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Abstract
Additive manufacturing (AM) represents a significant breakthrough in the field of engineering, revolutionizing the way 
products and components are designed and manufactured. Among the various methods used to employ polymer materials 
in AM, powder bed fusion (PBF) processes, specifically selective laser sintering (SLS), stand out as one of the most widely 
utilized approaches. This method offers substantial advantages over other AM techniques for treating polymers. However, 
SLS is inherently based on complex underlying physical mechanisms and phenomena and it involves a significant number of 
process parameters, making a comprehensive and extensive study of the process necessary. In the present article, we conduct 
an experimental study to examine the impact of two pivotal process parameters in SLS: volumetric energy density (VED) and 
nominal laser power (LP), on the mechanical properties of Polyamide 12 (PA12). The assessment of the material’s mechani-
cal behavior was conducted by measuring its tensile, compressive, and flexural properties, adhering to the respective ASTM 
standards. Additionally, we employed appropriate statistical tests, including the Coefficient of Variation (CV) to estimate 
the process’s repeatability and consistency, and Fisher’s least significant difference (LSD) method to determine significant 
differences between mean property values for different process parameters. The results revealed the impact of volumetric 
energy density (VED) and nominal laser power (LP) on each mechanical property and mechanical index. Furthermore, the 
study identifies general rules and trends related to the efficiency and feasible thresholds of the process. Finally, we provide 
an interpretation of the results based on the fundamental physical mechanisms, also supported by the respective XRD and 
microscopy images.

Keywords Powder bed fusion · Polyamide 12 · Mechanical properties · Volumetric energy density · Laser power · Material 
characterization

Nomenclature
CAE0.3 (Kj)  Compressive absorbed energy at 0.3 strain
CME (MPa)  Compressive modulus of elasticity
CV  Coefficient of variation
CYS (MPa)  Compressive yield strength
FAEYP (kJ)  Flexural absorbed energy at the yield 

point
FME (MPa)  Flexural MODULUS OF ELASTICITY
FYS (MPa)  Flexural yield strength

HS (mm)  Hatch space
LP (W)  Laser power
LSS (mm/s)  Laser scanning speed
PBT (mm)  Powder bed thickness
TAEFr. (kJ)  Tensile absorbed energy until fracture
TFS (MPa)  Tensile fracture strength
TME (MPa)  Tensile modulus of elasticity
TUS (MPa)  Tensile ultimate strength
TYS (MP)  Tensile yield strength
VED (J/mm3)  Volumetric energy density

1 Introduction

Selective laser sintering (SLS) is an additive manufactur-
ing technique that employs principles from laser physics 
and powder material science to fabricate three-dimensional 
objects in a layer-by-layer manner [1, 2]. Powder bed fusion 
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(PBF) processes involve the selective fusion or melting of 
powdered material to create solid objects layer by layer. In 
these processes, particularly when treating polymer materi-
als,  CO2 lasers are commonly utilized as high-energy–den-
sity sources that are directed onto the powder bed [3]. Upon 
exposure to the laser beam, the powdered material undergoes 
a rapid localized temperature increase [4]. The absorbed 
energy is converted into thermal energy, which induces 
either the melting or sintering of the polymer particles as 
they reach their melting point or glass transition tempera-
ture, respectively [5, 6]. Through diffusion and molecular 
bonding processes, the adjacent particles merged, creating 
a structurally integrated and solidified layer [7]. By opti-
mizing various SLS process parameters, including laser 
power, scanning speed, and layer height, desired mechani-
cal properties can be achieved. [8]. Additionally, preheating, 
powder bed, and sintering temperatures are fundamental for 
the proper densification and microstructure evolution during 
the process. According to German [9], all the aforemen-
tioned sintering parameters affect the complex thermody-
namic stages of fusion and cooling [10–12]. In the context 
of optimizing SLS printing parameters, volumetric energy 
density (VED) emerges as an essential parameter, reflecting 
the amount of energy supplied to the powder bed by the laser 
per unit volume [13]. The VED can be considered as a valid 
and extreme important process index not only for the SLS 
process, but for the PBF processes in general, including the 
laser-PBF [14] or even the electron-beam-PBF process [15].

Compared to other additive manufacturing methods like 
FDM and SLA, SLS significantly reduces the need for sup-
port structures, especially when simple geometries have to 
be built as the un-sintered powder acts as a support structure 
[16]. Thus, there is significant saving both in time and mate-
rial [17]. Semi-crystalline polymers, predominantly Nylon 
12 and 11, have been demonstrated to sinter effectively, 
yielding superior mechanical characteristics compared to 
their amorphous polymer counterparts [18, 19]. Nonethe-
less, the occurrence of dimensional inaccuracies due to a 
volumetric contraction in the crystallization phase poses 
a considerable challenge [20]. As such, it is important for 
materials intended for SLS processing to have a melt tem-
perature that significantly exceeds the crystallization tem-
perature. This temperature difference ensures the retarda-
tion and reduction of crystallization during the fabrication 
process [21], enabling successive layers to form interlayer 
bonds within a more homogenous microstructural.

Recently, substantial effort has been directed towards 
determining the mechanism and mechanical characteristics 
of PA12 fabricated using the SLS technique. Li et al. [22] 
conducted an experimental study to identify the parameters 
essential for thermal modeling at component-scale during 
SLS of PA12. The results indicated that employing a convec-
tion coefficient value of 10 [W/m2/°C] uniformly across all 

surfaces yields simulation outcomes most congruent with 
thermocouple readings. Additionally, based on their model 
they were able to predict with 89% accuracy the thermal 
history of the printed parts by using thermocouples to cap-
ture the thermal energy from the top surfaces. Using in-
situ thermal and X-ray characterization, Hejmady et al. [23] 
investigated the time-dependent microstructure evolution 
during laser sintering of PA12. The results show significant 
differences in the microstructure due to the heat affected 
zone [23, 24]. As mentioned earlier, the VED serves as one 
approach to evaluate the influence of process parameters on 
mechanical characteristics. Using this method, Pereira et al. 
[25] examined the impact of laser scan spacing and powder 
layer thickness on the morphology and mechanical attributes 
of composite scaffolds produced via SLS. According to their 
findings, the powder bed thickness is the predominant factor 
affecting the mechanical properties of the scaffolds, followed 
by the laser scanning speed (LSS) [26, 27]. Wang et al. [28] 
investigated the VED’s effect on the electrical properties of 
PA12 fabricated via SLS. The researchers found that uti-
lizing a laser density of 0.03 [J/mm2], resulted in optimal 
electrical properties, with a resistivity of up to 22 [GΩ·m]. 
Pilipovic et al. [29] investigated the influence of VED, the 
laser diameter and the hatch space on the mechanical proper-
ties. Their analysis revealed that the mechanical properties 
are intrinsically modulated by the laser energy density and 
the hatch space ratio. An increase in laser energy density 
was found to improve material strength. However, values 
exceeding 0.0667 [J/mm2] had a negative effect, leading to 
material’s overheating that results in component distortion, 
which in turn reduced tensile strength. Authors also empha-
size the significance of the hatch space in relation to the laser 
beam diameter, which was referred as overlap ratio because 
it is directly correlated with the “actual” energy density 
(ED). Specifically, an overlap ratio greater than 1, where the 
hatch space is smaller than the laser beam diameter, results 
in areas of the powder bed being exposed to the laser beam 
more than once. Czelusniak and Amorim [30] investigated 
the impact of energy density on the mechanical properties 
of carbon fiber-reinforced PA12 composite parts produced 
through SLS. Utilizing a space-filling design, they found that 
maximum density is achieved at median energy densities, 
while increased part accuracy was associated with reduced 
energy densities. The printing accuracy surpassed 99.6%, 
maintaining this level of precision for energy densities less 
than 0.381 [J/mm3]. In the Y-direction, accuracy consistently 
exceeded 98% for energy densities up to 0.212 [J/mm3], but 
declined at higher energy densities. Conversely, the Z-direc-
tion exhibited the least robustness in terms of accuracy, with 
optimal values just above 95% at the lowest energy den-
sity, showing a systematic decrease with ascending energy 
densities [31]. Additionally, the findings suggest a trade-off 
between part accuracy and density, which is significantly 
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influenced by specific laser sintering settings. While maxi-
mum density is achieved at median energy densities, greater 
part accuracy is observed at reduced energy densities—a 
correlation that has been previously corroborated by Jansson 
and Pejryd [32].

Based on existing literature, mechanical properties con-
stitute an area of research and study of significant interest, as 
they are directly related to the functionality of the fabricated 
end products. Numerous studies focus on the mechanical 
properties of specific types of components; for example, 
Geng et al. [33] investigated the mechanical properties of 
chiral auxetic stents produced using Selective Laser Sinter-
ing (SLS), while Yao et al. [34] characterized scaffolds that 
can be employed in bio related applications and fabricated 
with SLS in terms of their mechanical properties. Never-
theless, assessing mechanical properties in the field of AM 
poses challenges due to the complex relationship between 
the intrinsic material properties and the optimal processing 
parameters [35]; moreover, a high number of parameters 
significantly influence the process. Simultaneously, beyond 
the individual effects of each parameter, the combination of 
these process parameters also significantly influences the 
fabrication outcomes, thereby creating an even more com-
plex system that needs an extensive study [36]. Finally, it 
is important to note that an ideal assessment of mechanical 
properties should encompass evaluations of tensile, com-
pressive, and flexural characteristics of the material [37, 
38]. This is because the behavior of a structural element 
varies significantly under different types of loading condi-
tions. For instance, the likelihood of buckling or crushing 
under compressive stress is influenced by the slenderness of 
the structural element. Conversely, buckling is not an issue 
when the element experiences tensile stress. Bending stress, 
meanwhile, results from a combination of both compressive 
and tensile stresses, induced by internal moments. Therefore, 
a comprehensive analysis that includes tensile, compressive, 
and flexural properties can be deemed of substantial interest 
and value.

In accordance with the aforementioned discussion, the 
current study concentrates on the influence of process 
parameters on the post-SLS mechanical properties of mate-
rials. Specifically, the study provides a comprehensive 
analysis examining the interrelationship between VED and 
laser power in relation to tensile, compressive, and flexural 
properties. More specifically, our study rigorously evalu-
ates these properties in accordance with ASTM standards. 
Within the scope of SLS 3D printing optimization, laser 
energy density and laser power are pivotal for accurate cali-
bration. To this end, we conducted an in-depth investigation 
using varying VED levels (0.3, 0.5, 0.7, and 0.9 [J/mm3]) 
along with Laser Power (LP) settings at 10 and 26 [W] to 
elucidate their combined influence on mechanical properties. 
PA12 powder, commonly used in SLS 3D printing, served 

as our material substrate for its distinct physicochemical 
characteristics. The study involved a rigorous evaluation of 
120 samples to ensure robust and conclusive findings. The 
assessment of tensile, compressive, and flexural properties 
was based on several representative indices. Subsequent sta-
tistical analysis included the coefficient of variation (CV) to 
evaluate process repeatability and consistency was carried 
out, while Fisher’s least significant difference (LSD) method 
was employed to discern significant variations in mean val-
ues across different process parameters. Additionally X-ray 
diffraction (XRD) and SEM microscopy were conducted 
to fundamentally interpret how volumetric energy density 
(VED) and laser power (LP) influence the physical proper-
ties of the polymeric material.

2  Materials and methods

In the present research, the impact of the SLS process 
parameters on the mechanical properties of PA12 was stud-
ied. More specifically, the aim was to define the effects of 
the VED and the combination of laser power—scanning 
speed on the tensile, flexural, and compression properties 
of the material after its processing with the SLS. Based on 
the relevant literature, there are a number of different defini-
tions regarding the energy density. These include the linear 
energy density, the surface energy density, and the volu-
metric energy density, each of which has its own specific 
advantages and disadvantages [39]. In the current study the 
VED was chosen as index of the energy density as it is math-
ematically described by Eq. 1.

with VED representing the Volumetric Energy Density 
in [W/mm3], LSS representing the laser scanning speed in 
[mm/s], HS representing the Hatch Spacing in [mm], and 
PBT representing the Powder Bed Thickness in [mm].

To study the effect of different VEDs on the mechanical 
properties, four different levels of VED were applied. These 
levels were specifically set at 0.3, 0.5, 0.7, and 0.9 [J/mm3]. 
For each VED level, a combination of low and high LP was 
utilized. Specifically, LP values of 10 and 26 [W] were used, 
along with the corresponding appropriate LSS (see Table 1).

PA12 powder was utilized in the production of specimens 
using the EOS c P100 SLS machine. The constant param-
eters used in the study were as follows: a build orientation 
angle of 0° (horizontal), a HS of 0.25 [mm], PBT of 0.1 
[mm, and a beam offset of 0.15 [mm]. Following the print-
ing process, all the specimens were stored in airtight plastic 
bags to prevent moisture absorption. PA12 is recognized 
as a versatile semi-crystal thermoplastic polymer material 
with favorable mechanical properties, including toughness, 

(1)VED =

LP

LSS ∙ HS ∙ PBT
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tensile strength, impact strength, and flexibility without 
fracture. Hence, it finds extensive application in additive 
manufacturing and has consequently acquired significant 
research attention.

The assessment of the mechanical properties involved 
conducting tensile, compression, and flexural tests in accord-
ance with the corresponding ASTM Standards. More spe-
cifically, the tensile tests were carried out following the 
ASTM D638-14 standard under quasi-static conditions. 
The tests were performed using a nominal crosshead speed 
of 10 [mm/min], and given that the gauge length was 126 
[mm] (on average) this value corresponds to a strain rate 
of 1.32 ×  10−3[s−1]. From the stress–strain curves the ten-
sile modulus of elasticity (TME), the tensile yield strength 
(TYS), the tensile ultimate strength (TUS), the tensile frac-
ture stress (TFS), and the tensile absorbed energy until frac-
ture  (TAEFr.) were calculated. The compressive properties 
were determined by following the ASTM D695-15 standard 
with the nominal test speed set at 2 [mm/min] and the nomi-
nal deformation at 10 [mm]. From the stress–strain curves 
the compressive modulus of elasticity (CME), the compres-
sive yield strength (CYS), and the compressive absorbed 
energy at the strain equal to 0.3  (CAE0.3) were calculated. 
Finally, the flexural properties were determined by following 
the ASTM D790-15 standard by conducting 3-point bending 
tests. The support span was set at 51 [mm] and the nominal 
crosshead speed at 2 [mm/min]. From the stress – strain 
curves the flexural modulus of elasticity (FME), the flexural 
yield strength (FYS), and the flexural absorbed energy at 
the yield point  (FAEYP) were calculated. Here it has to be 
clarified that for the tensile tests, the yield point corresponds 
to the end of the elastic region and the point of the maxi-
mum stress corresponds to the TUS. On the other hand, and 
based on the respective standards, the yield point in com-
pression and bending corresponds to the maximum stress 
(thus there is no ultimate stress for compression and bend-
ing) and hence, in Sect. 3.5 aiming in a consistent and valid 
interpretation of the results the TUS, CYS, and FYS will be 
considered for comparison. All the mechanical tests were 
conducted on an Instron 4482 universal testing machine, and 

the results were processed by Bluehill software on a standard 
PC. The measurements were carried out at room temperature 
(25 °C) with low levels of humidity to avoid undesirable 
effects on the specimens. Lastly, to delve into the physical 
mechanisms that define the post-SLS mechanical proper-
ties, material characterization was conducted using SEM 
microscopy and XRD analysis. The XRD analysis was per-
formed on a BRUKER D8 Advance Twin/Twin, and SEM 
images with a magnification of 500 × were deemed most 
representative captured on a ThermoFisher SCIENTIFIC 
Phenom Desktop SEM.

The obtained results were analyzed using appropriate sta-
tistical tests. More specifically, according to the aforemen-
tioned ASTM standards, at least five specimens were tested 
for each condition. The CV, which is defined as the ratio of 
the standard deviation to the mean value, was calculated 
as an index of repeatability and consistency of the process. 
Additionally, Fisher’s LSD method was employed to deter-
mine the significant differences between the mean values for 
the different process parameters [40].

3  Results and discussion

Semicrystalline thermoplastics like PA12 exhibit a hetero-
geneous, lamellar, and often spherulitic structure. Notably, 
several factors influence their deformation behavior, includ-
ing the size, morphology, and perfection of spherulites, the 
strength of inter-spherulitic boundaries, and the physical 
structure of the crystalline phase [41]. At the same time, 
inherently, tensile, compression, and flexural tests have sig-
nificant differences. Given that the plastic deformation of a 
material depends on the form of the applied stresses [42], it 
is reasonable to expect variations in the measured mechani-
cal properties under different types of loads, such as tensile, 
compressive, and bending. For example, during the tensile 
tests, initially, upon elongation of the specimen, a uniform 
deformation is observed, as reflected by a consistent rise in 
load with increasing elongation. At a certain point, the speci-
men undergoes localized thinning, leading to the formation 

Table 1  SLS process conditions No Laser Power 
[W]

Scan speed 
[mm/s]

VED [J/mm3] Constant parameters

1. (0.3L) 10 1333 0.3 Build orientation: angle of 0° (horizontal)
2. (0.5L) 10 800 0.5
3. (0.7L) 10 571 0.7
4. (0.9L) 10 444 0.9 Powder bed thickness: 0.1 [mm]
5. (0.3H) 26 3467 0.3
6. (0.5H) 26 2080 0.5 Beam offset: 0.15 [mm]
7. (0.7H) 26 1486 0.7
8. (0.9H) 26 1156 0.9 Hatch space: 0.25 [mm]
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of a neck. Subsequent elongation results in a reduction in 
load. The continued elongation primarily occurs by the pro-
gressive movement of the neck’s shoulders along the length 
of the specimen, transitioning from its original cross sec-
tion to a drawn cross section. Typically, the load reduction 
is continued until the fracture point is reached [42]. On the 
contrary, compressive testing typically involves the use of 
cylindrical samples. While the resulting stress–strain curve 
bears similarity to that of tensile tests, and the same con-
sideration is given to the “toe region” as well as stress and 
strain definitions, compressive testing presents unique chal-
lenges. Specifically, issues such as buckling, barreling, and 
friction are encountered in compressive tests but not in ten-
sile tests [43]. One additional example of why it is important 
to evaluate the mechanical properties in regard of the differ-
ent load conditions is the crack propagation and the fracture 
behavior. Fracture refers to the formation of new surfaces 
through the creation and propagation of a crack within a 
material. In semicrystalline solids, the onset of cracks is 
typically preceded by “craze-like” features, which originate 
from void nucleation and subsequent growth. However, the 
specific fracture mechanism of a material is influenced by 
its resistance to plastic deformation. This resistance, in turn, 
is determined by factors such as segmental mobility, sample 
morphology, the local stress state, which significantly alters 
in the different testing, and the rate at which load is applied. 
Consequently, variations in fracture behavior can be antici-
pated across different mechanical tests, including tensile, 
compressive, and flexural evaluations [41]. Thus, consider-
ing the complexity of the fundamental mechanisms, cou-
pled with the influence of process parameters on post-SLS 
material properties, it is both logical and anticipated that 
these parameters will have distinct effects on each mechani-
cal property and index. To delve deeper into the relation-
ships between process parameters and mechanical proper-
ties, techniques such as SEM and XRD will be employed to 
interpret and assess the outcomes of the mechanical tests.

3.1  Tensile Properties

In Table 2, the tensile mechanical properties are listed; while 
in Figs. 1, 2 and 3, the respective diagrams are presented.

In Fig. 1, the tensile modulus of elasticity vs. the VED, 
the tensile yield strength vs. the VED and the tensile ulti-
mate strength vs. the VED are presented. From these plots, 
two main conclusions can be easily deduced: firstly, in gen-
eral, the tensile properties increase for higher VEDs, and 
secondly, the employment of higher LS also results in higher 
tensile properties. More specifically, the TME increased 
approximately 79% and 59% between 0.3 and 0.9 [J/mm3] 
VED for the 10 and 26 [W] LP, respectively.

Interestingly, the most significant increase in TME 
occurs as the VED increases from 0.3 to 0.5 [J/mm3], with Ta
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an almost 70% and 48% increase for the 10 and 26 [W] LP, 
respectively. Despite the significant increase in TME as the 
VED increases, it is observed that for all the different pro-
cess parameter combinations, the TME is still lower than 
that of the bulk material (approximately ≈1450 [MPa]), and 
only for the highest VED of 0.9 [J/mm3] and the 26 [W] LP, 
the Young’s modulus reaches a comparable value near 1400 
[MPa]. The same patterns can be noted regarding the TYS, 
as the higher LP leads typically to higher TYS. Additionally, 
the increase in VED from 0.3 to 0.5 [J/mm3] also results in 
a significant increase in TYS (approximately 64% for the 10 

[W] LP and about 39.5% for the 26 [W] LP). However, it 
is noteworthy that further increases in VED beyond 0.5 [J/
mm3] does not result in any additional increase in TYS for 
both LPs. Finally, the TUS follows almost the same behav-
ior as TME. Between 0.3 and 0.9 [J/mm3] VED, the TUS 
increases by 81.5% for the 10 [W] LP and by 48.8% for the 
26 [W] LP, with the most significant increase taking place 
between 0.3 and 0.5 [J/mm3] VED.

In Fig. 2, a mapping of the statistically significant dif-
ferences between the process parameters for the TME and 
the TUS based on the Fisher’s LSD is presented. It can be 

Fig. 1  a Tensile modulus of 
elasticity vs. VED, b tensile 
yield strength vs. VED, and 
c tensile ultimate strength vs. 
VED
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deduced that, as a general conclusion, the different VEDs 
and the combination of process parameters have a significant 
impact on both TME and TUS as statistically significant 
differences are observed for most combinations of different 
process parameters. The only parameter that seems to “over-
lap” with the others regarding TME is the 0.7 [J/mm3] VED 
with 26 [W] LP (0.7H), which does not have a statistically 
significant difference with three other parameter combina-
tions (i.e., 0.5L, 0.9L, and 0.5H).

With a combined assessment of the results for TME, 
TYS, and TUS, it can be concluded that the major increase 
in these properties occurs as the VED increases from 0.3 to 
0.5 [J/mm3], while further increases in VED result in only 
slight increases in TME and TUS. Furthermore, consider-
ing that the TYS does not change for VEDs higher than 
0.5 [J/mm3], it can be inferred that as the VED increases, 
the material becomes stiffer (higher TME), but its elastic 
region is relatively decreased since the TYS shows less 
increase compared with the TME or even remains constant 
despite the increase in TME. Regarding TUS, it is evident 
that higher VEDs typically result in higher TUS, a property 
that is related to the material’s limits before failure. To fully 
assess the total material strength, the TFS and the  TAEFr. 
have to be also considered. From the respective diagrams of 
Fig. 3, it is evident that higher VEDs result in higher TFS 
for the 10 [W] LP with an increase of almost 80% between 

0.3 and 0.9 [J/mm3] VED. Interestingly for VEDs higher 
than 0.5 [J/mm3], the utilization of 26 [W] LP leads to lower 
TFS values for the same VED. At first sight, this behavior 
seems quite peculiar since it is observed only for the TFS, 
as for all the previous tensile properties, the higher LP for 
the same VED typically results in a higher property value. 
Nevertheless, considering the physical meaning of the TFS, 
there is a reasonable interpretation for the result. Based on a 
typical stress–strain curve for polymers, the stress decreases 
gradually after reaching the TUS, particularly as the mate-
rial enters the necking region, until the point of fracture 
is reached [44]. Given this gradual decrease in stress, an 
increased capability for plastic deformation during necking 
would imply a lower TFS. Therefore, TFS should not be 
evaluated as an isolated index but should be correlated with 
other tensile property indices. Lower TFS values at higher 
LP levels can be explained by the improved printing quality 
achieved at a 26 [W] LP, allowing the material to undergo 
greater plastic deformation before collapsing completely and 
thus lower TFS is recorded. Conversely, the extremely low 
TFS value for the 10 [W] LP and the 0.3 [J/mm3] VED may 
be attributed to the overall low tensile properties resulting 
from this combination of process parameters, which in turn 
leads to a correspondingly low TFS. Finally, the increase in 
TFS at higher VED levels when a 10 [W] LP is employed 
could be attributed to an improvement in the ultimate load-
carrying properties, as evidenced by the TYS and TUS val-
ues. However, this may not suggest an enhanced capability 
for extensive plastic deformation; rather, it could point to 
a limited necking area. This interpretation is further sup-
ported by the results for both the TUS and the  TAEFr.. The 
conclusion regarding the impact of the VED and the process 
combinations on the  TAEFr. is quite clear, with increase in 
VED between 0.3 and 0.5 [J/mm3] resulting in a significantly 
higher  TAEFr. and also, with the use of higher LP for the 
same VED leading to higher  TAEFr.. This is a reasonable and 
expected outcome since, in practice,  TAEFr. mainly depends 
on all the previous tensile indexes, thus, it can be considered 
as an overall summarization index of the material strength. 
As a noteworthy comment, it seems again that the 0.7 [J/
mm3] is not favorable and/or superior, indicating that this 
particular VED is somehow “peculiar” regarding the mate-
rial’s obtained tensile properties.

Finally, it has to be mentioned that all the CV values are 
relatively low, with most of them being less than 0.1, indi-
cating an acceptable repeatability of the process. The low-
est average CV value for the tensile properties (0.026) is 
calculated for VED 0.5 [J/mm3] with the utilization of 26 
[W] LP, while the highest (0.1) is observed for VED 0.7 [J/
mm3] with the utilization of 10 [W] LP. For all the VEDs 
except 0.9 [J/mm3], the use of higher LP results in a lower 
average CV. However, and as an overall conclusion regard-
ing the repeatability and consistency of the process with 

Fig. 2  The statistically significant differences between the process 
parameters for the TME and the TUS based on the Fisher’s LSD test
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respect to the tensile properties, it can be deduced that the 
process for these specific parameters shows a high consist-
ency with low CV values compared with values from the 
relevant literature [45].

3.2  Compressive properties

In Table 3, the compressive mechanical properties are listed; 
while in Fig. 4, the respective diagrams are presented.

From the data in Table 3 and the respective plots in Fig. 4, 
it is evident and reasonable to deduce that the VED has a 
significant impact on the material’s compressive properties. 

More specifically, for the 10 [W] and the 26 [W] LP, the 
increase in VED from 0.3 to 0.7 [J/mm3] leads to approxi-
mately 90% and 67% higher CME respectively. Interestingly, 
the further increase of VED up to 0.9 [J/mm3], results in 
only a slight increase of CME for the 10 [W] LP and no sta-
tistically significant increase for the 26 [W] LP (see Fig. 5). 
It has to be noticed that the bulk material’s average CME 
which is approximately ≈1600 [MPa], is significantly higher 
than all the measured CME values of the SLS processed 
material, indicating that the SLS process results a sintered 
material of lower compressive properties. It is also inter-
esting, that based on Fig. 5, a number of different process 

Fig. 3  a Tensile fracture stress 
vs. VED and b tensile absorbed 
energy vs. VED

Table 3  Compressive 
mechanical properties

# CME [MPa] CV of CME CYS [MPa] CV of CYS CAE0.3[kJ] CV of  CAE0.3 Av. CV

0.3L 415.5 0.099 31.9 0.057 29.9 0.030 0.062
0.5L 467.4 0.087 39.7 0.031 36.8 0.031 0.050
0.7L 788.4 0.046 37.0 0.007 42.7 0.014 0.022
0.9L 889.8 0.113 46.6 0.051 53.7 0.063 0.076
0.3H 581.3 0.104 32.1 0.088 37.5 0.056 0.083
0.5H 871.7 0.185 40.5 0.034 45.7 0.037 0.085
0.7H 972.0 0.094 43.0 0.004 48.3 0.038 0.045
0.9H 909.9 0.044 47.1 0.016 59.4 0.038 0.033
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parameters combinations, in practice, yield similar results 
regarding the CME since there is no statistically significant 
difference between the measures CME values.

Concerning the impact of the process parameters on the 
CYS, based on the results of Fig. 4 b and Fig. 5, it is deduced 
that the VED primarily and significantly affects the CYS, 
while the LP has rather a minor impact since for 0.3, 0.5, 
and 0.9 [J/mm3] VED the CYS is the same for both LPs. 
The CYS increases approximately 46% as the VED increases 
from 0.3 to 0.9 [J/mm3]. Nevertheless, again these values 
are lower than the typical CYS of the bulk material (≈75 

[MPa]). Based on Fig. 4 c, an almost linear relation between 
the  CAE0.3 and the VED is evident, with the  CAE0.3 increas-
ing almost 80% as the VED increases from 0.3 to 0.9 [J/
mm3]. The impact of the employed LP is minor, since, based 
on the conducted Fisher’s LSD test, for the same VED, only 
for 0.7 [J/mm3], there is a statistically significant difference 
for the  CAE0.3 between the 10 and 26 [W] LP. Finally, the 
calculated CV values indicate that the process falls within 
acceptable limits of repeatability and consistency regarding 
the compressive properties, with all the average CV val-
ues being less than 0.1. However, it is interesting to note 

Fig. 4  a Compressive modulus 
of elasticity vs. VED, b com-
pressive yield strength vs. VED, 
and c compressive absorbed 
energy at strain 0.3 vs. VED
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that the CME is a more sensitive index, as it shows higher 
CV values compared to the CV values for the CYS and the 
 CAE0.3which are noticeably low.

3.3  Flexural properties

In Table 4, the flexural mechanical properties are listed; 
while in Fig.  6, the respective diagrams are presented. 
The flexural properties of PA12 after the SLS process are 
expected to gather increased scientific interest because, 
inherently during bending, the specimens are subjected 
to a more complex mechanical testing mode. This com-
plexity arises from the presence of regions experiencing 

tensile stress and regions experiencing compressive stress 
simultaneously.

From the diagrams of Fig. 6, the previously mentioned 
interesting behavior of the material concerning its flex-
ural properties after the SLS process is evident. Firstly, 
based on Fig. 6 a and Fig. 7, it is deduced that the FME 
is either the same or lower when the 26 [W] LP is used 
compared to when the 10 [W] LP is utilized. Notably, the 
general outcome regarding the tensile and compressive 
properties was that, as a rule of thumb, higher LP leads to 
higher or the same mechanical properties, since only for 
the TFS the lower LP resulted in higher TFS values. This 
general trend does not seem to be applied for the flexural 
properties. Additionally, it is also apparent that for the 26 
[W] LP, all the different VEDs result in the same FME, 
indicating that for the 26 [W] LP, the VED does not have 
a statistically significant impact on the FME. In practice, 
only the increase of VED from 0.3 to 0.5 [J/mm3] for the 
10 [W] LP resulted in a statistically significant impact on 
the FME, as it was increased by approximately 52%. How-
ever, after this, for further increase of VED, there was 
no actual change in FME values. Again, the FME of the 
material after the SLS process is lower than the respective 
of the bulk material ((≈ 1700 [MPa]) indicating that the 
SLS resulted in lower flexural elasticity. The FYS follows 
similar trends as the FME with lower LP generally lead-
ing to higher or the same FYS. However, unlike FME, 
the FYS is significantly affected by changes in VED for 
both LPs. It is interesting to note that the increase in VED 
does not necessarily result in higher FYS, as seen in the 
change between 0.3 and 0.5 [J/mm3] where, for the high 
LP, the FYS is decreased. Nevertheless, in general, higher 
VED leads to higher FYS, with an approximately 57% 
increase in FYS as the VED changes from 0.3 to 0.9 [J/
mm3] for the 10 [W] LP. Finally, the  FAEYP exhibits a 
behavior similar to the FYS, with the VED highly impact 
the  FAEYP. An increase in VED results in an increase in 
the  FAEYP (increase over 170% of the  FAEYP as the VED 
increases from 0.3 to 0.9 [J/mm3]). On the other hand, only 
for the 0.5 [J/mm3] VED there is a statistically significant 
difference between the low and the high LP, indicating 

Fig. 5  The statistically significant differences between the process 
parameters for the CME and the CYS based on the Fisher’s LSD test

Table 4  Flexural mechanical 
properties

# FME [MPa] CV of FME FYS [MPa] CV of FYS FAEYP [kJ] CV of  FAEYP Av. CV

0.3L 709.6 0.062 36.6 0.085 0.4 0.178 0.108
0.5L 1076.7 0.068 52.4 0.009 0.8 0.070 0.049
0.7L 1064.8 0.085 50.5 0.079 0.8 0.091 0.085
0.9L 1070.6 0.078 57.6 0.047 1.1 0.067 0.064
0.3H 833.7 0.071 37.7 0.064 0.5 0.028 0.054
0.5H 811.1 0.318 30.8 0.129 0.4 0.171 0.206
0.7H 846.8 0.145 45.2 0.055 0.8 0.122 0.107
0.9H 759.5 0.178 47.8 0.101 1.1 0.094 0.124
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that the VED is the dominant parameter regarding the 
 FAEYP while the LP does not seem to significantly affect 
the  FAEYP. Concerning the repeatability and consistency 
of the process regarding the material’s flexural properties, 
based on the CV values, it is concluded that the process 
falls within acceptable limits, although higher CV val-
ues are calculated compared to those of the tensile and 
compressive properties. The CVs when the higher LP was 
employed for 0.5, 0.7, and 0.9 [J/mm3] VEDs are signifi-
cantly higher than those of the low LP, indicating that the 

higher utilized LP results in a material with less consistent 
flexural properties. Interestingly, the highest average CV 
value is calculated for the 0.5 [J/mm3] VED and 26 [W] 
LP, a process parameter combination which also exhib-
its the highest average CV for the compressive properties 
but the lowest average CV for the tensile properties. This 
strongly indicates that the material’s mechanical proper-
ties after SLS have to be evaluated and assessed compre-
hensively, taking into consideration all the main material 
properties like tensile, compressive, and flexural, rather 
than focusing on just one of them.

Fig. 6  a Flexural modulus of 
elasticity vs. VED, b flexural 
yield strength vs. VED, and c 
flexural absorbed energy at the 
yield point vs. VED
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3.4  Material characterization

In Fig. 8, SEM images from the fracture zone of the ten-
sile test specimens are presented for various combina-
tions of VED and Laser LP, indicating the impact of these 

parameters. For a VED of 0.3 [J/mm3] and an LP of 10 [W] 
(as shown in Fig. 8a), increased porosity is evident, along 
with the presence of partially melted and poorly bonded 
material. Numerous spheroid-like particles are observed, 
which may indicate incomplete sintering and melting pro-
cesses. This increased porosity and material discontinu-
ity could explain the compromised material properties 
observed under these process parameters; specifically, the 
material exhibits low coherence, and the porosity serves as 
sites for crack initiation and propagation. When the VED 
is maintained at 0.3 [J/mm3] but the LP is increased to 26 
[W] (Fig. 8b), there is a noticeable reduction in spheroid-
like particles, and the material exhibits improved coher-
ence. However, significant porosity remains, as evidenced 
by the presence of numerous voids and cracks. Increasing 
the VED to 0.9 [J/mm3] while maintaining a low LP of 10 
[W] (as depicted in Fig. 8c) yields a more homogeneous 
material that appears to be fully and adequately melted and 
bonded. However, the presence of cracks and voids persists. 
The improved material quality at higher VEDs accounts for 
enhanced material properties, while the presence of material 
discontinuities suggests that lower LP settings are subopti-
mal for the process. When the VED is set to 0.9 [J/mm3] and 
combined with a higher LP of 26 [W], the material becomes 
substantially more homogeneous with limited porosity. This 
suggests that the increased power and energy levels are suf-
ficient for complete material melting. Some voids may be 
attributed to gas release, either entrapped in the molten 
material or resulting from PA12 degradation due to local-
ized temperature increases. The overall material homogene-
ity and coherence justify the superior mechanical properties 
observed at higher VED and LP settings.

Fig. 7  The statistically significant differences between the process 
parameters for the FME and the FYS based on the Fisher’s LSD test

Fig. 8  SEM images × 500 for 
a VED 0.3 [J/mm3] and LP 10 
[W], b VED 0.3 [J/mm3] and 
LP 26 [W], c VED 0.9 [J/mm3] 
and LP 10 [W], and d VED 0.9 
[J/mm.3] and LP 10 [W]
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In Fig. 9, the crystallinity percentage for the different 
VEDs and LPs presented, while Fig. 10 presents the cor-
responding XRD plots for a 10 [W] LP and b 26 [W] LP. 
Within the plots of Fig. 10, the characteristic peaks of the 
PA12 γ phase, observed around 11° and 21° 2Theta, are 
evident [46]. The crystallinity percentage is calculated as 
the ratio of the area corresponding to crystalline phases to 
the total area, considering a 2Theta degree range from 6 to 

35. A count greater than 7.5∙103 was taken as indicative of 
a crystalline phase. Firstly, Fig. 9 indicates that a higher LP 
consistently results in an increased crystallinity percentage 
for a specific VED. This trend might explain the generally 
enhanced mechanical properties observed when the higher 
LP was utilized. Crystallinity is inherently complex, heav-
ily influenced by the material’s thermal history, which is 
directly governed by the processing parameters. Typically, 

Fig. 9  Crystallinity percentage 
depending on the VED and the 
LP

Fig. 10  XRD plots depending 
the VED for a LP = 10 [W] and 
b LP = 26 [W]
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greater crystallinity correlates with increased Young’s mod-
ulus and tensile strength. In contrast, elongation at break 
often diminishes with heightened crystallinity [47]. These 
basic correlations offer insights into the elevated mechanical 
properties noted for the 26 [W] LP. Furthermore, they shed 
light on why certain metrics, such as TFS, FME, and FYS, 
register higher values for the lower LP, given the reduced 
elongation at the break point. Interestingly, for both LPs, the 
highest crystallinity was observed at the 0.5 [J/mm3] VED, 
which corresponds to the threshold VED where a significant 
improvement in tensile properties was noted. This peak in 
crystallinity could explain the notably rise in tensile proper-
ties observed between 0.3 and 0.5 [J/mm3] VED.

However, it is essential to emphasize that the degree 
of crystallinity is just one factor influencing the overall 
mechanical properties. The quality of sintering/melting and 
the resultant bonding are other pivotal aspects. Despite the 
0.9 [J/mm3] VED exhibiting lower or comparable crystal-
linity compared to the lower VEDs, it typically leads to 
enhanced mechanical properties. Considering the SEM 
images in Fig. 8, this can reasonably be attributed to superior 
sintering and melting processes, resulting in a more uniform 
material without voids or discontinuities, thus yielding supe-
rior mechanical properties. The higher VED and the respec-
tive thermal fields might induce a reduced degree of crys-
tallinity and potential degradation. However, the additional 
energy and the aforementioned improved sintering process 
likely compensates for any property losses stemming from 
reduced crystallinity.

3.5  Discussion

Based on the obtained results of the tensile, compressive, 
and flexural properties of PA12 after the SLS process, a 
general and overall assessment of the conclusions can be 
made. It is evident that the VED is a process parameter of 
major significance, while the LP also plays a pivotal role for 
some properties. The VED is directly related to the avail-
able energy responsible for the melting and sintering of the 
material, ultimately converting the powder into bulk mate-
rial. Practically, there exists an “window” of acceptable 
VED levels [35, 48]. The lower VED threshold is primar-
ily dictated by the minimum power and energy required for 
successful melting and sintering, whereas the upper limit is 
constrained by the risk of material overheating and polymer 
degradation. However, it is important to note that the defini-
tion of VED also encompasses several constant parameters 
that could independently affect these conclusions. Therefore, 
the use of the VED index should be exercised with caution 
in the study and optimization of the process. According to 
the specific definition of VED (Eq. 1), it is deduced that the 
minimum threshold for acceptable mechanical properties is 
0.5 [J/mm3]. This is because increasing the VED from 0.3 to 

0.5 [J/mm3] resulted in significant improvements in nearly 
all material properties. While further increases in VED can 
also enhance certain properties, it can be reasonably con-
cluded that, under these specific constant conditions (i.e., HS 
and PBT), the lower limit of VED is 0.5 [J/mm3].

In more details, the physical interpretation of these 
conclusions is that for lower VEDs the available energy 
is not sufficient for the optimal and ideal melting and/or 
sintering of the powder. As a result, weaker interparticle 
and interlayer bonding occur, leading to lower density and 
ultimately inferior mechanical properties [25]. Subopti-
mal process parameters and inadequate fusion may con-
sequently lead to the formation of voids and the existence 
of loose particles, both of which can negatively affect the 
material’s behavior and result in inferior mechanical prop-
erties [49–51]. Thus, when the VED threshold is reached, 
the mechanical properties are significantly improved, as a 
high degree of sintering and solidification is achieved. At 
the same time, pores and other defects that may act as local 
stress concentrators are also reduced, further enhancing 
the material’s strength [47]. The non-consistent improve-
ment of the mechanical properties for higher VEDs can 
be explained by considering that when the highest den-
sity (or almost the highest) is attained for a specific VED, 
further increases in VED cannot significantly improve 
the material’s density and, consequently, its mechanical 
properties [50]. In fact, excessive increases in VED will 
eventually lead to extensive material degradation, resulting 
in subsequent material burn, pore formation, and destruc-
tion of favorable microstructure [52]. This can reasonably 
explain at a fundamental level why, for certain indexes, 
the increase in VED not only does not result in improved 
properties but, on the contrary, leads to inferior properties. 
However, in a comprehensive evaluation of the results, the 
degree of crystallinity should be taken into account. The 
crystallinity degree peaks at 0.5 [J/mm3] VED for both 
LPs, and a decline is noted for higher VEDs. Nonethe-
less, the beneficial impact of increased available energy on 
material coherence overbalances the reduction in crystal-
linity, leading to a post-SLS material that generally exhib-
its enhanced mechanical properties. The LP, in practice, 
corresponds to the energy input rate to the system, which, 
in the case of constant VED, also affects the nominal LSS. 
The energy rate that the powder material can efficiently 
handle depends on the material’s thermophysical proper-
ties (i.e., density, specific heat, and thermal conductiv-
ity), with the energy rate falling within ranges optimal 
for forming melting and sintering temperature profiles. In 
other words, the LP must be sufficient to heat the material 
to its melting point, but it is limited by the possibility of 
rapid localized heating and the degradation of the mate-
rial. Additionally, the higher power results in higher LSS, 
and thus, shorter exposure times, which directly affects 
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the kinematics of the sintering process [51]. Based on the 
obtained results, the 26 [W] LP does not seem to have any 
general negative effect on the material’s properties, and 
hence, it can be deduced that the 26 [W] nominal LP can 
be considered as a feasible nominal LP for the SLS pro-
cess of PA12 for VEDs in the range of 0.3 to 0.9 [J/mm3]. 
Nevertheless, the fact that for the higher VEDs (i.e., 0.7 
and 0.9 [J/mm3]) the improvement in material’s mechani-
cal properties shows some reduction, especially for the 26 
[W] LP, indicates that the upper limits of the efficient and 
optimal VEDs and LP are close to the upper limits of the 
current DoE setup.

Finally, in Fig. 11, the maximum Modulus of Elasticity 
and the maximum Stress for each of the three mechani-
cal testing modes are presented. These two indexes were 
chosen since the measurements are reduced to the area 
of the specimen, and thus, a valid comparison can be 
done. An initial observation is that the maximum TME 
and TME are resulted from the same process parameters 
combination, namely, 0.9 [J/mm3] VED and 26 [W] LP, 
while the optimal FME is achieved at 0.5 [J/mm3] VED 
and 10 [W] LP. However, the 0.9 [J/mm3] VED and 26 [W] 
LP appears more consistent across all three mechanical 
properties, as indicated by the greater symmetry of the 
blue triangle compared to the orange in Fig. 11 a. Inter-
estingly, the maximum tensile and flexural stress values 
were observed when using 0.9 [J/mm3] VED and 10 [W] 
LP, whereas the peak compressive stress was recorded at 
0.9 [J/mm3] VED and 26 [W] LP. However, upon a criti-
cal evaluation of the results (see Tables 2, 3, and 4, and 
Fig. 11b), it becomes evident that, in practice, the 0.9 [J/
mm3] VED for both LP values yielded comparable, if not 
nearly the same, maximum tensile and flexural stresses. As 
such, the combination of 0.9 [J/mm3] VED with 26 [W] 
LP emerges as the most favorable printing choice, present-
ing the most balanced and uniform mechanical properties 
across all standard loading types. As a concluding obser-
vation, analysis shows that, on average, the TME across all 
different process parameter combinations is 34% greater 
than the CME and 16% greater than the FME. Conversely, 
the TUS averages 11% below the CYS and 26% below the 
FYS. This observation further underscores the importance 
of not solely assessing mechanical properties under tensile 

loading but also giving due consideration to compressive 
and flexural properties.

To provide a comprehensive conclusion to this article, it 
is important to highlight the limitations of the present study 
and offer directions for potential future work. Firstly, as pre-
viously noted, the term VED, by definition encompasses sev-
eral process parameters, including, but not limited to, LP and 
LSS, specifically, the HS and the PBT. For the purposes of 
this study, and to maintain a manageable DOE, these param-
eters were held constant. While this choice presents a neces-
sary limitation of the research, these variables do directly 
impact the process and thus represent a significant area 
for future investigation due to their practical and scientific 
implications. Moreover, in line with established standards, 
all properties were gauged under standard environmental 
conditions. However, given the characteristics of polymeric 
materials, exploring factors such as humidity absorption and 
temperature, particularly in terms of their effects on post-
SLS mechanical properties, would be enlightening. Such 
research could bridge the current gap between laboratory-
based, standard-driven mechanical property definitions 
and the actual performance of a printed component in real-
world scenarios. Lastly, a promising direction for further 
research would involve developing models and meta-models 
to study and predict post-SLS material properties based on 
the selected process parameters. Such a methodology could 
streamline the optimization of the process by reducing the 
need for extensive experimental work. In addition, through 
comprehensive modeling and simulation, invaluable insights 
into the processes and underlying physical mechanisms can 
be achieved.

4  Conclusions

In the current study, an experimental investigation of the 
mechanical properties of the PA12 after SLS was carried 
out. The main control parameters were the VED and the LP. 
More specifically, to study the effect of different VEDs on 
the mechanical properties, four different levels of VED were 
applied (0.3, 0.5, 0.7, and 0.9 [J/mm3]); while for each VED 
level, a combination of low and high LP (10 and 26 [W]) was 
utilized. The materials mechanical properties were assessed 

Fig. 11  a Maximum modulus of 
elasticity and b maximum stress 
for the three mechanical testing 
modes
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in respect of the tensile, compressive and flexural properties 
by following the respective ASTM standards. For the tensile 
properties, the tensile modulus of elasticity, the tensile yield 
strength, the tensile ultimate strength, the tensile fracture 
strength, and the tensile absorbed energy until fracture were 
calculated. From the compressive stress – strain diagrams 
the Compressive modulus of elasticity, the compressive 
yield strength, and the compressive absorbed energy at 0.3 
strain were calculated, while the flexural properties were 
estimated based on the flexural modulus of elasticity, the 
flexural yield strength, and the flexural absorbed energy at 
the yield point. Finally, the experimental results were ana-
lyzed using appropriate statistical tests, including the coef-
ficient of variation to assess repeatability and consistency of 
the process and Fisher’s least significant difference method 
to determine significant differences between mean values for 
different process parameters. The main deduced conclusions 
can be summarized as:

• The tensile properties are directly and highly affected by 
the VED, with an increase in VED typically resulting in 
an increase in the tensile modulus of elasticity, tensile 
ultimate strength, and tensile fracture strength. However, 
the tensile yield strength and the tensile absorbed energy 
until fracture only increase up to 0.5 [J/mm3] VED, 
while higher VEDs do not lead to statistically significant 
change of these properties. The LP has a clear impact on 
the material’s behavior under tensile stress, as higher LP 
generally results in superior tensile properties.

• The VED also has a significant impact on the material’s 
compressive properties. The Compressive Modulus of 
Elasticity increases with an increase in VED up to 0.7 
[J/mm3], but the higher VED of 0.9 [J/mm3] does not 
result in a further increase. As for the compressive yield 
strength and the compressive absorbed energy at 0.3 
strain, higher VED values typically lead to higher values. 
The LP also appears to have a significant impact on the 
compressive modulus of elasticity and the compressive 
absorbed energy at 0.3 strain.

• The flexural properties exhibit the most peculiar behav-
ior. the flexural modulus of elasticity showed a notice-
able increase only for 0.5 [J/mm3] VED and 10 [W] 
LP; while, on the other hand, the flexural yield strength 
and the flexural absorbed energy until the yield point 
increased for higher VEDs. Interestingly, the LP has 
a minor impact on the material’s flexural behavior, as 
higher LP leads to inferior or the same flexural proper-
ties.

• As a more general conclusion, it is deduced that the lower 
threshold for the material to obtain some acceptable 
mechanical properties is the 0.5 [J/mm3] VED, while 
further increases in VED lead to a “diminished” improve-
ment of the material’s characteristics. The 26 [W] LP 

falls within the range of acceptable LPs without causing 
any significant degradation or deterioration of the mate-
rial’s properties due to rapid and excessive heating, when 
it is combined with the appropriate laser speed values. 
Finally, in general, the repeatability and consistency of 
the process fall within acceptable limits with significantly 
low CV values, especially for specific process parameter 
combinations.

• An increase in LP results in less amount of unsintered 
and unmelted material. However, it does not effectively 
limit porosity and material coherence. The rise in VED 
is the primary factor that leads to a more homogeneous 
material with fewer voids and discontinuities.

• Regarding crystallinity, the peak crystallinity percentage 
was recorded for 0.5 [J/mm3] VED. An increase beyond 
this VED value leads to a reduction in the crystallinity 
percentage. Moreover, a higher LP consistently results 
in an elevated crystallinity percentage for a given VED. 
Crucially, the enhancement in material properties, owing 
to improved material coherence and bonding at higher 
VEDs, offsets any decline brought about by reduced crys-
tallinity.
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