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temperature field evolution 
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A B S T R A C T   

Additive manufactured parts are subjected to intense thermal gradients and high temperature peaks which affect 
mechanical properties. Such thermal cycles can cause distortions, residual stresses and microstructural hetero
geneities. Since the experimental measurement of the temperature field is extremely difficult, numerical simu
lation can be used to obtain a description of the phenomenon. Here, a three-dimensional computational model 
for the prediction of the temperature field during the laser powder bed fusion process on AlSi10Mg alloy was 
developed. Scan path, the geometry of the heat source and the progressive generation of the part during the 
process have been simulated with finite element method. This approach was used in a small scale representation, 
as the extremely fast temperature gradients, high scanning speeds and amount of thermal energy input make the 
phenomenon extremely localized. The predicted melt pool size, compared with microstructural analysis results 
on reference samples, was used to validate the computational model.   

1. Introduction 

Nowadays, the production of near-net-shape metal components via 
Additive Manufacturing (AM) techniques is gaining increasing attention 
from both industrial sectors and researchers due to high design versa
tility [1]. However, the quality of additively manufactured parts is not 
always up to the industrial standards defined for traditional 
manufacturing methods. One of the main challenges for AM accept
ability is the definition of rigorous certification methodologies balanced 
with the unique demands and features of AM [2]. The definition of 
predictive tools and standardized testing protocols is fundamental to 
ensure process reliability and reproducibility [3]. From this point of 
view, a detailed description of the several phenomena occurring during 
the manufacturing process is the key to understanding the linkage be
tween the process and the microstructural features or the overall me
chanical response of printed parts. The complex heat input dynamics 
causes local thermal histories characterized by severe gradients and 
cooling rates which are responsible for residual stresses and strains, 
defect formation mechanisms and of different microstructural mor
phologies. Thus, the part quality is strictly connected to the temperature 
field, which is the result of the process features and its parameters [2,4] 
In situ measurements of the thermal profile are quite challenging due to 
the high spatial and temporal resolution required [4]. Contact sensors 

(thermocouples) [5,6] were used to monitor the temperature change of 
substrate points during the deposition. Although they have high accu
racy and they are easy to calibrate, their major weakness is the inability 
to describe the thermal field along the energy input source path. Con
tactless measurements with pyrometers or thermal image cameras are 
more suitable for AM process monitoring since they can provide infor
mation about the area with the highest thermal dynamics. Nevertheless, 
multiple phenomena overlap during deposition, such as partial absorp
tion and reflection of laser power, phase changes, evaporation, material 
expulsion and Marangoni flow may cause a local variation of the optical 
properties of the surface that is quite difficult to evaluate [7]. These 
technologies require an accurate estimation of the surface emissivity and 
the chamber transmissivity [8]. Researchers have proposed several 
techniques to correctly evaluate these parameters making the experi
mental set-up particularly complex [9], as highlighted by Yan et al. [4]. 
To overcome these limits, there has been a continuous effort in the 
development of numerical models aimed to simulate AM processes and 
to obtain information about the thermal field. Li et al. investigated the 
relationship between process parameters, the thermal profile (peak 
temperature, molten pool lifetime) and defects formation during a se
lective laser melting process of commercially pure Ti powders, 
comparing the numerical results with experimental microstructural 
analysis [10]. Wei et al. [11] proposed a 3D FEA model to evaluate the 
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influence of process parameters, such as laser power and scanning speed, 
on the thermodynamic behavior of the melt pool. Their results high
lighted a strong Marangoni flow dependence on process parameters and 
that an unstable flow is responsible for defects generations within the 
printed material. Li et al. [12] developed a thermo-mechanical model to 
investigate the main features of a “point-exposure” scanning strategy 
and, from a multi-track simulation, they observed that the highest re
sidual stresses appeared at the overlap of different tracks. Fergani et al. 
[13] implemented an analytical model in Matlab to predict both the 
temperature field and the residual stresses and strains maps during a 
selective laser melting process on 316 L alloy. They found that the 
maximum tensile residual stresses were along the building direction and 
concluded that selecting an adequate scanning path may result in an 
optimal residual stress profile for the component. The information on 
the transient temperature field has also been used to predict the grain 
structure, coupling the thermal analysis with Cellular automata [14] or 
Phase-Field method [15], or to predict the phase distribution, imple
menting phase evolution criteria [16,17]. Therefore, the prediction of 
the thermal field evolution during the deposition process has a very 
strong capability as it is useful to understand AM process dynamics, to 
predict final part key features or to optimize process parameters without 
extensive experimental investigations. In this study, a thermal transient 
computational model for the description of the thermal evolution during 
a laser powder bed fusion LPBF process on AlSi10Mg alloy is presented 
and validated. The model was developed with the commercial FEM code 
MSC MARC v2020. The main features of the thermal field were 
compared to the results of a metallographic analysis on reference 
samples. 

2. Materials and methods 

2.1. Sample fabrication and material properties 

AlSi10Mg samples were produced using a SLM280 Twin machine, 
with two parallel IPG fiber lasers and a 280 × 280 × 365 mm3 build 
envelope, in a protective Argon atmosphere. The maximum laser scan
ning speed is 10 m/s. The laser beam follows a raster pattern with a 67◦

change of orientation between consecutive layers in order to guarantee a 
high densification level of the final part. The metallographic analysis 
was carried out on vertical as-built cylindrical specimens whose di
mensions are 8 mm (diameter) x 36 mm (height). Process parameters are 
listed in Table 1. The powder initial apparent density, measured ac
cording to ASTM-B417, is 1.52 g/cm3. 

The accurate estimation of the thermo-physical temperature-depen
ded properties of the selected alloy is mandatory for a thorough material 
modeling. Indeed, during AM process, the material undergoes a complex 
thermal history over a wide temperature range, multiple melting and 
solidification. Criales et al. [18] underlined the strong dependence of the 
temperature profile on material properties such as conductivity, density 
and specific heat. In this study, those properties were obtained from 
Sente JMatPro simulation software given the initial powder chemical 
composition, estimated according to ASTM E1479. The effect of the 
latent heat was modeled through a significative discontinuity of the 
specific heat. The powder bed conductivity might be two times lower 
than the bulk material. It depends on the powder porosity, on the size 

and distribution of the particles, and the gas filling the voids. The 
powder conductivity was estimated with a semi-empirical model [19]: 

kp =
ks(1 − ε)
1 + ψ

(
ks
kp

) (1)  

where kp,ksand kgare powder, bulk material, and gas conductivity, ψ is 
an empirical coefficient and εis the porosity: 

ε =
ρs − ρp

ρs
(2)  

ρs and ρp are the powder and solid density. 

2.2. Heat transfer in LPBF 

The distribution of the temperature T in a 3D cartesian domain sat
isfies the following equation, 
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+ Q (3)  

In which ρ,cp and k are the material density, specific heat and conduc
tivity and Q is the volumetric heat input. The initial temperature dis
tribution is espressed as, 

T(x, y, z) = T0, t = 0 (4)  

Where T0 is the initial powder temperature of 65 ◦C. During the depo
sition, the laser beam travels upon the powder bed, melting the under
lying layer and allowing the formation of a metallurgical bond with the 
already deposited tracks. At the same time, heat transfer mechanisms 
such as conduction, convection and radiation play a crucial role on the 
surface, according to: 

k
∂T
∂n

= q − qconv − qrad (5)  

qis the heat input flux. The heat dissipated by conduction is much higher 
than the one dissipated by convection, qconv, and radiation, qrad [20]. 
Due to the small scale of this phenomenon and the very high tempera
ture gradients, conduction with the powder bed and the underlying layer 
is dominant [21,22]. To decrease the computational complexity of the 
analysis, the heat loss through the powder bed was modeled by an 
equivalent convective flux, according Li et al. [23]. The heat loss to the 
Argon environment was neglected. Radiative heat transfer is more 
effective than convection within the melt pool but still less than con
duction [21,22]. Thus, a constant value of 0.4 [7,17] was chosen for the 
material’s emissivity. The amount of laser energy absorbed by the ma
terial is difficult to evaluate given its high dependence on material 
thermo-physical properties, surface roughness, beam wavelength, and 
laser distance and orientation from the surface. The choice of a constat 
absorbivity coefficient has been widely used in letterature [10,11,25, 
26]. In this work, an absorptivity coefficient of 0.3 was selected after an 
inverse calibration process aimed to reduce the error between the 
experimental and the predicted melt pool size, as estimated in [24]. 

2.3. Computational model 

The multiphysics phenomena that occur during the process have led 
researches to carry out modeling assumptions and semplifications in 
order to obtain a trade off between an accurate solution and the model 
complexity. Surely, one of the main problem in AM process simulation is 
the extensive computational time required to represent accurately the 
heat input phenomenon and its extremely rapid kinetics. As highlighted 
by Liu et al. [27], the temporal and spatial discretization should be 
detailed enough to ensure a continuous laser movement in the numerical 
simulation. To obtain information about the thermal field evolution at a 

Table 1 
Process Parameters.  

Parameter UoM Value 

Layer thickness mm 0.05 
Laser power W 350 
Scanning speed mm/s 1150 
Hatch distance mm 0.17 
B ase temperature ◦C 150 
I nitial powder temperature ◦C 65 
Recoat time s ~2.5  
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part-scale level, the scale gap between the part dimension and laser spot 
size and the discrepancy between the time step required and the whole 
part generation time would made the analysis time prohibitive. This 
awareness led to the development of accurate simulation strategies to 
reduce the computational cost without losing accuracy for part-scale 
models. For instance, Ghanbari et al. [28] have subdivided the calcu
lus domain in two scales, local and global. A small adaptive-local model 
with a very fine spatial and temporal discretization solved the thermal 

field around the laser heat input, while a global simulation with larger 
grid size and time step calculated the temperature evolution far from the 
area with the highest kinetics. The two temperature profiles were then 
combined together. Liu et al. [27] developed and implemented in a FEM 
code a characteristic time-based heat input (CTI) model in which the 
energy input phase was simulated in two numerical steps. The scanning 
time of a track is divided in a heating time, in which an integrated en
ergy input is applied, and a cooling phase without energy input. Other 

Fig. 1. Numerical model and computational grid.  

Fig. 2. Optical microscopy images - cross-section (left) top view (right) at different magnification levels.  
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authors [29–31] proposed a superposition-based semi-analytical model 
in which an analytical solution for point sources in a semi-infinite space 
is combined with numerical fields to impose boundary conditions. At the 
same time, the thorough description of the melt pool behavior and of the 
various phenomena that occur at the melt pool level requires quite ac
curate models that closely follow the movement of the laser input source 
[32]. Indeed, meso‑scale model have been widely used in literature to 
describe local phenomena at the melt pool level to investigate key 
microstructural features [14,26,33] or the influence of process param
eters on the thermal behavior or on defect formation mechanism [10,11, 
25]. This study is aimed to correlate the microstructural evidence to the 
thermal evolution the material undergoes during deposition, thus a 
meso‑scale approach was chosen. Fig. 1 illustrates the computational 
grid, composed of hexahedral elements, with 8 integration points. The 
powder bed base is 1.6 × 1.6 × 0.3 mm3, with a grid size of 0.15 × 0.15 
× 0.15 mm3. The specimen is modeled with a 1 × 1 × 1.25 mm3 block, 
with a finer mesh of 0.016 × 0.016 × 0.016 mm3 in the deposited layers. 
A coarser grid of 0.05 × 0.05 × 0.05 mm3 was adopted far from the laser 
scan area. A glue contact was selected to replicate the welding link 
formed in LPBF process between the base and the part. The time step was 
chosen to guarantee a continuous laser motion upon the powder bed 
during deposition, so a constant value of 1.5 × 10− 5 s was selected. 
During the recoat time, the time step gradually increases to a maximum 
of 0.15 s. The experimental parameters reported in Table 1 were used in 
the simulation. 

The powder bed was modeled as a homogeneous mean [10,25] with 
scaled-down thermo-physical properties and only a thermal analysis was 
conducted [10,12,33], neglecting the melt pool fluidity due to its limited 
size [25]. To describe the change of conductivity between powder and 
solid, a hybrid quite-inactive element method was used. At the begin
ning of the analysis, all layers were inactive and not included in the 
calculus. Upon activation, the elements were in a quiet state, with a 
scaled-down conductivity, until they were crossed by the laser beam. 
The complex heat adduction phenomenon was simulated by a spatially 
variable thermal flux along a user-defined path. In literature, various 
solutions have been employed to model the laser beam, such as the 
Gaussian heat source [11,28], Goldak’s double ellipsoid [27,34], or a 
cylindrical geometry [35], while some authors proposed their own heat 
source models [36,37]. In this study, the laser input source was modeled 
using the weld flux tool with a cylindrical-shaped geometry, which al
lows a more focused heat input and more penetration in the material 
than Goldak’s ellipsoid. The radius of the cylinder is the same of the laser 
beam input. 

3. Risults and discussion 

3.1. Sample characterization 

As-built LPBF AlSi10Mg macro- and microstructural features are 
strongly dependent on the manufacturing process [38]. Given the high 
anisotropy of AM parts, vertical section and cross-section surfaces were 
extracted and analyzed. All resin-embedded samples were polished and 
etched by Keller’s reagent. The microstructural features were observed 
using LEICA DM 6000 M optical microscopy (OM) and ZEISS ultra plus 
scanning electron microscopy (SEM). The optical microscopy images, 
presented in Fig. 2, highlight a strong texturization of the metallic ma
trix, related to the layer-by-layer nature of LPBF. Indeed, the vertical 
plane shows the typical semicircular morphology of the overlapped melt 
pools and in the cross-section plane, the laser scan tracks are identifi
able. To estimate the melt pool size, these images were analyzed by 
ImageJ software; the melt pool depth was determined to be 110±20 µm 
and the width 220±30 µm. The macrostructure along the cross-section 
and vertical planes is not uniform due to a 67◦ rotation of the scan
ning path for consecutive layers. As shown in Fig. 3, the major micro
structural heterogeneities were found within the melt. The core of the 
melt pool exhibits a fine cellular structure of the α-Al phase surrounded 
by a continuous network of eutectic Al-Si precipitates. The cell size 
becomes coarser near the melt pool borders due to a change of solidi
fication parameters [39]. Similarly to welding processes, outside the 
melt pool profile, there is a Heat Affected Zone (HAZ) in which Si phase 
coarsening causes a local rapture of the eutectic network. 

3.2. Single-Layer analysis 

A multi-track, multi-layer simulation was performed and the results 
were compared to the microstructural evidences. Fig. 4a illustrates the 
five reference layers with their corresponding scanning path. Firstly, the 
temperature evolution developed during the deposition of the 3rd layer 
(Fig. 4b) was investigated. 

Fig. 5 illustrates the transient temperature distribution at different 
positions of the laser beam input. During the deposition of the first track 
(Fig. 5a), the influence of the heat input is localized mainly in the 
scanned area, in which the temperature increase is significant. On the 
contrary, the temperature of the remaining part of the powder bed is still 
close to the initial temperature of 65 ◦C. Due to the discontinuity of 
thermal conductivity between the powder and the bulk material, the 
heat transmission by conduction towards the powder is slower than the 
laser movement. In fact, the front isotherms, that face the unscanned 

Fig. 3. SEM image shows the typical cellular microstructure of the melt pool 
cross-section. 

Fig. 4. (a) Scanning path and (b) measure points for the third layer.  
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zone, are denser than those at the back of the laser path where the 
material is in a solid-state state. Even during the deposition of the third 
track (Fig. 5b), the thermal distribution around the laser beam exhibits 
an asymmetrical behavior, but the powder bed temperature starts to 

increase because of the longer interaction time with the laser beam. This 
process of heat accumulation starts to decrease during the deposition of 
the last track (Fig. 5c), where the material starts to cool down. 

The thermal evolution of the center of each track, presented in 

Fig. 5. Top view of the temperature distribution during the deposition of the third layer (a) end of 1st track (time 0.73 ms) (b) end of 3rd track (time 2.52 ms) (c) end 
of 6th track (time 5.31 ms). 

Fig. 6. a) Temperature evolution at the center of consecutive scanning tracks, b) temperature profile and the cooling rate at the center of the third scanning track.  
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Fig. 6a, is characterized by very high cooling rates and temperature 
peaks, which far exceed AlSi10Mg melting temperature (574 ◦C). These 
results are in good agreement with the results obtained by Du et al. [25] 
for similar process parameters on the same alloy. The temperature peaks 
increase gradually from the first track to the last one, due to the heat 
accumulation during the deposition in the material. The influence be
tween subsequent tracks can be clearly seen. For instance, the temper
ature at the center of the third track starts to gradually increase during 
the deposition of the second track. A content temperature increase 
during the deposition of the fourth track is also appreciable. A detail of 
the temperature change and cooling rate for the center point of the 3rd 
track is illustrated in Fig. 6b. An accurate description of the cooling 
profile and the phase change between liquidus and solidus temperatures 
is obtained taking into account both latent heat and material properties’ 
temperature-dependence. For this temperature profile, the numerical 
cooling rate between the liquidus and solidus temperatures is 2.45 × 105 

s− 1, which is accountable for the very fine cellular structure observed in 
SEM images. 

3.3. Melt pool analysis and model validation 

In Fig. 7, a detail of the numerical melt pool profile during the laser 
motion is presented. The predicted melt pool dimensions were measured 
at the maximum extension of the thermal profile and they were esti
mated, as shown in Fig. 8, with the intersection of the temperature 
profile and the melting line. The results are in good agreement with the 
experimental data presented with their corresponding uncertainty in 
Fig. 9. The error in the prediction of both the melt pool width and depth 
is less than 2%. 

The thermal histories within the melt pool were extracted in the five 

measure points illustrated in Fig. 10. 
The temperature profiles change meaningfully between the melt pool 

core and periphery. The latter has a more controlled thermal evolution, 
with lower peaks and slower cooling rates, Fig. 11, either along the 
width and the depth. This is in agreement with the grain size hetero
geneity presented in the metallographic analysis, Fig. 3. The cell 
dimension is strongly dependent on the cooling rates. Along the width, 
the point at the periphery (W3) undergoes re-melting during the depo
sition of the second and the third track, as it can be clearly seen in 

Fig. 7. Cross section view of the numerical temperature profile of the 
melt pool. 

Fig. 8. Thermal profile extracted (a) along the depth (b) along the width of the melt pool.  

Fig. 9. Comparison of experimental and predicted melt pool size.  

Fig. 10. Measure points within the melt pool.  

S. Ricci et al.                                                                                                                                                                                                                                     



Forces in Mechanics 8 (2022) 100109

7

Fig. 11b. Indeed, the measured melt pool width is greater than the hatch 
spacing (0.17 mm), and this condition must be satisfied in order to 
guarantee a high densification level and reduce voids formation after the 

scans. The overlap of the temperature profiles for three consecutive 
tracks is shown in Fig. 12. The melt pool width increases slightly during 
the deposition for the heat accumulation phenomenon. The predicted 
melt pool width is 213.4, 224.8 and 229.5 µm during the deposition of 
the second, third and fourth track respectively. 

3.4. Multi-layer analysis 

During a LPBF process, the material undergoes a complex thermal 
cycle, with repeated melting and solidification. The deposition of a new 
layer requires an additional energy input that has a variable thermal 
influence on the solidified layers. Figs. 13 and14 show the thermal cycle 
measured at the center point of the first and second layers. Each layer 
undergoes severe re-melting during the deposition of the subsequent 
one: this condition guarantees the formation of a metallurgical bond 
between the two. The experimental melt pool size is a little greater than 
the sum of two layers thickness. Since the phenomenon is extremely 
localized, the thermal influence on other layers is limited, as supported 
by the numerical results. Fig. 15 underlines a self-similarity between the 
thermal histories of corresponding points of different layers. This result 
is corroborated by the experimental evidence since no microstructural 
gradients were found along the building direction. 

Fig. 11. Temperature distribution profiles within the melt pool (a) depth and (b) width.  

Fig. 12. Overlap of temperature profiles for subsequent tracks.  

Fig. 13. Temperature map and thermal cycle evolution for the point at the middle of the 1st layer.  
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4. Conclusions 

In this work, a 3D transient computational model was developed in 
the commercial FEM code MSC Marc to investigate the temperature field 
evolution during a LPBF process on AlSi10Mg alloy. The numerical re
sults of a multi-track and multi-layer simulation were discussed 
regarding the experimental evidence. To validate the computational 
model, the predicted melt pool size was compared to the experimental 
one, and the results were satisfactory, with an error in the prediction of 
both the width and the depth less than 2%. OM and SEM analysis 
underlined a strong dependence of AlSi10Mg microstructure on the 
manufacturing process. The macrostructure shows a distinctive layered 
texture with overlapping melt pool profiles that represent the scanning 
path followed by the laser heat input. The major microstructural het
erogeneities were found within the melt pool profile, with a variable cell 
size between the core and the periphery. Those features were linked to 
the thermal evolutions predicted by the model. Indeed, the temperature 
profiles of different points in a multi-track or a multi-layer analysis were 
comparable. Meanwhile, dissimilar thermal evolutions were experi
enced at different points of the melt pool, where the major thermal 
gradients can be found. 
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