p
Q, and the stabilizing kinetic energy per unit volume Py=p g, L, + /L,

Where p is the density, Q is the specific turbulent kinetic energy, g, is the com-
ponent of gravity normal to the free surface, L, is the turbulent length scale, o is the
surface tension. Air entrainment occurs when P, is higher than P, i.e. the turbulent
disturbances are large enough to overcome the surface stabilizing forces.

The model defines a scalar variable to calculate the fractional volume of entrained
air in the liquid metal. It is assumed that the trapped air is not able to change the
volume or the density of the liquid metal. This is reasonable since in the present
application the volume of entrained air is sufficiently small. Further details on the
model can be found in [29-31]. The output is given as entrained air volume and it
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represents the total volume of air that is trapped in the molten metal because of tur-
bulences in the melt pool. These porosities are usually extremely fine (few microns)
and therefore are hardly resolved by numerical methods based on finite elements
since they are usually smaller than the mesh cell size itself. Air entrainment model
estimates the total amount of gas entrapment into the flow as proportional to the
surface area, A, and the height of the disturbances above the mean surface level, as
described in the following equation:

k — pel, — 26 /L \1"?
%=RAS[2</) pgL, — 20/ t>] 3)
p

Where V is the entrained air volume, ¢ is time, R is the entrainment rate coef-
ficient, A, is the surface area of fluid, p is the density of the fluid, g is gravitational
acceleration, L, is the turbulent length scale and ¢ is the surface tension at the liqui-
dus temperature. The entrainment rate coefficient R is a coefficient of proportional-
ity and it must be empirically defined by the user. In the present study, a calibra-
tion process of R was carried out in order to define a direct relationship between
the entrained air volume V and R for a fixed geometry (corresponding to the single
scan track case), material, boundary condition and process parameters. Density and
surface tension are from the literature [9]. Sampling volumes were introduced to
calculate the percentage of entrained air (i.e. percentage of gas porosity) as the ratio
between entrained air volume and the total sampling volume. The entrained air vol-
ume was evaluated after complete solidification of the simulated sample.

After this preliminary step, air entrained volume was calculated also for double
and multi-layer scan tracks to monitor porosity evolution during subsequent steps
of the process. This approach has been already used experimentally to study the
porosity formation mechanisms based on the analysis of the layers overlapping with
single and continuous tracks [32] and therefore it is considered reasonable also for
numerical studies as the present one.

In fact, single and double-scan tracks allowed predicting the level of entrained air
of a single layer, while multi-layer simulations enabled to analyze the eventual for-
mation of porosities at the interface between layers.

Since the entrained air volume calculated in this way does not include shrinkage
porosities or voids due to incomplete melting of powders, the presence of these mac-
roscopic voids was studied monitoring an additional specific output of the simula-
tion (indicated as volume of voids).

Results and Discussion
Microstructural Characterization and Density Measurement
The produced cubic sample made of Ti6Al4V alloy is characterized by an island

pattern, in which each inner square shows a different laser scanning direction
(Fig. 6a). The scan tracks are well visible inside the single square. A detail is shown
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Fig.6 Top view of the studied sample, with evidence of the chessboard-pattern of scan tracks, at differ-
ent magnifications

in Fig. 6b, where the dotted red line indicates where the sample was cut to investi-
gate the cross section.

Considering the microstructural characterization, it is worth reminding that
Ti6Al4V is an o+ titanium alloy: Al is an o phase stabilizer while V stabilizes £,
leading to an a+ f dual phase at room temperature [33]. It has been already proven
that the microstructure evolution depends on process parameters, such as layer thick-
ness, laser power and scan speed [18]. As known, titanium alloys microstructure is
deeply affected by thermal history and phase transformations depending on cooling
rates [34]. In particular, regarding AM products, some studies reported acicular o’
martensite in columnar prior f-grains to be a widely diffused microstructure as a
consequence of high cooling rates above the martensite start temperature [35]. Low
cooling rates can lead to a+ dual phase instead of o’, as observed by Simonelli
et al. [36].

Observations of the cross section of the cubic sample revealed a lamellar (Wid-
minstatten) o+  microstructure (Fig. 7a). This is consistent with literature studies
as an indication that fast solidification conditions were ensured during the process.

Fig.7 Micrographs showing (a) the lamellar microstructure and (b) columnar grains for Ti6Al4V sam-
ple after chemical etching
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Microscope observations under polarized light allowed to reveal columnar grains;
they have grown orthogonally to scan tracks because of the thermal gradients occur-
ring during solidification (Fig. 7b), as reported in literature studies [37].

Melt pools belonging to the top layer of the sample were analyzed. Aver-
age and standard deviation of width and depth of the experimental melt pools are
84.44+12.6 pm and 68.0 + 10.0 pm, respectively.

From image analysis, size of porosities in terms of equivalent diameter was meas-
ured and an average value of 0.27 +0.08 pm was found.

Finally, the average relative density measured on samples resulted 99.26 +0.34%.

Numerical Simulations

First, the packing density of the layer of particles was calculated from the DEM
module. A packing density of the powder bed of approximately 40% was obtained,
showing good agreement with other studies reported in literature [8, 38—40]. In
Fig. 8, it is possible to observe the evolution of the single scan track with time. The
track is quite regular, resulting in a continuous melt pool since balling defects are
not present. A reduction in the width is observed during the evolution of the scan
track, which accounted for a transition from circular shape to comet-like shape of
the melt pool.

Laser scanning ensured sufficient penetration depth of the melt volume into the
substrate, so that bonding between the powder bed and the substrate was achieved. It
resulted in the absence of voids at the interface between powders and the substrate,
as shown in Fig. 9. It was also observed that the molten pool surface is depressed
underneath laser beam (see red area in Fig. 9a). This is due to the evaporation recoil
pressure generating as the material is heated upon its boiling temperature by the
intense laser heat input.

Analogously, when simulating a second scan track, a continuous path is formed
(Fig. 10). A slight irregularity in the laser track is particularly evident during the
second scan track as the area at the maximum temperature (red zone) seems to

Time = 0.00045

Time = 0.00023 Time = 0.00033

Temperature

[K]
3000

2323

1647
Time = 0.00062 Time = 0.00126 Time = 0.0024 970

293

Fig. 8 Evolution of single scan track profile as the laser moves on. Time is expressed in seconds
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Temperature

[K]

Time = 0.00023 Time = 0.00045 Time =0.00128 3000
ey 3 = .
1647
a) b) <) :
970

293

Fig. 9 Longitudinal section of molten pool. Time is expressed in seconds

be wider. This increase in melt pool size can be due to powder bed heating by
the laser source. Furthermore, this can also be due to different heat absorption of
particles according to their diameter. In fact, laser beam energy follows Gauss-
ian distribution (Fig. 2) so that energy density is maximum at the center of the
laser beam and then decreases. Random distribution of particles, combined with
a reduction of energy when moving away from the center of the laser beam, can
result in a modification of the area at the highest temperature. In fact, this area
is enlarged if small particles prevail at the periphery since these are easily and
completely melted. In addition, the significant preheating of the first track also
contributes to the asymmetric temperature field of the second track, affecting the
shifting of the melt region of the second scan track towards the first one.

Subsequently, the two-scans pattern allowed evaluating the accuracy of the
overlapping distance, which was shown to be an important parameter for good
surface quality and mechanical properties [41]. Yan et al. [42] demonstrated that
the hatching distance should be no larger than the width of the remelted region
within the substrate rather than the width of the melted region within the powder
layer: in this work these conditions are respected, resulting in a proper overlapped
zone with no voids or lack of fusion porosities.

Considering melt pool size, these were measured from three different positions
of the same scan track. Post processing analysis allowed to directly measure melt
pools width and depth (Fig. 11).

Time = 0.00018 Time = 0.00036 Time = 0.00072

Temperature

[K]
3000
2323

\I/. 1647

Time = 0.00096 970

Time = 0.0015 Time = 0.004015

293

Fig. 10 Double scan-track profile evolution. Time is expressed in seconds
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Melt region
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Fig. 11 Melt pool evolution with time. Time is expressed in seconds

The obtained average values are reported in Table 3 and compared with the
experimental results reported above. It was found that predicted width and depth
of the melt pool are in good agreement with experimental results since errors are
in the range of 2% and 10% for both depth and width, which are comparable or
even lower than those reported in similar studies. For example, Karayagiz et al.
[43] found that melt pool width had 15% relative error compared to predicted val-
ues, Lee at al. [44] reported a maximum error of approximately 9% for melt pool
width, while Heeling et al. [45] observed a mean error of approximately 20% for
melt pool size. This is a clear indication of the reliability of the numerical model
used.

Furthermore, the aspect ratio of each melt pool, i.e. the ratio between depth
and width, was also calculated and its average value resulted to be approximately
0.7. This is consistent with the limited laser penetration and the consequent
absence of keyhole mode and of keyhole porosities. Moreover, Tenbrock et al.
[46] defined an aspect ratio of 0.8 to be the threshold value above which keyhole
mode melting is dominant. Cross sections at different times allow to follow melt
pool evolution, up to reaching the classic semi-cylindrical shape after cooling
(Fig. 11).

In addition, simulation accuracy was also ensured by comparing surface
morphology of scan tracks from simulation and from sample characterization
(Fig. 12).

Similarities between simulation and SEM images are evident; V-tracks left by
laser are properly predicted by software and their size is in good agreement with
experimental values. Moreover, the initial part of scan tracks results wider than

Table 3 Comparison between

: . Melt pool average Melt pool
simulation results and

experimental data for melt pool width [pm] ?::? ge depth
size
Simulation results 92.1+2.7 66.8+8.4
Experimental results 84.4+12.6 68.0+10.0
Error [%] 9.1 1.8
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Fig. 12 Comparison of size and morphological features of the scan track obtained from SEM analysis of
the top layer of the sample (a and ¢) and from simulation (b and d)

the rest of the track (Fig. 12a): simulations succeed in predicting this variability
in an acceptable way since average error is approximately 5%.

As above mentioned, two-layer simulations were also carried out to ana-
lyze inter-layer porosities. It was found that melt track evolutions of each layer
were approximately the same as those described in the single layer simula-
tions. Figure 13 reports temperature distribution for the first scan track of the
first deposited layer (a) and the second one (b). As for the single layer simula-
tions, no voids are shown, and a continuous morphology is visible.

Temperature

K]
Time = 0.00015 Time = 0.00027 Time = 0.00048 Time = 0.00054 i

) L~ ; —e — 3000
a
a 1647
o ) ) 7
: _ [
i 293

x

Fig. 13 Scan track profile for the first (a) and the second (b) layer of a multi-layer simulation. Time is
expressed in seconds
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Prediction of Porosity Level

As introduced in paragraph Materials and methods — Prediction of porosity level,
the air entrainment model requires setting the entrainment rate coefficient R.
Therefore, the coefficient R was first calibrated for the simulation of the single
scan track in order to understand the relationship between the coefficient and the
calculated air entrained volume for a fixed geometry (single scan track), material,
boundary condition and process parameters. To this aim, the entrained air con-
tent was calculated as a function of various values of entrainment rate coefficient.
Based on these results, a linear regression was carried out and the following rela-
tionship (R*=0.97) was found:

Entrained air % = 2.51R + 0.44 @)

Based on this preliminary calibration, a coefficient value R of 0.12 was applied
since it results in an entrained air level of 0.74%, corresponding to the average
porosity level measured for the considered samples, under the assumption that no
lack of fusion porosities are present, as the worst condition.

Due to the significant difference in terms of the volume considered for the
experimental measurements (cubic sample) and the simulation (single scan track)
used in this preliminary step, it was necessary to verify the reliability of this value
of entrainment rate coefficient for larger volume of material, as in the case of the
multi-layer simulation. In fact, as indicated in Eq. (3), the entrained air volume
is a function of the surface area. Therefore, double scan tracks and multilayer
simulations involve bigger surface areas, and this will affect the calculation of air
entrainment volume. Consequently, entrained air volume measurements were car-
ried out also for double scan tracks and multi-layer simulations. A different sam-
pling volume was chosen to properly analyze the material behavior. An average
value of trapped air of approximately 0.82% was found for two-scan tracks, while
for multi-layer simulations the level of entrained air was predicted as 0.80%.

Since the air entrainment model is not able to predict any macro-voids, a dif-
ferent output was used to identify the eventual presence of lack-of-fusion porosi-
ties in order to provide a thorough investigation of the presence of defects in the
material. After complete solidification, no macro-voids (i.e. pores with greater
size than the mesh cell) were detected in the same sampling volume on the single
scan track.

Analogously, the presence of voids between layers was investigated, defining
a proper sampling volume in the multi-layer simulation. Again, no macro-voids
were detected, confirming the absence of lack of fusion porosities in the inter-
layer boundary.

Assessed the absence of keyhole and lack-of-fusion porosities, values of air
entrained volume obtained from simulations and average porosity from experi-
mental measurements were compared (Table 4). An error of approximately 8%
was found in this preliminary study. Despite this error is not negligible, the model
appears a promising tool to provide a global index of the content of gas porosities
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Table 4 Comparison between simulation results and experimental data for air entrainment

Simulation results Experimental results Error [%]

Air entrainment volume [%] 0.80+0.08 0.74+0.3 8.1

into the component, especially if used as prediction for optimization of process
parameters before production.

Conclusions

In this work, L-PBF of Ti6Al4V alloy powder was modelled using FLOW-3D AM®
software. The reliability of the numerical simulations was verified by comparing melt
pool size provided by numerical modelling with experimental data. An error between
2% and 10% was found for both depth and width, ensuring model accuracy. This was
also confirmed by comparing surface morphology of melt tracks provided by simu-
lation with those coming from SEM observations of samples. Then, the entrained air
model was used to predict gas porosity level, which provides a global index of voids
content allowing to consider even smallest porosities, usually hardly predicted. A first
successful estimation of gas porosity content was achieved since discrepancies between
simulation values and experimental results, coming from density measurements, was
about 8%. Further optimization of this approach is necessary, as development of the
present preliminary study, to enhance the effectiveness and reliability of the prediction
of gas porosity content for a wider range of process parameters and materials.

Appendix 1 Governing Equations and Thermophysical Properties
DEM Simulation

The discrete element numerical method (DEM) is able to simulate the interaction
between particles and between walls and particles in order to reproduce the formation
of the powder bed. This approach considers the particles as rigid bodies that do not
deform with the shape of perfect spheres, characterized by three velocity components
according to a Cartesian system. The walls are considered as rigid surfaces.

This method expresses the contact forces between the particles as a result of two
contribution, an elastic force and a viscous dissipation. Furthermore, given the dis-
placement and the relative velocity between the particles, the motion of the particles is
simulated based on the calculation of normal and tangential contact forces.

Given two particles i and j, the normal force is calculated as

Fy = —ké —n,(uy - nyny

And the tangential force is calculated as
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F,=—n, [”U - (”zj ’ nu)]nlj

Where £ is the spring constant, 6 is the displacement, 7, and #, are the viscous drag
coefficient, u; is the velocity vector of each particle, n; is the distance between the
center of the two particles.

CFD Simulations

It is important to remark that FLOW-3D® commercial software for computa-
tional fluid dynamic numerical simulation uses area and volume porosity func-
tions based on the FAVOR (for Fractional Area/Volume Obstacle Representation)
methods to model complex geometric regions.

In addition, the Volume of fluid method (VOF) [47] is used to track the free
surface boundary of the melt pool. In the VOF method, a fluid volume function
V. is defined, which is located at the center of the grid. The value ranges between
0 and 1, where V=0 represents an empty grid (void) and V= 1 represents a full
grid (totally occupied by a fluid). The fluid volume fraction is therefore used to
track the interface between two fluids (or between void/gas and the fluid). The
boundary conditions are applied to the free surface of the fluid.

The micro-scale CFD model is based on the solution of mass, momentum and
energy conservation equations.

The general mass continuity equation for the present study is

0 0 0

Where

e pis the fluid density (which is constant under the hypothesis of incompress-
ible fluid),

e u, v and w are the fluid velocity components along the three main directions
(according to Cartesian coordinates),

e A, is the fractional area open to flow in the x direction, A, and A_ are similar
area fractions for flow in the y and z directions, respectively.

The equation of motion for the fluid velocity components (u, v, w) in the three
coordinate directions are the Navier-Stokes equations, that can be expressed as
follows

ou 1 | ou ou ou __1op
o +V—F{a(qu) %)+ a—z(wAz)} =126y,

ov 1 [ov ov ov 10p
®, V—F{a(qu) a4 —(WAZ)} 26,45,
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Fig. 14 Thermophysical properties of Ti6AlV alloy used for CFD simulations
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where
e V5 is the fractional volume open to flow,
G,, Gy, G,) are body accelerations,
(f,» fy» f7) are viscous accelerations.
The energy balance can be expressed as
oh - 1 .
—+ (- V)h===(V-kVD)+¢
ot p
Table 5 Solidus and liquidus .
temperatures, together with the Solidus temperature [K] 1877
latent heat of fusion, of Ti6AIV Liquidus temperature [K] 1933
alloy Latent heat of fusion [J/g] 338.8
Boiling temperature [K] 3533
Latent heat of evaporation [J/g] 900
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Fig. 15 Surface tension as a 1.8
function of temperature for 17 |
Ti6Al4V alloy
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where, h is the enthalpy, t indicates time, V is the velocity of the melt pool, p is the
pressure, k is the thermal conductivity, T is the temperature, ¢ is the Gaussian heat
source.

The heat source is described with a heat flux function that follows a Gaussian
distribution (the energy density gradually attenuates from the center to the outside)
along the radial direction as follows:

AP (x—xs)2+(y—ys)2
= exp| —
R R

s

0

s

Where Q is the instant surface heat flux, A, is the absorption coefficient, P; is the
laser power, R, is the laser radius, and X, and y, are the coordinates of the laser beam
center.

Thermophysical Properties

The thermophysical properties of Ti6Al4V alloy used in the present study are sum-
marized in Fig. 14 and Table 5.

Additionally, the data of surface tension of the liquid metal as a function of tem-
perature (reported in Fig. 15) were required in order to consider the Marangoni
effect
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