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ABSTRACT

Purpose: The work aimed to numerically model through the Finite Element Method (FEM) the 
distribution of residual stresses and thermal distortions in parts generated by Laser Powder 
Bed Fusion (L-PBF) in stainless steel AISI 316L and validate the results obtained through 
experimental measurements on previously manufactured parts.
Design/methodology/approach: The design methodology followed a numerical approach 
through the Finite Element Method (FEM), the distribution of residual stresses and thermal 
distortions in parts generated by Selective Laser Powder Bed Fusion (L-PBF) in stainless 
steel AISI 316L and the FEM approach was validated trough the results obtained through 
experimental measurements on previously manufactured parts. The influence on three levels 
was verified through complete factorial planning of some manufacturing parameters, such as 
laser power, speed, and distance between scans (hatch), on the stress and distortion results of 
the samples and also on the samples simulated by FEM.
Findings: When results were compared about the average diameters, a relative error of 
less than 2.5% was observed. The average diameter was influenced by power and speed. 
Increasing power decreased the average diameter of the samples, while increasing speed and 
hatch increased the average diameter. When results are compared to measure the residual 
stresses, it is observed that the relative error was less than 1%. Power, speed, and the hatch 
itself influenced the residual stress. Increasing power increases residual stress while increasing 
speed and hatch decreases residual stress. The cooling rate and the transient thermal history 
are the control factors that influence the residual stresses and are directly related to the process 
parameters. The computational modelling followed by measurements and calibrations carried 
out in the experimental stages proved to be efficient and enabled the reproduction of thermal 
distortion and residual stresses with statistical confidence.
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Research limitations/implications: Following the research, the aim is to evaluate the 
prediction of thermal distortions and residual stresses using the machine learning approach. Future 
research will study heating the building platform, which should also impact residual stresses.
Practical implications: Based on the results obtained in this research, it will be possible to 
select better additive manufacturing parameters for manufacturing 316L stainless steel parts. 
The parameters evaluated in the work were laser power, scanning speed, and hatch.
Originality/value: The innovation of the work lies in the robust simulation of the thermo-elastic 
behaviour of samples subjected to the additive manufacturing process, where it was possible 
to accurately relate the thermal distortions and residual stresses that appeared in the samples 
printed with the parts modelled by the FEM. The numerical-experimental validation makes 
it possible to extrapolate the studies to several other manufacturing parameters using only 
computational simulation and work with a more significant amount of data for a prediction study.
Keywords: Additive manufacturing, L-PBF, Stainless steel, 316L, Numerical simulation, 
Thermal distortions, Residual stresses
Reference to this paper should be given in the following way: 
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AISI 316L stainless steel parts, Archives of Materials Science and Engineering 127/1 (2024) 
12-22. DOI: https://doi.org/10.5604/01.3001.0054.7283
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several other manufacturing parameters using only computational simulation and work with a more significant amount of data for a prediction 
study. 

Keywords: Additive manufacturing, L-PBF, Stainless steel, 316L, Numerical simulation, Thermal distortions, Residual stresses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 
 

Computers, one of the symbols of the third industrial 
revolution, have brought tremendous advances to traditional 
manufacturing methods. Automated systems such as 
computer numerical control (CNC) machining and robotic 
assembly lines significantly promote efficiency and 
consistency in fabrication methods; now, it is the time of the 
4th industrial revolution, where additive manufacturing (AM) 
processes have outstanding progress [1-5]. Among the (AM) 
methods, also called 3D printing, it could be defined in a 
simple way as a "process of joining materials to make parts 
from 3D model data", usually layer upon layer [6]. It is 
becoming increasingly popular and has a constantly growing 
range of applications [7], providing unique opportunities for 
producing net shape geometries at the macroscale through 
microscale processing. Applications of additive technologies 
include biomedical, dental, automotive, aerospace, optics, and 
also textile and daily life sectors [3-11]. The AM process has 
disadvantages like poor surface roughness and residual stress. 
Tensile residual stress can negatively affect the performance 
of the pieces in service and cause geometry distortions [12]. 
The level of control presents inherent trade-offs necessitating 
the establishment of quality controls aimed at minimizing 
these undesirable properties [13], which is the most 
challenging of selective laser melting (SLM), also called 
powder bed fusion-laser (L-PBF). To control the issues, a 
proper understanding of the influence of process parameters 
on thermal distortion and residual stress profile during L-PBF 
is of paramount importance [14]. A significant problem 
associated with L-PBF components is the development of 

high internal residual stress [15] because of the repeated 
heating and cooling cycles. Successive layers of powdered 
raw material during the L-PBF construction process produce 
high cooling rates and high-temperature gradients associated 
with the process, resulting in residual stress buildup and 
thermal distortion in AM components. Parts may fail during 
L-PBF construction or later in service due to these high 
internal residual stresses. The localized melting and 
solidification cause residual stress during the process. As the 
laser melts the metal powder, it creates localized regions of 
high temperature that can cause thermal expansion and 
deformation. As the material solidifies and then cools, the 
different regions of the part cool at different rates, which can 
cause large strain misfits and internal stresses to form. The 
level and distribution of residual stress within a part can be 
influenced by various factors, including laser power, scanning 
speed, powder layer thickness, and part geometry [16], 
including the temperature control of the disk on which the part 
was manufactured. Thermal stresses occur when a volume 
cannot expand or contract without an obstacle in response to 
local changes in temperature, such as during laser radiation 
fusion. Materials in the liquid phase are not subject to thermal 
stresses. Thermal stresses occur from the temperature gradient 
or the solidification induction of the adjacent laser-melted 
areas in the solidified material. On the other hand, a decrease 
in thermal stress causes a decrease in residual stress [17]. 
Deformations of up to 0.2 mm in plates manufactured by SLM 
with a 1 mm thickness were found in [18]. The paper [19] also 
cites that residual stresses occur between the new layer and 
the manufactured feature when the new layer shrinks through 
consolidation upon the feature. Those stresses occur layer by 
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layer because the previous layer is already solid and 
preheated. According to [13], the thermal gradients present 
during building are affected by many process parameters (part 
size, build time, build plate/powder bed temperature, 
atmosphere, powder thermal characteristics, melt pool size, 
etc.). Aside from their potential impact on the mechanical 
performance and structural integrity of AM parts, residual 
stresses developed during processing may cause localized 
deformations, resulting in a loss of net shape, detachment from 
support structures, or failure of the AM part. Resolving 
residual stress and thermal distortion control in metal 
components through additive manufacturing (AM) is a 
significant challenge. To mitigate the challenge, the proper 
selection of AM process parameters is essential [20]. Although 
previous works indicate the importance of understanding the 
generation of residual stress and distortions in L-PBF 
processes, the underlying mechanisms for generating residual 
stress still need to be better understood. To better determine the 
factors that influence residual stress accumulation and prevent 
distortions, delamination, and fractures [21], a combination of 
parameters is sought for an ideal process window (one that 
meets product performance requirements). Therefore, L-PBF 
thermomechanical approach by finite element (FEM) 
simulation is potentially valuable, although they are a 
challenge due to the complexity of the physics involved in the 
process [22]. Numerical models can be used to predict the 
residual stress and deformation. The temperature distribution 
in the thermal models was applied as the load on the nodes, and 
stress and displacement fields were simulated [23]. According 
to [24], FEM analysis had been previously used to simulate the 
building process layer by layer and predict part distortions and 
residual stresses during the L-PBF process. In their study, [20] 
adopted both FEM simulation and experiment approaches to 
investigate the residual stress distribution in L-PBF 316L parts 
under realistic building conditions, with two levels of laser 
power and two laser scanning strategies. The typical L-PBF 
parameters for a real production scenario were adopted to 
reflect the realistic part building, and a sufficient number of 
layers were built. It was first adopted a FEM simulation model 
to investigate the effects of laser power and scanning path on 
the residual stress distribution. 

The L-PBF experiment planning was carried out to obtain 
specimens, and an X-ray diffraction technique was adopted 
to measure the in-depth residual stress distributions. In the 
work of [25], the residual stress of the cast SS316L austenitic 
stainless-steel material was analyzed in detail by a cantilever 
model both experimentally and numerically. The average in-
plane shrinkage stress in each additively deposited layer was 
determined directly from the distortion analysis of cantilever 
specimens and the proposed analytical formulation. A 
numerical finite element model (FEM) was developed to 
gain a better understanding of the residual stress state and 
was compared with experimental results. The purpose of the 

model, however, was not for prediction but for analysis of 
the residual stress field of the processed SS316L. In their 
study [26], the FEM-based simulations revealed the 
evolution of the melt pool and corresponding temperature 
distribution during the laser powder bed fusion (L-PBF) of 
316L stainless steel samples. The maximum laser scanning 
speed resulted in 76-80 m melt pool depth, 79-73 m melt 
pool length, 77-93 m melt pool width, and 1175-1335 °C 
temperature values. The paper [14] showed that residual 
stress was increased by increasing scanning speed and laser 
power and decreased by increasing hatch spacing. Cooling 
rate and transient thermal history are the controlling factors 
that significantly influence residual stresses. An increase in 
cooling rates by increasing both laser power and scanning 
speeds is one of many reasons for the identical behaviour. 
However, the influence is not the same magnitude for each 
processing parameter. Laser power is the most influential 
parameter, whereas hatch spacing leads to nominal variation 
in the residual stress [16]. A brief search of the previous 
publications confirms the complexity of achieving an 
accurate model to predict the residual stresses in additive-
manufactured stainless steel parts printed by the L-PBF 
process [22,24,25, 27-56]. It is worth mentioning that the 
current research is still under development, so the authors are 
still carrying research about the influence of heat treatments 
on the L-PBF printed specimen; in this sense, results about 
the influence of the preheating of the building platform base 
as well as further post-heat treatment of the as-printed 
specimens will be addressed for a further publication. 

Therefore, the present work aims to contribute to 
understanding how some process parameters such as laser 
power, scanning speed, and hatch affect the generation of 
residual stresses and distortions in the printed part of 
stainless steel 316L ‒ both numerically (using the 
commercial software Simufact Additive from Hexagon 
MSC Software) and experimentally. A factorial design is 
used to select the variation of parameters. The statistical 
variance analysis method (ANOVA) was employed to 
correlate the results (residual stress and distortion) with the 
selected variables of the L-PBF process. 

 
 

2. Materials and Methods 
 
2.1 Raw material and L-PBF equipment 
 

The raw material was spherical particles of plasma-
atomized austenitic stainless-steel powder, trademark 
PowderRange 316L, supplied by Carpenter Technology 
Corporation following the ASTM standard [57]. Figure 1 
provides some information about the raw material used by 
the authors. Further information can be found on the material 
datasheet from the commercial supplier [58]. 

2.	�Materials and methods

2.1.	�Raw material and L-PBF equipment
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Stainless steel 316L samples were manufactured via 
LPBF additive manufacturing in an OMNITEK OmniSint-
160 SLM equipment, ytterbium fibre laser module, and 
Rycus source nominal Power 500 W (see Fig. 2). 
 

 

 
 
Fig. 1. Raw material characterization ‒ plasma atomized 
316-L atomized powder particle size and shape. 
(magnifications 1000 x (a) e 5000x (b), 300 pA - 20 keV 
 

 
 

Fig. 2. OmniSint-160 additive manufacturing machine 
 
Measurements of residual stresses of the 316L parts were 

carried out using the RIGAKU brand X-ray diffraction 
equipment, model Ultima IV (Fig. 3a), located at the Nuclear 
Research Institute (IPEN). The optical measuring equipment 
ATOS Core 80 – CP40/MV100 was used to measure the 
thermal distortions with a resolution of 5 Megapixels. Data 
was processed by the GOM Inspect 2021 software (Fig. 3b). 

 
 

Fig. 3. (a) RIGAKU diffractometer, Ultima IV model,  
(b) GOM - ATOS Core 80 optical meter 

 
2.2 Experimental methodology 

 
To evaluate the impact of variations in the L-PBF 

manufacturing process parameters, such as the hatch 
distance, scanning speed, and laser power (as informed in 
Tab. 1), on the appearance of residual stresses and thermal 
distortions, 16 cylindrical specimens with 11.3 mm diameter 
and 10 mm height were used, according to a factorial design 
with the following variable factors. 

Table 2 presents each manufactured part's test order and 
L-PBF parameters. 
 
Table 1. 
L-PBF mains process parameters 

Power, W 100-200 
Hatch distance, μm 50-90 

Scanning speed, mm/s 500-1500 
 
Table 2. 
Manufacturing parameters experimental stage 

Test order Laser power, 
W 

Scan speed, 
mm/s 

Hatch,  
m 

1 150 1000 50 
2 150 1000 90 
3 100 1000 70 
4 150 500 70 
5 200 1000 70 
6 150 1500 70 
7 200 1500 70 
8 150 1000 70 
9 200 1500 50 

10 100 1500 50 
11 150 1000 70 
12 200 1500 50 
13 100 1500 90 
14 100 500 90 
15 200 500 90 
16 100 500 50 

2.2.	�Experimental methodology
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Figure 4 shows 16 samples of stainless steel 316L printed 
on the printing base platform. 

A wire EDM (electrical discharge machining) has 
enabled the specimens' extraction from the building platform 
using processing, significantly minimizing the residual 
stresses during cutting. A typical metallographic image from 
the specimen's top surface revealed porosity (Fig. 5);  
a further publication will address this disturbing effect on the 
model analysis. 
 

   
 

Fig. 4. As-printed LPBF 316L samples 
 

 
 

Fig. 5. Metallographic image of the 316L samples 
 

2.3 Computational methodology 
 

Numerical analysis was performed using the Simufact 
Additive 2020 FP1 software from Hexagon MSC Software, 
which uses CAD models to apply the same manufacturing 
conditions, defining a thermomechanical simulation. The 
authors have established the FEM settings directly by 
accessing a graphical user interface and the software 
calibration process. The calibration process consists of a 
preliminary step marked by defining the volume expansion 
factor (VEF). VEF is responsible for correcting the effects 
of thermal expansion and contraction since the element 
generated by the discretization of the domain in voxels 
(hexahedral finite elements – Fig. 6) consists of more than 
one material layer. For selecting such a factor, a cantilever 
geometry is often pre-selected, an option that facilitates 
characterising the state of deformations, strains, and stresses. 

However, as such specifications would already be 
provided by the experimental study, convergence analysis of 
the factor was carried out for an arbitrary sample through the 

relationship with the data obtained numerically and 
experimentally ‒ aiming at the approximation of the thermal 
distortions, so that if there is an equivalence in the 
displacements, it can be stated that the thermal deformation 
was correctly captured by the software and the residual 
stresses can thus be calculated, since they derive from 
deformations caused by the temperature gradient. When 
defining the metal powder melting process, the stages of the 
process were also defined, namely, construction of the part 
and separation of the base. The base separation was set up 
straight away. For the construction of the part, it was 
necessary to insert the constant parameters (the width of the 
laser beam and the scanning strategy) and variables for the 
study, namely laser power, scanning speed, and distance 
between scanning vectors (hatch) ‒ the same parameters 
varied for the experimental part. 

 

 
 

Fig. 6. Discretization of the geometry continuous domain 
 
3. Results and discussion 
 
3.1 Experimental thermal distortions 
 

Initially, the sample (Fig. 7a) is subjected to scanning in 
the ATOS Core 80 equipment of its entire external surface 
Figure 7b, resulting in the geometry of Figure 7c, which is 
treated using the GOM Inspect software. 

 

 
 

Fig. 7. a) 1A printed sample, b) optical measurement 
process, c) scanned geometry of the sample 

 
After scanning each printed piece, the GOM Inspect 

software analyzes the metrological parameters. Initially, the 
geometry scanned by a cylinder is superimposed with the 
nominal dimensions of the part, which allows evaluation of 
the distortions resulting from the manufacturing process. For 
the research, only the mean diameter was defined as the 
distortion response parameter. Figure 8 shows a dimensional 

3.	�Results and discussion

2.3.	�Computational methodology

3.1.	�Experimental thermal distortions

https://archivesmse.org/resources/html/cms/MAINPAGE
http://www.archivesmse.org
https://archivesmse.org/resources/html/cms/MAINPAGE


17

Influence of L-PBF additive manufacturing parameters on the residual stresses and thermal distortions in AISI 316L stainless ...

Volume 127    Issue 1   May 2024

comparison of the entire scanned surface of sample 1A about 
the nominal cylindrical body, with nominal dimensions of 
10 mm height by 11.3 mm diameter. Warm colours indicate 
larger dimensions and cool colors indicate smaller 
dimensions than the nominal value. 

 

 
 

Fig. 8. Representation of distortions of the 1A sample 
 

3.2 Experimental residual stresses 
 
In the given step, the samples' residual stresses were 

measured. Measurements were taken on each piece's side. In 
Figures 9a and 9b, the part measured by the RIGAKU 
diffractometer, model Ultima IV, is visualized in the lateral 
position.  

 

 
 
Fig. 9. Measurement of the 1A sample by diffraction (a) 
external view of the machine, (b) measurement position 
 
3.3 Numerical simulations 

 
After the printing parameters setup steps according to 

factorial planning for each sample, it was possible to measure 
the thermal distortions and calculate the residual stresses. 
Distortions were measured at a total of 15 points distributed 

on the cylindrical surface, five points at the height of 2.5 mm 
from the base, five points at a height of 5.0 mm, and, finally, 
5 points at a height of 7.5 mm sample. Figure 10 shows some 
of the points measured in the simulation stage. The residual 
stress was measured by a single point of the same coordinate 
considered in the experimental stage. 
 

 
 

Fig. 10. Distortion measurement points simulation stage 
Table 3 presents the distortion and residual stress results 

from the experimental stages and simulations for each of the 
16 specimens, with the respective relative percentage 
deviations between the values obtained. Excellent 
approximations can be observed between the values 
obtained through experimental measurements and the results 
obtained through computer simulation. 

 
3.4 Analysis of variance (ANOVA) 
 

Figure 11 presents the Pareto chart with the reference 
line for statistical significance (α = 0.05) for Diameter 
analysis. The factors and their interactions that present 
values lower than the reference line (to the left of the line) 
do not present statistical significance in the result of the 
studied response. The laser power and the scan speed factors 
showed statistical significance. The analysis result indicated 
that the Power and Speed factors influence the diameter of 
the part at a confidence level of 95%. The other 
combinations between the factors did not present statistical 
significance, at an adequate confidence level (95%), for any 
discussion or correlation with the response result. 

In Figure 12, the interaction for the main factors that 
significantly correlate with the influence of Diameter, Power, 
and scan speed can be seen through the main effects graph. It 
is observed that there was a slight variation in diameter for 
the parameters used and that there is a tendency to increase 
the diameter as speed increases and Power reduces. There 
was an increase in the Diameter for laser power in the range 
of 100 W and scan speed of 1500 mm/s. 

Figure 13 presents the Pareto chart with the reference 
line for statistical significance (α = 0.05) for Residual stress 
analysis. The scan speed, the laser power, and the Hatch 
factors presented statistical significance at an adequate 
confidence level (95%). 

3.4.	�Analysis of variance (ANOVA)
3.2.	�Experimental residual stresses

3.3.	�Numerical simulations

https://archivesmse.org/resources/html/cms/MAINPAGE
https://archivesmse.org/resources/html/cms/MAINPAGE


18

M.O. Santos, G.F. Batalha, A. Farias, V. Seriacopi, E.C. Bordinassi, M. Adamiak

Archives of Materials Science and Engineering RESEARCH PAPER
 

Table 3.  
Results of experimental and simulated distortions and residual stresses 

Test 
order 

Experimental 
diameter, mm 

FEM diameter, 
mm 

Error,  
% 

Experimental residual 
sterss, MPa 

FEM residual 
sterss, MPa 

Error,  
% 

1 11.393 11.249 1.3 294 279.3 5.0 
2 11.291 11.246 0.4 135 138.2 2.4 
3 11.247 11.246 0.0 133 134.1 0.8 
4 11.333 11.244 0.8 124 124.7 0.6 
5 11.381 11.244 1.2 70 70.4 0.6 
6 11.338 11.249 0.8 143 141.8 0.8 
7 11.309 11.245 0.6 100 100 0.0 
8 11.361 11.246 1.0 135 141.1 4.5 
9 11.481 11.243 2.1 185 176.5 4.6 
10 11.322 11.249 0.6 260 246.8 5.1 
11 11.36 11.246 1.0 97 96.6 0.4 
12 11.44 11.246 1.7 160 160.5 0.3 
13 11.22 11.251 0.3 234 218.3 6.7 
14 11.205 11.248 0.4 150 150.6 0.4 
15 11.335 11.244 0.8 34 36.2 6.5 
16 11.302 11.245 0.5 124 123.1 0.7 

 

 
Fig. 11. Pareto chart for the diameter of the samples 

 

 
 

Fig. 12. Main effects chart for the diameter of the samples 

Fig. 13. Pareto chart for residual stress of 316L samples 
 

 
 

Fig. 14. Graph plot of main effects for Residual Stresses on 
the 316L stainless steel sample sides 
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Figure 14 presents the graphs of the main effects of the 
factors on the result of Residual stress. It can be seen that the 
increase in Power promoted an increase in the residual 
stress, while the increase in speed and hatch distance 
reduced the residual stress values. 

 
4. Conclusions 
 

After the studies, the modelling of the distortions showed 
good repeatability, while the residual stresses and their 
measurements in a single point present significant 
uncertainty. Thus, the software can be concluded to 
accurately predict the distortion and, qualitatively, the 
residual stresses measured on the surfaces studied. 

The cooling rate and the transient thermal history are the 
controlling factors that significantly influence the formation 
of residual stresses. The factors were explored indirectly 
through the process parameters. It was possible to verify that 
laser power and scan speed also influenced the average 
diameter. Increasing laser power decreased the average 
diameter of the samples, while increasing scan speed and 
hatch distance increased the average diameter. When the 
results are compared to measure the average diameters, it is 
observed that the relative error was less than 2.5%, 
indicating an excellent correlation between the FEM 
predictions and the physical model measured in the 
experimental tests. 

Laser power, scan speed, and the hatch itself greatly 
influenced the residual stress measured on the lateral face in 
the longitudinal direction of the AISI 316L steel parts. 
Increasing power increases residual stress, while increasing 
speed and the hatch decreases residual stress. When the 
results are compared to measure the residual stresses of the 
316L samples, the maximum relative error is less than 7%; 
however, in most cases, the error is less than 1%, indicating 
a good approximation of the computational modelling to the 
physical model despite the high standard deviation of 
experimental residual stress measurements. 
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