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Abstract
A combined numerical and experimental analysis of melt pool dimensions and resulting solidification conditions was car-
ried out on small laser powder bed fusion (L-PBF) struts (0.2- to 2-mm diameters), considered as single constitutive parts 
of the structure lattice. In the beginning, the high-speed imaging monitoring of melt pools was performed on a dedicated 
instrumented L-PBF set-up for various scan strategies. In the subsequent stage, a numerical thermal model was employed 
on COMSOL Multiphysics® to determine the alteration of the melt pool by the struts’ diameter and scanning strategy for 
constant (power, scan speed) conditions. A good agreement was obtained between experimental and numerical melt pool 
areas. This allowed validation of calculated local cooling rates and thermal gradients near the solidification front. A clear 
difference was shown between outside-in or inside-out strategies and contour-hatching in terms of local solidification condi-
tions. Higher cooling rates were obtained for outside-in conditions, especially near the external part of struts whereas inside-
out conditions promoted more uniform cooling rates and thermal gradients. Moreover, a reduction of strut diameter induced 
the formation of a single melt pool on the full strut’s surface, which promoted lower and more uniform cooling rates and a 
highly textured built material. A fairly good agreement was found between simulated thermal data and local microstructure 
development at the scale of solidification cells. Finally, the current work provides a deeper understanding of size and L-PBF 
strategy versus microstructure formation and allows adapting build conditions on strut diameters.
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1 Introduction

Additive manufacturing (AM) with lasers is now a recog-
nized tool for building more or less complex shapes on a 
large range of dimensions, mostly comprised between less 
than 1 mm and a few meters, depending on the kind of 
AM process (powder bed fusion, direct energy deposition, 
etc.). Among laser AM processes, laser powder bed fusion 
(L-PBF) provides higher complexity combined with better 
spatial resolution and allows building parts ranging between 
less than 0.5 mm and more than 50 cm for the more recent 

industrial L-PBF developments [1]. The smaller L-PBF parts 
include, for instance, the cylindrical strut components of lat-
tice structures, for which, thanks to topology optimization, 
a large range of architectured or hybrid (solid/architectured) 
parts are currently designed and manufactured, with many 
potential applications such as biomedical ones [2]. On the 
one hand, the mechanical resistance of such architectured 
materials has already been widely investigated at a global 
scale, for instance, for reaching high damping properties [3], 
or tuned to provide innovative mechanical properties through 
dedicated lattice structures [4]. On the other hand, the influ-
ence of L-PBF single strut size on their microstructure and 
mechanical strength has been investigated only in a limited 
number of recent studies, with various assumptions concern-
ing the thermal origin of induced microstructural variations, 
and discrepancies in mechanical results. For instance, [5] 
and [6] on Ti6Al4V indicate a progressive increase in yield 
strength with a decrease in strut’s diameters (between 2 and 
0.3 mm), whereas [7] has shown a clear decrease of yield 
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strength for small diameters on 316L, partially due to larger 
solidification cells. In all these studies, the columnar grain 
width did not change with strut diameter, whereas modifica-
tions of solidification cells have been widely reported. All 
these works also confirm lower elongation rates for small 
struts, due to the dominant influence of pores.

Most of these works, such as Barba et al. on Ti6Al4V 
[6] or Wang et al. [7] and Britt et al. [8] on 316L indicate a 
microstructural refinement for the smaller struts’ diameters, 
assumed to be due to faster cooling rates. Smaller solidifica-
tion cells (316L) or α-laths (Ti6Al4V) are shown on small 
struts. Simultaneously, more elongated grains along the 
build direction combined with a pronounced fiber texture 
are obtained, due to stronger epitaxial growth.

However, little attention was paid to a deep physical 
understanding of the influence of small L-PBF part size, 
especially considering the influence of specific thermal 
boundary conditions (powder beds with low thermal con-
ductivity) surrounding parts under construction. To address 
such a problem, the combined use of simplified modeling 
and in situ monitoring seems to be an interesting way.

Many numerical approaches are possible at different work-
ing scales to address the various physical features of L-PBF, 
as indicated by Soundararajan et al. in their state of the art [9].

At a microscale and mesoscale, multiphysics thermal and 
hydrodynamic modeling provide a physical representation 
of L-PBF melt pools. This involves for instance the keyhole 
mode formation including a realistic laser-matter interaction 
with the deformed liquid surface using, for instance, a ray 
tracing approach [10], or the overlapping of a few tracks to 
address lack-of-fusion or roughness formation. Such models 
can either consider the powder bed as an equivalent medium 
or directly consider powder grains as discrete media [11] and 
address their incorporation in the melt pool. However, they 
are restricted to a limited number of fusion tracks due to the 
high computational times of fully coupled models.

At a macro scale, thermo-mechanical models using more 
or less complex laser heat sources have been attempted to 
calculate residual stresses and distortions, through a simplified 
determination of temperature history in activated layers [12].

Concerning the selection of microstructures, CAFE (cel-
lular automaton finite element) simulations have also been 
used for calculating L-PBF solidification microstructures. 
They have been used initially for welding [13] and applied 
recently to additive manufacturing by various authors 
including Camus et al. [14] and Ma et al. [15] on 316L steel.

Simplified approaches such as analytical models were also 
used to provide a rough estimation of cooling conditions. For 
instance, Scipioni Bertoli et al. [16] estimated cooling rates on 
316L with the use of the Rosenthal equation for laser melting 
and established a correlation between the diameter of L-PBF 
solidification cells � and local cooling rate Vc as follows: � = β. 
 Vc −0.33 (with β ~ average grain size). A similar formulation was 

used by Li et al. [17] on Inconel 625 to estimate cooling rates 
from the experimental measurement of average cell diameters.

The finite element simulation of rather large and complex 
L-PBF parts is a real issue, due to large computation times, even 
if efforts have been made to combine high spatial resolution with 
acceptable time scales like for instance some recent 3D thermal 
modeling by Olleak et al. [18, 19] on centimeter-scale parts.

Compared with larger build parts, for which significant 
CPU time is required, the modeling of L-PBF applied to 
small struts has less computational cost than larger samples. 
Moreover, investigating the influence of strut size is scientifi-
cally interesting to address due to the balance between laser 
heat input and a more or less constrained thermal dissipation, 
which is highly strut size dependent. The resulting struts’ 
microstructures, which vary with strut diameter [6, 8], neces-
sitate a numerical determination of local temperature history 
near the melt pool limit, which is highly complex to obtain 
experimentally, due to the high requested spatial resolution.

Promoppatum et al. [20] have carried out an interesting 
numerical thermo-metallurgical modeling of small L-PBF 
struts, including size effects, and take into account solid 
phase transformation. They have confirmed numerically the 
reduction of Ti-α lath width with a decrease of diameters and 
predicted with a correct agreement the resulting increase of 
yield strength. However, they did not confront thermal data 
and/or melt pool dimensions with experimental values and 
they did not address the influence of build strategy.

More widely, such modeling works, are usually con-
fronted with time-resolved experiments like x-ray radiogra-
phy during L-PBF fusion as shown by [21], real-time tem-
perature signatures of melt pools [22, 23], or post-mortem 
data, but there is still a lack of in-operando experimental 
data and experimental techniques for validating numerical 
models, especially at the melt pool scale.

Several recent studies have already investigated the 
L-PBF process stability on homemade and open L-PBF set-
ups. One can mention the analysis of spatter generation [24] 
or the influence of work pressure on melt pool dynamics 

Table 1  Thermo-physical properties of Inconel 625 [28]

T (K) Cp (J·kg−1·K−1) � (kg/m3) k 
(W·m−1·K−1)

293 450 8440 10
473 470 8380 12
673 500 8290 16
873 550 8200 20
1273 620 7930 25
1570 = Tsol 650 7670 29
1640 = Tliq 710 7350 50
2200 710 7350 80
2500 710 7350 80
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[25], but rather few studies have considered a sufficient spa-
tial resolution to provide reliable data on melt pool areas.

The current work proposes a comprehensive study of strut 
size and build strategy effects including a 3D simplified ther-
mal modeling for L-PBF Inconel 625 struts having 0.2- to 
2-mm diameters, combined with experimental validation of 
melt pool dimensions for various scan strategies. The analy-
sis of strut-like samples is useful not only as structure lattice 
constituents allowing attractive engineering properties but 
also as supporting structures for any L-PBF manufacturing.

Inconel 625 was selected as a key material for investigating 
numerically and experimentally L-PBF-built struts’ properties 
because of its high strength, stiffness, and oxidation resistance 
at high temperatures, which allows envisaging it for architec-
tured materials like heat exchangers or energy absorbers [26].

2  The numerical model

The local thermal history of L-PBF parts is usually com-
posed of one to four fast melting-solidification cycles, 
with cooling rates between  105 and  106 K/s followed by a 
longer and quasi-stationary tempering treatment at T0 mean 

temperature. This T0 is highly dependent on the laser power 
(P0), scan speed (V0), hatch distance (H), and layer height 
(Δh) parameters for a constant laser diameter Dlas. It also 
depends on the time pause (tp) between subsequent layers, 
which mostly increases with the number of building parts 
on the plateau. Such a time pause is usually comprised of 
between 30 and 120 s for usual L-PBF conditions. Addition-
ally, the build dimension and the number of scan tracks per 
layer can both play a significant role in local thermal cycles 
T = f(x, y, z, t) and induced microstructures.

To fulfill the requirements of such a model, a two-step 
approach derived from Promoppatum et al.’s work [20] is 
proposed:

– First, global modeling is carried out, to record average 
struts’ temperatures Ttemp, their variation with strut diam-
eter, and scan strategy. This model activates up to ten lay-
ers of 50 µm height thanks to the *linear elastic module 

Table 2  Constant L-PBF conditions considered in all the work

Parameters Values

P0 (W) 125
V0 (m/s) 0.5
Laser diameter Dlas (µm) 70
Hatch distance H (µm) 120
Offset contour distance (µm) 80

Fig. 1  Goldak double ellipsoid 
heat source (in the current work, 
ar = af = b = rlas)

Table 3  FE mesh parameters for the two models

Model Area Values

GMLM 1- activated layers Dstrut × 0.05 mm height
Maximum mesh size 80 µm
2- cylindrical substrate Dstrut × 3.5 mm height
Mesh size (transition zone) 100 µm
Maximum mesh size 300 µm

HRSLM 1- Heat affected layer Dstrut × 0.125 mm height
Maximum mesh size 20 µm
2- cylindrical substrate Dstrut × 1.25 mm height
Mesh size (transition zone) 50 µm
Maximum mesh size 300 µm
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Fig. 2  Geometrical domains 
corresponding to a the GMLM 
model (example of 0.5-mm and 
2-mm strut diameters) (ten lay-
ers to be activated on a 4-mm-
height cylinder) and b the 
single-layer SLM model (case 
of a 0.5-mm strut surrounded by 
a powder bed, with a high mesh 
density in the 0.125-mm-thick 
upper heat affected layer)

Fig. 3  Open-architecture L-PBF set-up with high-speed imaging device: a global view and b top view
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of COMSOL Multiphysics®. This first model is called 
the global multilayer model (GMLM).

– Second, considering a single built layer at the right Ttemp 
temperature as an initial condition, a more detailed model 
(with a higher mesh resolution) is used to estimate pre-
cisely melt pool features, to compare them with experi-
mental data, and to deduce accurately local cooling and 
solidification kinetics. This model is called the high-
resolution single-layer model (HRSLM).

The two finite element models do not consider hydro-
dynamic flow in the molten metal, which is assumed to be 

a strong limitation for a precise determination of solidifi-
cation conditions. However, due to extensive calculation 
time, a fully coupled thermal + hydrodynamic calculation 
could not be carried out on long scan tracks (several cm for 
D = 2 mm) such as those considered in the current work. 
Moreover, a unique laser irradiance in terms of laser power 
P0, scan speed V0, and spot diameter Dlas is considered in all 
the work, which allows the use of a unique equivalent heat 
source (Goldak [27]) calibrated with experiments, including 
indirectly the thermal influence of convection flow.

One has to mention that, apart from the surrounding 
equivalent medium, whose thermal properties have been 
adjusted to represent the powder bed, the fusion has been 
considered on a solid surface and not on discrete powder 
grains. However, as mentioned by Scipioni Bertoli et al. 
[16], the powder bed can be ignored in the calculation of 
L-PBF since it has no significant effect on the final result.

Calculations are carried out with COMSOL Multiphys-
ics® software, considering the thermal module for solving 
heat equations in transient conditions and the linear elastic 
module for layer activation. A 1.8-GHz laptop equipped with 
8 cores and an 8 Go RAM is used, and nonlinear material 
properties are considered (Table 1), including latent heat 

Fig. 4  Scan strategies vs strut diameters

Table 4  Computational domains and used building strategy for a pure 
contouring mode (C_I or C_O) with an 80-µm offset contour distance

GMLM (10 layers) HRSLM (1 layer) Number of 
contours

0.2 mm 2760 33,269 elements 1
0.3 mm 3206 43,179 elements 1
0.5 mm 4370 76,096 elements 3
1 mm 12,820 240,888 elements 5
2 mm 117,334 1,003,152 elements 11

Fig. 5  Experimental procedure 
of high-speed imaging
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of fusion Lm (J·kg−1), incorporated in the formulation of 
specific heat Cp (J·kg−1·K−1) as shown here below (Eq. 1).

To consider a 50% powder bed compactness in the 
HRSLM model, we have used (kPowder (T) ~ 0.05 kSolid (T) 
following previous works by [10]),Cp,Powder (T) =  Cp, Solid(T) 
and ρPowder (T) = 0.5 ρSolid (T).

where dT is the solidification range (= 70 K), Tm is the 
melting temperature, and Lm is the latent heat of fusion 
(= 3.105 J·kg−1).

(1)Cp = Cp(T) + exp

�

−
(T − Tm)

2

dT2

�

⋅

1
√

�.dT2
⋅ Lm

2.1  Heat source

The hydrodynamic flow is not considered in the calculation, 
but an equivalent volumetric heat source (Goldak’s ellip-
soid) is used to simplify calculations and provide realistic 
melt pool sizes. A unique Goldak distribution is then cali-
brated for all the calculations, thanks to single L-PBF tracks. 
Such an assumption is justified because laser power P0, scan 
speed V0, and laser diameter Dlas are kept constant in all 
the work (see Table 2). To provide a further simplification 
to the volumetric deposit, a single ellipsoid is considered 
(Fig. 1), without distinction between the front and rear laser 

Fig. 6  Top view of struts and melt pools during L-PBF with P = 125 
W – V = 0.5 m/s (2 mm cylinder, at four distinct contouring times). 
a OI strategy. Melt pools are indicated with the red arrow and their 
contour is delimited by a grey line. The last melt pool (contour 11) is 

a circular metal droplet surrounded by solidified areas. b IO strategy. 
Melt pools are larger at the onset (contour 1) and the end of fusion 
(contour 10)

Fig. 7  Powder bed fusion of 
the 0.5-mm strut (right strut, 
melt pools indicated with the 
red arrow) with P = 125 W – 
V = 0.5 m/s (I-O strategy). a 
At the onset of melting (top of 
the (n-1)th solidified layer). b 
When the 0.5-mm strut surface 
is completely melted during 
contouring of the  nth layer and 
a near-round fusion zone is 
evidenced
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power deposit (ar = af = a = rlaser), in agreement with recent 
modeling works by Baumard et al. [29].

For a given strut diameter, only scan strategies are varied, 
using (1) either a pure contouring strategy, with outside-in 
(OI) or inside-out (IO) modes (2) or a 1 contour + parallel 
hatch lines strategy (called CH strategy) conventionally used 
for L-PBF manufacturing of larger parts. The displacement 
of the heat source is imposed thanks to a change of origin of 

the (x0, y0) starting laser position, as shown in Eq. 3 for a lin-
ear scan used in the CH strategy. For the OI and IO contour 
strategies, (x0, y0) positions are varied with the use of circu-
lar equations such as x = x − rn*cos( θn) and y = y − rn*sin(θ
n) where rn is the radius of n-th contour and θn = V/rn is the 
rotation angle.

(2)�Cp

�T

�t
= ∇(k.∇T) + Qvol

(3)
Qvol(x, y, z) =

�

6
√

3AP0

abc

�

. exp

�

−3

�

(y − y0)
2

b2
+

(x − V0t − x0)
2

a2
+

(z − z0)
2

c2

��

where Qvol is the volumetric heat source (W/m3); a and b are 
the melt pool half width and half length; c is the melt pool 
depth; P0 is the incident power; A is the liquid absorptance 
(= 0.35); x0, y0, and z0 are the initial position of the heat 
source for each scan vector (dependent on the scan strat-
egy); � (kg·m−3), Cp (J·kg−1·K−1), and k (W·m−1·K−1) are 
the volumic mass, specific heat, and heat conductivity of 
the build material; ε is the emissivity (= 0.35); and � is the 
Stefan-Boltzmann constant (= 5.67.10−8 W·m−2·K−4).

2.2  Computational domains and boundary 
conditions

A tetrahedral mesh strategy, with linear elements, is 
used on the whole computational domain, with mesh 
resolutions depending on the kind of model (GMLM 

(4)qloss = h
(

T − Tsurf
)

+ ��(T4 − T4
surf

)

Fig. 8  Calibration of Goldak source parameters on a single L-PBF 
track (125 W – 0.5  m/s). The best-simulated isotherm is obtained 
with af = ar = b = 35 µm and c = 70 µm

Fig. 9  Numerical determination 
of T = f(t) profiles considered 
at r/2 of the struts (ten layers, 
5-s time pause, 0.5 mm versus 
1-mm struts, IO strategy)
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or HRSLM), as summarized in Table 3. Before defin-
ing such mesh conditions, a mesh optimization step was 
carried out considering highly refined conditions (down 
to 15 µm quadratic elements or 7 µm linear elements) 

for the HRSLM model. Adaptive remeshing was also 
used as a possible way to reduce calculation times and 
decrease local mesh size near the melt pool. However, 
no distinct modification was shown in terms of melt pool 
dimensions and thermal data near the solidification front 
(less than a 10% change in cooling rates and thermal 
gradients).

For the first GMLM model, which aims at calculating the 
average temperatures in the struts versus the number of built 
layers and time pauses, boundary conditions are considered as 
follows:

– Radiative and convective losses were imposed at the top 
surface of build layers during their activation stage and 
removed as soon as a new layer was activated.

– For this global model, convective losses were consid-
ered on all the external surfaces in contact with the 
powder. Due to the very low equivalent heat conduc-
tivity of the powder bed (kpowder (T) ~ 0.05 ksolid (T) fol-
lowing previous works by [10]), a h = 25 W·m−2·K−1 
convection loss coefficient was considered for the first 
model.

For both global and single-layer models, larger convec-
tive losses (h = 300 W·m−2·K−1) are imposed at the bot-
tom surface of the computational domain, to represent the 
dissipation through the substrate. In the HRSLM model, 
the powder bed was considered part of the computational 
domain, to provide realistic interface losses. For each strut 
of strut radius, a 1-mm equivalent powder bed width was 
added around the strut (Fig. 2b), using a similar geometrical 
approach to [20]. For instance, the mesh domain of a 2-mm-
diameter strut surrounded by the powder bed corresponds 
to a 4-mm diameter (2 mm + 2 × 1 mm), whereas the mesh 
domain of a 0.5-mm strut + powder bed has a 2.5-mm diam-
eter (0.5 mm + 2 × 1 mm).

Fig. 10  Numerical determination of average strut’s temperature 
(global model). a Influence of the number of layers (one to ten), 3-s 
time pause. b Influence of time pause (IO)

Fig. 11  Average temperature 
versus strut diameter for two 
contour strategies (IO, OI, and 
CH) and five strut diameters 
(simulated values, 10-s time 
pause)



The International Journal of Advanced Manufacturing Technology 

Fig. 12  Image analysis (after binarization) of numerical melt pools (top view, D = 1 mm, OI) at different scanning times. A maximum 30% ratio 
of the total area is molten

Fig. 13  Comparison between 
experimental and simulated 
melt pool areas versus lasing 
time: a for OI strategy and b for 
IO strategy (2-mm strut)
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3  The L‑PBF instrumented experiments

3.1  Experimental conditions

L-PBF tests were carried out in a home-made instrumented 
bench (Fig. 3), equipped with a 50-mm building platform, 
a 500-W fiber laser (Dlas = 70 µm at 1/e2), and a controlled 
Ar atmosphere (< 500 ppm  O2). A constant layer height of 
50 µm was used for all the tests. As indicated above (Sect. 2), 
three scan strategies, namely, pure contouring (IO and OI) or 
one contouring line + hatching lines (CH), were used for the 
builds (Fig. 4). For the smallest diameter (0.25 mm), only a 
single contouring line was used, as indicated in Table 4. The 
inter-scan line distance was 80 µm between contour circles 
and 120 µm between hatch lines, as recommended on Inconel 
625 alloys by SLM Solutions GmbH. A high-speed imag-
ing system (SA2 Photron) was used to capture instantaneous 
melt pool images on a 3 mm × 3 mm window (3 µm/pixel 
resolution) for various scan strategies and strut diameters. An 
illumination laser synchronized with the high-speed camera 
and operating at � = 810 nm (Cavilux HF, Cavitar, Tampere, 
Finland) was used to improve melt pool detection. Record-
ings of L-PBF tests were made at 4000 fr/s frame rate, which 
allows capturing one image every 0.25 ms corresponding to 
a propagation distance of the melt pool of 125 µm at 0.5 m/s 
scan speed.

3.2  High‑speed imaging

The high-speed imaging of strut surfaces (Fig. 5) during 
L-PBF is a rather complex and time-consuming task because 
melt pools are not correctly observed at each recording time, 

due to specular reflections of the Cavilux light on the liquid 
surface. However, interesting observations could be made:

– Larger melt pools are shown at the end of the layer 
fusion (Fig. 6) for the 2-mm diameter strut and the 
OI strategy. Such data, in terms of melt pool surfaces, 
are confronted with numerical simulations in Sect. 4. 
At the beginning of the OI contouring, elongated melt 
pools are shown whereas at the end of the laser path, 
a circular melt pool is formed at the central part of the 
strut. A similar result is observed for D0 = 1 mm and 
an OI strategy.

– Larger differences between OI and IO strategies are 
observed for D0 = 2 mm than for 1 mm, 0.5 mm, and 
0.3 mm. For instance, in Fig. 6b (IO strategy), the melt 
pool at the end of melting (contour 10) is distinctly 
smaller than in Fig. 6a (OI strategy).

– For strut diameters of 0.5 mm, 0.3 mm, and 0.2 mm, a unique 
melt pool is formed on top of the struts during the contouring 
process (Fig. 7). This is an important point to notice because 
it should induce a different solidification mode.

4  Numerical results

4.1  Calibration of the Goldak source

Single L-PBF tracks were carried out experimentally and 
simulated numerically to calibrate the Goldak source and 

Fig. 14  Top and side view of simulated melt pools (D = 2 mm, OI contouring) at two build times (0.003 s and 0.07 s)
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estimate a, b, and c parameters (Fig. 8). The best fitting of 
the experimental track was obtained for a = b = rlas = 35 µm 
and c = 70 µm. As P0, V0, and D0 were kept constant (125 
W, 0.5 m/s, 70 µm) in all the work, such Goldak parameters 
were systematically used in all the simulations.

4.2  Influence of strut diameter, time pauses, 
and scan strategies on average struts’ 
temperatures

The average strut’s temperature decreases gradually with time 
pause but increases with the number of built layers as shown 
in Figs. 9, 10, and 11. To estimate the “stabilized” average 
temperatures, the following procedure has been used:

(1) From the T = f(t) curves obtained for N layers (Fig. 9), 
we estimate average temperature data for a given time 
pause. Globally, for a tp = 3 s time pause, temperatures 
are mostly stabilized after ten layers (Fig. 10a).

(2) For ten built layers, we consider the T0 versus tp 
dependence, which provides us with an estimation of a 
nearly stabilized T0 value above tp = 10 s (Fig. 10b).

(3) Average T0 temperatures are reported versus strut diam-
eters and OI, IO, and CH building strategy (Fig. 11).

Numerical results indicate that an increase in strut’s 
diameter with a pure contour strategy or with a combined 
contour + hatching strategy increases the average reached 

Fig. 15  Comparison between 
experimental and simulated 
melt pool areas versus lasing 
time: a for OI strategy and b 
for IO strategy (1-mm strut). 
Resulting macro cross-sections 
of struts are indicated, with a 
modification of concavity which 
can explain the observed differ-
ence in b 
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temperature T0. The reason why larger struts are hotter is 
the number of scanned contours (11 for the 2-mm strut, 5 for 
the 1-mm strut, 2 for the 0.5 mm, and 1 for the 0.2 mm and 
0.3 mm), which promotes larger heat accumulation, which 
is not counterbalanced by heat dissipation. For instance, 
average temperatures vary between 320 K (~ 50 °C) for the 
smaller diameter (0.2 mm) and 520 K (~ 240 °C) for the 
larger (D = 2 mm), with an OI contour strategy (Fig. 11).

The average temperature obtained for a CH strategy is 
also lower than for both IO and OI contouring conditions. 
Such temperatures are in the same order of magnitude as 
those evidenced by Promoppatum et al. [20] on a titanium 
alloy (60–120 °C).

Scan strategy also has a clear influence on L-PBF micro-
structures resulting from local thermal-cooling cycles expe-
rienced by each point of the built material. In the current 
work, two aspects were investigated: (1) the influence of 
scan direction (inside-out (IO) or outside–in (OI)) for a 
pure contouring strategy, (2) the comparison with a con-
tour + hatching (CH) strategy (usual condition for large 

L-PBF parts). An example is shown in Fig. 11 where the 
OI strategy generates higher average temperatures than the 
IO mode. The heat accumulation due to the concentration 
of fusion isotherms at the central part of struts for the OI 
contour configuration may be a logical explanation for the 
observed results.

Finally, estimated T0 temperatures for various strut diam-
eters and scan strategies were considered as initial tempera-
tures for the second HRSLM model.

4.3  Analysis of melt pool dimensions and local 
thermal data

Considering the initial strut temperature estimated in 
Sect. 4.2, the second model was applied to estimate more 
precisely the melt pool dimensions and thermal data: ther-
mal gradient G (K·m−1), solidification rate R (m·s−1), and 
cooling rate Ṫ = Vc (K·s−1) at the solidification front dur-
ing the fusion of a single layer. The estimation of melt 
pool areas versus time was made automatically with an 
 ImageJ© software routine applied to the total number of 
binarized images corresponding to the laser path (Fig. 12). 
The measurement of melt pool areas on high-speed images 
such as those shown in Fig. 5 was carried out manually on 
 ImageJ©, due to the bad contrast between melt pool and 
surrounding matter.

Comparisons with experimental data were only possible 
for the larger strut’s diameters (1 mm and 2 mm). The agree-
ment between in situ imaging and modeling is globally very 
good and confirms a factor 2 to 3 increase of the melt pool 
surface S  (mm2) during the melting of each strut’s surface 
(0.1 to 0.3  mm2 in Fig. 13a), with a larger variation for the 
OI than for the IO strategy. Except for one case (1 mm, IO) 
which is discussed here below, the melt pool area tends to 
increase with time, due to the heat accumulation, and to 
the step-by-step heating of the metal at the  nth track by the 
(n-1), (n-2) … tracks, favored by the short scan distance and 
cooling time between subsequent scan tracks.

At the end of the lasing step, the simulation confirms an 
increase in melt pool surface for the OI strategy (from 0.1 to 
0.35  mm2 for D = 2 mm (Fig. 13a)) and to a lesser degree for 
the IO strategy (Fig. 13b). This is due to the formation of a 
round, central, and large melt pool because of the decrease 
of scan contours with the OI strategy, which promotes local 
and central heat accumulation, as shown in Fig. 14. Such a 
phenomenon is also found for D = 1 mm (Fig. 15a) where 
approximately 30% of the strut’s surface is molten at the end 
of lasing time.

Just like D = 2 mm experiments and simulations, melt 
pool areas analyzed on D = 1-mm struts exhibit fewer 
variations for the IO strategy. However, this configura-
tion (1 mm, IO, Fig. 15b) is not well correlated to the 
numerical model. This difference might come from the 

Fig. 16  Calculated melt pool areas versus lasing time: a for 0.2-mm 
and 0.3-mm struts and b for a 0.5-mm strut (contour strategy)
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deformation of the build surface, which creates a bump 
(Fig. 15b) and prevents an accurate measurement of real 
melt pool areas for this specific condition. In this specific 
case, one can assume that the geometrical curvature of the 
built surface is the main reason why experimental data 
underestimate (at the beginning of the scan) and overesti-
mate (near the edges, at the end of the scan) real melt pool 
areas for the D = 1 mm, IO strategy.

For the smallest diameters of 0.2 mm, 0.3 mm, and 
0.5 mm, simulations confirm that a unique melt pool forms 
on almost all the strut’s surface (Fig. 16 and 17). On the 

0.2-mm diameter (Fig. 16a), the molten surface slightly 
exceeds the total strut area, due to heat conduction in the 
surrounding equivalent powder bed. This “single droplet” 
effect, already evidenced with high-speed imaging (Fig. 7) 
and mentioned by Wang et al. [7], influences resulting 
microstructures, by promoting a vertical epitaxy between 
subsequent layers, and a more textured material as indi-
cated in Sect. 5.

Finally, the use of a CH strategy, rather usual on larger 
L-PBF parts, induces periodic melt pool fluctuations on 
simulations (Fig. 18), with globally more constant melt 

Fig. 17  Top and side view of melt pools (D = 0.5 mm, OI versus IO contouring strategy) at the end of lasing time (0.0045 s). For both strategies, 
the whole strut surface is almost fully melted

Fig. 18  Comparison between 
experimental and simulated 
melt pool areas for a CH (one 
contour + hatch) strategy 
(D = 2 mm)
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pool areas (0.1 to 0.15  mm2) than with full contour strat-
egies. The correlation with high-speed images is rather 
good, even if experimental images fail to highlight melt 
pool variations at the beginning and end of each scan 
track evidenced by FE modeling. This is possibly due 
to the lack of a sufficiently high number of clear experi-
mental melt pool images, due to specular reflection of the 
Cavilux illumination.

4.4  Estimation of solidification conditions

Thermal simulations also allow estimating thermal param-
eters at the liquid/solid interface on each node of the 
model, and their evolution with the position inside struts. 
As widely indicated in the literature [16, 17], large cool-
ing rates Vc (K·s−1) = G (K·m−1) * R (m·s−1) promote fine 
microstructures whereas large G/R favor columnar grains, 
which are dominant in L-PBF microstructures. In the cur-
rent work, G and Vc thermal data are considered in the 
1500–1600 K temperature range, corresponding roughly 

to the solidification interval, shifted down by 50 K to take 
into consideration undercooling effects at a high cooling 
rate. Local thermal data have been estimated at 60 µm 
below the surface, i.e., approximately at the half-depth 
of the melt pool, to consider solidification conditions for 
non-remolten zones.

Figures 19 and 20 show the distribution of cooling rate Vc 
(K·s−1) and thermal gradient G (K·m−1) along the O-y axis, 
i.e., along the diameter of the struts. Corresponding Vc val-
ues vary between − 8.104 and − 4.2.105 K·s−1 at 60 µm below 
the surface whereas local G values are comprised between 
1.5.106 and 8.106 K·m−1. Such cooling rates are approxi-
mately ten times lower than those estimated by Scipioni 
Bertoli et al. with an analytical Rosenthal model [16]. They 
are also two times lower than data obtained by Promoppa-
tum et al. [20] in their modeling work. Other works by Ma 
et al. [15] also have evidenced larger cooling rates (2.106 to 
5.106 K·s−1) with smooth particle hydrodynamic calcula-
tion on one L-PBF track whereas Olleak et al. [19] have 
mentioned lower cooling rates of 2–5.104 K·s−1 (near the 

(a) D=0.2 mm and D=0.3 mm (b) D=0.5 mm 

(c) D=1 mm (d) D=2 mm 

Fig. 19  Calculated local cooling rate Vc in the solidification interval: a 0.25-mm strut, b 0.5-mm strut, c 1-mm strut, and d 2-mm strut (IO or OI 
contour strategies)
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transformation of titanium beta to titanium alpha tempera-
ture range (910–970 K).

Such differences in calculated cooling rates between our 
calculations and previous works may be explained by the 
following:

– The two to three times lower scan speeds used in the cur-
rent work

– The fact that we considered such solidification conditions 
60 µm below the surface, i.e., in areas non-remelted by 
subsequent layers, in the solidification interval (Tliq – Tsol) 
and not starting from the maximum melt pool temperature

– The preheating temperature  T0 considered in the current 
work which tends to lower cooling rates

– The mesh size near the solidification front which should 
be as small as possible

The distribution of Vc and G values along the (O, y) axis 
is logically not fully symmetrical because of the location 
of the starting point and its distance versus recorded data 
points. It also depends clearly on the strut size:

– For the smaller struts (0.2 mm, 0.3 mm, and 0.5 mm), 
G and Vc thermal parameters are almost stable along 
the strut diameter, due to the occurrence of a unique 
melt pool on all the strut’s surface, which induces a 
near-planar solidification front (Fig. 7). This promotes 
a large gradient along z direction, a vertical epitaxy, and 
a < 001 > //BD (build direction) crystallographic texture.

– For the larger struts’ diameters (1 mm and 2 mm), a larger 
scattering is shown on Vc and G values within the same 
sample, and a clear difference is obtained between OI 
and IO strategies. First, thermal data obtained with an OI 
strategy and the same strut diameter exhibit large differ-
ences between the core and the edge of the samples. For 
instance, − 4.105 K/s is calculated on the external surface of 
the struts versus − 1.105 K·s−1 in the central area (Fig. 19c, d), 
and a 7–8.106 K·m−1 gradient is shown near the surface of the 
strut versus a 2–2.5.106 K·m−1 gradient in the core (Fig. 20c, 
d). Comparatively, less Vc and G variations along the strut’s 
diameter are shown with an IO strategy, with the larger values 
located in the core of the struts (Figs. 19 and 20).

(a) D = 0.2 mm and 0.3 mm (b) D = 0.5 mm 

(c) D = 1 mm (d) D = 2 mm 

Fig. 20  Calculated thermal gradients for a 0.2-mm and 0.3-mm, b 0.5-mm, c 1-mm, and d 2-mm struts (IO or OI contour strategies)
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A summary of Vc and G average data for a pure contour-
ing strategy is presented in Fig. 21. Contrary to previous 
literature data on titanium [20], no clear increase in average 
cooling rates is shown for small diameters.

The local solidification conditions evidenced for a CH strat-
egy (with contouring carried out first) also indicate a clear dif-
ference between the core and the surface of the struts where G 
and Vc values are 2 to 3 times higher than in the core (Fig. 22).

5  Discussion: microstructures 
versus solidification parameters

As indicated in Sect. 4.4, the selection and size of micro-
structures can be related directly to the more or less direc-
tional gradients G (K/m), to the fast cooling rates G.R = 
Ṫ   = Vc (K·s−1), and the G/R ratio (K·s·m−2), all thermal 
parameters being considered near the solidification front. 
Locally, an increase in Vc values is expected to induce a 
refinement of solidification cells inside FCC grains. The 
combination of large grains and small solidification cells 
forms a hierarchical microstructure with directionally grown 
solidification cells, enriched with Nb and Mo as indicated by 
Marchese et al. [30]. Such solidification cells are separated 
by very low-angle grain boundaries (LAGB), which usually 
play a more significant strengthening role than larger high-
angle grain boundaries (HAGB) according to Wang et al. 
on 316L steel [31]. As a reminder, on Ni-based superalloys 
such as Inconel 625, Li et al. [17] assumed a cell diameter 
� = �.Vc

−�dependence between solidification cell diameter � 
and cooling rate Vc, with β = average grain diameter ~ 50 µm 
and � = 0.33.

In the current work, porosity rates were first estimated, 
based on optical micrographs carried out on longitudinal 
cross-sections, and coupled with image analysis using 
ImageJ software. Results (Fig. 23) indicate a decrease in 
porosity rate with struts’ diameter and a maximum porosity 
of 0.45% in the smaller (D = 0.2 and D = 0.3 mm) struts. 
Results do not highlight any specific influence of build 

Fig. 21  a Average cooling rate Vc and b thermal gradient G for IO 
and OI contour strategies

Fig. 22  a Local cooling rates Vc and b thermal gradients G for a CH strategy (D = 2 mm)
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strategy on porosity generation. Comparatively, such poros-
ity rates are relatively higher than those estimated by Wang 
et al. [7] on 316L vertical struts.

At the metallurgical grain scale, small struts generated 
by L-PBF with a contour strategy exhibit specific micro-
structures on cross-sections, mostly similar to a “dartboard” 
(Fig. 24):

– An outer ring with small (~ 10–20 µm) grains, with a 
near-constant width (~ 50–100 µm) whatever the strut 
diameter. When analyzed on a longitudinal section 
(Fig. 25a), such fine grains are columnar and slightly 
shifted (of ~ 10°) compared to the build direction (O, z). 
This very fine external crown, observed on all the struts 

cannot be explained by simulation data. For instance, 
simulated IO strategies mostly indicate higher cooling 
rates at the core of the 1-mm and 2-mm struts (Fig. 19c, 
d) whereas smaller struts exhibit nearly constant Vc val-
ues (Fig. 19a, b). Consequently, and as assumed already 
by [32], the surrounding powder grains (of 15–45 µm 
diameter) in contact with the struts could act as solidi-
fication germs to promote the nucleation and growth of 
small external grains having nearly the same diameter 
(10–20 µm).

– An inner part with columnar grains oriented parallel to 
the build direction, but with the occurrence of chevrons 
(Fig. 24a) resulting from lateral epitaxy between adjacent 
fusion tracks. Interestingly, the equivalent diameter of 

Fig. 23  Porosity rates on verti-
cal struts

Fig. 24  EBSD analysis of struts. a Transverse (O, x, y) cross-sectional EBSD-IPF map concerning the z-axis for (from left to right) for a 0.2-mm 
strut, a 0.3-mm strut, a 0.5-mm strut, a 1-mm strut, and a 2-mm strut built (IO contouring strategy). b Corresponding pole figures (PF)
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grains increases with strut size: from 40 µm (D = 0.3 mm) 
to 65 µm (D = 0.5 mm), 80 µm (D = 1 mm), and 90 µm 
for 2 mm, which disagrees with recent results on 316L 
[7]. This change in grain diameter is counterintuitive 
compared with the small increase in average cooling rate 
observed with the IO strategy for large strut’s diameters 
(Fig. 21a). One possible explanation comes from the 
larger curvature radius of contour tracks for large struts, 
which limits the occurrence of disorientations.

A change in crystallographic texture with the strut’s 
diameter is also observed with OI, IO, and CH strategies: 
the texture is clearly < 001 > // BD for the smallest diam-
eters (< 0.5 mm) whereas the texture index decreases for 
larger diameters (1 mm and 2 mm) (Fig. 25b, c). This can be 
explained by the melt pool edge orientation versus BD. For 
large diameters, a 45° angle between the solidification front 
and BD mostly dominates, which orientates the < 100 > direc-
tion of solidification cells with a 45° angle versus BD.

Fig. 24  (continued)
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This results in a mixture of < 100 > and < 110 > //BD 
texture (Fig. 26a), already explained in detail by Sofinow-
ski et al. [33]. For the smallest strut’s diameters (0.2 mm 
and 0.3 mm), a single melt pool is formed with a low 
curvature of the solidification front (Fig. 26b). This logi-
cally promotes an alignment of < 001 > direction // BD 
and explains the higher < 001 > texture evidenced with 
EBSD (Fig. 24).

The occurrence of a central melt pool generating a sym-
metrical solidification structure at the strut’s central axis is 
confirmed by EBSD analysis of the last built layer with a 

contour OI strategy (Fig. 27), in agreement with numerical 
simulations (Fig. 14) and high-speed imaging (Fig. 6).

At the top of the last layer (Fig. 27), an equiaxed grain 
structure is also shown, which indicates higher solidification 
speeds and lower thermal gradients. However, this equiaxed 
zone is only detectable on the last built area, not remelted 
by subsequent layers.

The occurrence of an equiaxed zone on the upper 
part of the fusion zones can be explained by consider-
ing a columnar to equiaxed model like Hunt’s criterion 
[34], already used by Hu et al. [35] on Inconel 625. 

Fig. 25  Longitudinal (O, x, z) cross-sectional EBSD-IPF maps: a on 
a 0.5-mm strut (left) and a 2-mm strut (right) with a CH strategy (IPF 
map concerning the z-axis), b pole figure (PF) of the 0.3-mm cylinder 

with a < 100 > // BD texture, and c pole figure of the 2-mm cylinder 
with a less pronounced < 100 > //BD texture



 The International Journal of Advanced Manufacturing Technology

This model (Eq. 5) considers a transition from colum-
nar to equiaxed grains when the volume fraction of 
equiaxed grains in the undercooled zone (ahead of the 
Liq/Sol interface) is large enough to stop the columnar 
front growth. The use of Hunt’s model on Inconel 625 
(Fig. 28), combined with our numerical estimations 
of R and G well, confirms that the microstructure is 
mostly columnar, except on the very top of melt pools 
for which an equiaxed solidification is predicted.

where Ng is the density of germs  (1012  m−3), ΔT is the under-
cooling (2 K), feq is the fraction of equiaxed grains, A is the 
constant  (10−5), and R is the solidification rate (m·s−1).

Lastly, the SEM analysis of slightly disoriented (< 1° 
angle) sub-grain solidification cells indicates the following: 

(5)G =
1
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4π

81
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− ΔT3
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Fig. 26  Selection of crystal orientation from the calculated melt pool 
shapes (case of a contour strategy). a For 1  mm- and 2-mm diam-
eters: the < 110 > growth // BD is dominant. b On a 0.3-mm diameter: 

the < 001 > orientation //BD dominates due to the low curvature of 
solidus isotherm when the melt pool occupies the whole strut’s diam-
eter

Fig. 27  Cross-sectional EBSD-IPF map of the top surface of a 2-mm strut concerning the z-axis (OI strategy). A large fusion zone is evidenced 
in the middle of the strut, with a < 001 > texture // (O, z). Equiaxed grains are also visible at the top of the fusion zones
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(1) Contrary to previously published works on 316L [7] [16] 
and Inconel 625 [17], there is a rather large scatter on solid-
ification cell width � which hinders precise estimations.

(2) A large proportion of cells is oriented towards the build 
direction BD (Fig. 29).

(2) Cell dimensions tend to decrease with the strut’s 
diameter (between 1.6 and 0.5 µm) following the results 
by Wang et al. [7] on 316L (Fig. 29, Fig. 30). For the small 
diameter, the increase of cell dimensions is associated 

with larger inter-cellular spaces enriched with Nb and Cr 
(Fig. 29b).

(3) For the larger struts (1 mm and 2 mm), cells are 
smaller near the outside area, than at the strut’s central part 
(Fig. 29), in full agreement with the simulation results of 
cooling rates (Fig. 19c, d).

Considering the � = 50. Vc -0.33 formulation already pre-
sented by Li et al. [17], cooling rates Vc in the − 3.104 K·s−1 
(small struts)/ − 3.105 K·s−1 (large struts) range were esti-
mated from the analysis of the cell’s width. Such estimated 

Fig. 28  Solidification speed 
versus thermal gradient diagram 
for Inconel 625, based upon 
Hunt’s criterion [35]

Fig. 29  SEM analysis of solidi-
fication cells (2-mm diameter, 
contour OI). a Near the strut’s 
border (average inter-cell 
distance � = 0.5 µm ± 0.2 µm). 
b In the middle of the strut 
(average inter-cell distance � 
= 0.9 ± 0.3 µm). Larger cells are 
observed in the middle of the 
struts

Fig. 30  SEM analysis of 
solidification cells on 0.25-
mm struts (average inter-cell 
distance 1.6 ± 0.4 µm): a near 
strut border and b in the middle 
of the strut
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values are rather close to numerically determined values 
(Fig. 21).

However, the average numerical Vc values (Fig. 21a) 
do not vary significantly and regularly with strut diam-
eters (values are always comprised between − 1.105 
and − 2.1.105 K·s−1) and do not highlight a significant 
decrease of Vc for small struts. For such a factor of 
two in cooling rates, the change in cell size should not 
exceed + 20% considering � -Vc analytical dependence.

Therefore, the numerical model fails to provide a good 
estimation of cell dimensions versus strut’s diameters. Inter-
estingly, it also has to be mentioned that, considering the 
strut’s cooling over longer durations (~ 1 s), lower cooling 
rates are obtained with large struts in agreement with [20].

On the other hand, the numerical model provides a satis-
factory insight into the Vc and G gradients along the strut’s 
diameter, which are higher near the strut’s border, especially 
for large struts (Figs. 19c, d and 20c, d), and for the OI 
contouring strategy. Such a difference is confirmed by the 
observed cell dimensions � (Fig. 29).

Finally, the numerical model mostly helps understanding 
microstructures at the solidification cell scale and their depend-
ence on build strategy and strut diameter. It also confirms a 
clear reduction of Vc and G variations along the strut diameter 
for strut diameters below 0.5 mm, which explains why solidi-
fication cells are nearly constant in size for small diameters 
(Fig. 30). Such constant Vc and G values are mostly due to the 
formation of a single circular melt pool fulfilling the whole 
struts’ top surface (Fig. 17) for D = 0.2, 0.3, and 0.5 mm.

Finally, the advantages of the current modeling are as fol-
lows: (1) to provide a realistic overview of laser-induced melt 
pools by considering all the L-PBF thermal history, and not a 
single L-PBF track, and by validating the model with experi-
mental data, (2) to limit computational times by a two-step 
approach (GMLM and HRSLM models), and (3) to ensure 
a satisfactory prediction of the influence of build strategy 
and strut diameters. Its limitations come from the pure solid 
thermal approach, which did not consider fluid flow (Maran-
goni) as an important contributor to melt pool geometries and 
resulting microstructures. However, this assumption, and the 
use of an equivalent heat source, can be justified because the 
same (P, V) values were used for all the calculations. Extend-
ing the model to new (P, V) conditions would require further 
calibration of the Goldak heat source.

6  Conclusion

The present work includes the development of a simpli-
fied 3D thermal model for additively manufactured struts 
and the confrontation of numerical calculations with high-
speed melt pool (MP) monitoring. The main objective 
was to address the influence of strut diameter (0.25 mm to 

2 mm) and L-PBF scan strategy on solidification condi-
tions and resulting microstructures on an Inconel 625 alloy 
through the analysis of melt pool areas.

First, a two-scale thermal model was implemented and 
calibrated, to calculate (1) average build temperatures (step 
1) and (2) melt pool shapes and solidification conditions (step 
2). Second, an open-architecture L-PBF set-up was used to 
monitor melt pools over time and compare experimental melt 
pool areas with numerical calculations. Third, struts’ micro-
structures were analyzed using EBSD and SEM techniques.

The main results can be summarized as follows:

– Experimental and numerical data confirm that below 0.5-
mm diameter, and whatever the scan strategy, a unique 
melt pool forms at the top of each layer, which solidifies 
with a strong epitaxy with previously built layers and 
a < 001 > // BD crystal orientation.

– Above 0.5  mm, and especially for D = 1  mm and 
D = 2 mm, the influence of scan strategy becomes domi-
nant, and large differences are shown between the IO and 
OI modes in terms of local cooling rates Vc (K·s−1).

– The OI strategy induces larger cooling rates and thermal gra-
dients at the surface of struts, especially for the large diam-
eters, in full agreement with the size of solidification cells.

– Surprisingly, the calculated average cooling rates 
(around − 2.105 K·s−1) and thermal gradients (around 
4.106 K·m−1) near the solidification front do not vary 
very significantly concerning the struts’ diameter and 
scan strategy.

Finally, even if it fails to fully connect solidification cell width 
with local cooling rate, such a model, combined with high-speed 
melt pool monitoring and metallurgical analysis, provides an 
original insight into the influence of size and strategy effects on 
melt pools and induced microstructures in additively manufac-
tured vertical struts. It also helps selecting adequate build condi-
tions or strut diameters for ensuring satisfactory microstructures 
in supporting structures or structure lattices.

Future work should concern the experimental and numeri-
cal analysis of the influence of build angle for inclined struts, 
to fully consider the constitutive parts of lattice structures.
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