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ABSTRACT: Laser powder bed fusion (L-PBF) has gained a lot of interest 

for its ability to build complex geometries with freedom of design. The wrong 

choice of process parameters like laser power (P) and scan speed (v) can result 

in parts with low ductility, pores, and distortion. In the literature, the influence 

of P and v on the quality of the printed part in terms of porosity defects, 

distortion, and mechanical properties has been widely explored. However, to 

obtain functional parts without defects it is crucial to consider different aspects 

simultaneously. This paper aimed to fill the lack of knowledge in the literature 

about the combined effect of laser power and scan speed on microstructure 

and distortions and their influence on mechanical properties. In this frame, 

tensile tests, microstructural, density, and distortion measurements were 

carried out to study the effect of P and v on mechanical strength, ductility, 

density, and distortion for Ti-6Al-4V parts produced with L-PBF. Three levels 

of P and v were analyzed in a range of 340-380 W and 1400-1600 mm/s, 

respectively. From the experimental analysis, a big influence of P on the 

ultimate tensile strength (UTS) and density was observed. Ductility, instead, 

was more affected by the v. Overall, high P and v resulted in significant 

distortions due to the increase in thermal gradient and cooling rate. 

Furthermore, porosity acted as a stress-relieving factor, and as a consequence, 

samples with high porosity showed less distortion. 
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1.0 INTRODUCTION 
 

In recent years additive manufacturing (AM) has gained considerable 
interest from industries and researchers for its ability to produce 
components with complex shapes by adding material in a layer-by-
layer construction mode, in opposition to conventional subtractive 
techniques [1, 2]. Among all the AM technologies, Laser Powder Bed 
Fusion (L-PBF) is one of the most used to produce metal parts. In this 
process, a powder bed is deposited on a metallic substrate, and a laser 
selectively melts the powder according to the slicing file. After the laser 
scanning, the platform is lowered, a new layer is spread, and the 
process is repeated until the part is completed [3]. For automotive, 
aerospace, and biomedical applications, Ti-6Al-4V is widely used 
thanks to its high mechanical properties, low density, biocompatibility, 
and excellent corrosion resistance [4, 5]. However, using L-PBF can 
result in parts with poor geometry accuracy due to thermal distortions 
that occur during the process [6]. 
 
The distortion of the part after removal from the substrate is a direct 
consequence of the residual stresses generated during the printing [7]. 
The origin of the residual stress can be identified in three principal 
factors: (i) spatial temperature gradient, (ii) thermal expansion, and (iii) 
plasticity and flow stress. In particular, due to localized heating and 
cooling by laser scanning, there is a thermal expansion/contraction of 
the material that leads to an instant stress redistribution to reach a new 
equilibrium state. The thermal stress generated during the thermal 
cycles can exceed the yield strength of the material and result in plastic 
deformations [8]. The amount of residual stresses depends on the 
thermal gradient and cooling rate, which, in turn, is related to the 
process parameters used [9]. Therefore, proper tuning of the process 
parameters is needed in order to minimize residual stress and 
distortions [10].  
 
In the literature, there are several studies on the effect of process 
parameters on residual stress and distortion for Ti6Al4V components 
produced via L-PBF. Mugwagwa et al. [11] studied the effect of 
different island scanning strategies on distortion, resulting in a 40% 
residual stress reduction for the successive chessboard scan strategy 
[11]. Cheng et al. [12] also analyzed the effect of the scan strategy on 
residual stress and distortion, being 45°-line strategy the best solution 
to reduce residual stresses in both X and Y directions. The out-in 
scanning pattern, instead, resulted in a larger residual stress [12]. The 
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effect of support structure on thermal conductivity and residual stress 
has been evaluated by K. Zeng et al. The goal of the study was to find 
the minimal material used for building support structures capable of 
withstanding residual stress and induced part distortion [13]. 
 
T. Yu et al. highlighted the impact of the part size on the distortion of 
3d printed parts. For thinner parts the distortions were larger than the 
ones observed for thicker parts, thus providing guidance for parts 
thickness design to minimize the distortion level [14]. N.C. Levkulich 
et al. studied the influence of different process parameters i.e., laser 
power, scan speed, build height, build plan area, and substrate 
condition on the induced residual stress during the manufacturing 
process. They found out that process parameters have a great influence 
on the rise of residual stress and distortion for L-PBF. In regard to the 
effect of laser power and laser speed, decreasing laser power and 
increasing scan speed leads to greater residual stress. In order to 
mitigate the overcome of residual stress it is necessary to increase the 
laser power or decrease the laser speed, thus increasing the melt pool 
cross-section. Consequently, a reduction of the cooling rate and a more 
uniform shrinkage of the metal is observed leading to a reduction of 
residual stress. Moreover, less residual stress is obtained for taller parts 
and with smaller build plane areas [15].  
 
Even if the effect of process parameters on parts’ distortion has been 
explored, it is necessary to correlate the used process parameters to the 
resulting mechanical processes. In fact, producing a distortion-free part 
is only part of the goal of the process designer; for several demanding 
applications, such as the ones concerning the aeronautical, aerospace, 
and biomedical fields, internal defects (i.e. porosities) free parts with 
the best possible compromise between strength and ductility must be 
obtained.  
 
Z. Wang et al. first optimized laser power and scan speed values for 
better surface roughness and density. Then, for the range of optimal 
roughness and density and scan speed, they analyzed the effect of P 
(200–250W) and v (850–1150 mm/s) on mechanical properties. No 
variation of the ultimate tensile strength (UTS) was observed by 
varying P and v, while a clear trend was observed for the elongation to 
failure (ETF). Higher P resulted in low ETF, the opposite for higher v 
[16]. J. Lui et al. focused on finding the optimal value of P and v to 
obtain the maximum ductility while maintaining high tensile strength. 
The maximum values obtained for UTS and ETF were 1170 MPa and 
10%, respectively [17].  



The Influence of Laser Power and Scan Speed on the Microstructure, Distortions, and Mechanical Properties in the L-Pbf Of Ti-6Al-4V 
 

54    ISSN: 1985-3157    e-ISSN: 2289-8107   Vol. 18   No. 3   September – December 2024 

 
To the authors’ best knowledge, only a few papers in the literature 
focus on the proper choice of L-PBF process parameters taking into 
account their effects on both distortion and mechanical properties. J. 
Han et al. studied the influence of volumetric energy density (VED) on 
the microstructure, microhardness, residual stress, and tensile 
properties by varying the scanning speed and the hatch spacing. The 
range of 120-190 J/mm3 resulted in the optimal one to maximize density 
and microhardness and consequently, to obtain the maximum 
strength. The variation of residual stress through the specimen was 
evaluated qualitatively using the indentation distortion (c2) [18]. H. Ali 
et al. investigated the impact of laser power and layer thickness on 
residual stress and mechanical properties. They found out that 
increasing P and decreasing exposure, while keeping a constant VED 
value, increased the residual stress. Lower residual stress can be 
obtained by increasing layer thickness, although a detrimental effect on 
the mechanical properties is noted [19]. In another work, the same 
author analyzed the effect of scan strategy on residual stress and 
mechanical properties.  
 
The 90° alternating scan strategy resulted in the best solution to 
minimize the residual stress, while no effect on mechanical properties 
was observed by varying the scan strategy [20]. 
From the literature analysis, it is clear which strategies can be adopted 
to improve the quality of the L-PBF of Ti-6Al-4V. If the goal is to reduce 
distortion, it is possible to act on the scan strategy to have a better 
distribution of residual stress, using support structures to improve the 
thermal conductivity and reduce thermal gradient, or changing the 
laser power and scan speed to modify the melt-pool cross-section. Also, 
part geometry must be taken into account, thin walls and large build 
plane areas will result in large distortions.  In order to improve density, 
the right energy amount has to be provided to the powder bed. 
However, even if the influence of process parameters on different 
aspects of the L-PBF has been studied, the relationship between part 
distortion, microstructure, and mechanical properties has not been 
deeply investigated. Understanding the mutual influence of these three 
aspects can help engineers in the design phase of the L-PBF of Ti-6Al-
4V.  
 
In this paper, we analyze the effect of laser power and scan speed in 
order to reduce distortion while maximizing density, strength, and 
ductility. To this end, samples were produced via L-PBF with different 
laser power and scan speed starting from Ti-6Al-4V powder. Each 
sample underwent density measurement and tensile test. The relation 
between distortion and mechanical properties was discussed and 
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proper maps were built so that the results of this study can be used by 
engineers in the design phase as guidance to find the best compromise 
between part distortion and mechanical properties for a given 
application. 

 

2.0  MATERIALS AND METHODS 
 

In this study, Ti-6Al-4V spherical powder (Figure 1a) with a size 
distribution of 20-63 µm was selectively laser melted using an SLM 280 
HL metal 3d system provided by SLM Solutions. This machine is 
equipped with a 400W fiber laser [21] and works with a continuous 
laser emission mode where the main process parameters are the scan 
speed (v), laser power (P), layer thickness (t), and hatch distance (h) 
[22]. Dog-bone samples (Figure 1b) were produced with different 
values of laser power (P) and scan speed (v). In order to isolate the 
effect of P and v, hatch spacing (h), scan strategy (s), and layer thickness 
(t), were kept constant and equal to 100 µm, 0°, and 60 µm, respectively. 
A build orientation of 0° was chosen for the optimal density and 
strength of the parts.  
 

Figure 1: (a) Ti6Al4V spherical powder; (b) Dog-bone specimen used for 

density measurement and tensile test. 

 
In order to study the influence of process parameters on the quality of 
the printed parts and understand the correlation between part 
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distortion, microstructure, and mechanical properties the methodology 
shown in Figure 2 has been followed. In the first place, process 
parameters were chosen by defining a grid of 3 x 3 points in the P-v 
plane (Figure 3) based on previous studies [7, 9] conducted by the 
authors. These studies have shown that at the point in the center of the 
parameters grid, i.e., for P = 360 W and v = 1500 mm/s, the material 
strength in terms of UTS reaches the highest value. The grid of 
experimental points was also defined in order to have nearly constant 
Line Energy Density (LED = P/v [J/mm]) values along the increasing 
diagonal points of the grid. Samples from ID 1 to ID 3 were fabricated 
by keeping a constant laser speed v=1400 mm/s and varying the laser 
power from P=340 W to P=380 W. Samples from ID 4 to ID 6 were 
fabricated with a constant laser speed v=1500 mm/s and varying the 
laser power from 340 W to 380 W. Samples from ID 7 to ID 9 were 
fabricated with a constant v=1600 mm and varying the laser power 
from 340 W to 380 W. 
 

 

Figure 2. Research flow diagram 

To evaluate the effect of process parameters on the mechanical 

properties, samples underwent tensile tests. To this aim, for each 

combination of P and v, three dog-bone specimens were designed as a 

reduction of the Standard ASTM/E8 with a gauge cross-section of 3mm 

x 5mm and a gauge length of 18 mm were fabricated (Figure 1b). The 

samples were tested using a Galdabini Sun 5 universal testing machine 

at a constant rate of 1mm/s. Each sample was also weighted in air and 

in water to calculate the relative density (ρR) of the material through 
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Archimedes’ principle. A benchmark density value of 4,43 g/cm3 was 

used for Ti-6Al-4V. For this purpose, a Kern EMB-V balance with a 

0.001 g accuracy was used.  

 

In order to analyze the impact of laser power and scanning speed on 

part distortion, the geometry of the sample, after the removal from the 

plate, was acquired thanks to a 3D COMET V. 
 

Figure 3: Grid of 3 x 3 experimental points in the P-v plane with test IDs and 

dotted lines with constant Line Energy Density. 

 

This 3D acquisition system is based on the fringe projection technique 

where a structured light pattern is projected onto the object surface 

with a projection unit. The image of the fringe pattern is phase-

modulated by the object's geometric features, and it is recorded by the 

image acquisition unit. Through the use of a processing/analysis unit, 

it is possible to obtain a point cloud image that can be converted to an 

STL file. This acquisition system allows high-resolution 3D 

reconstruction in a non-contact approach [23]. 

 

The acquired geometry was then compared to the original CAD model 

of the printed part in order to quantitatively evaluate the distortion of 
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the part after the process (Figure 4). Each sample was also subjected to 

metallographic characterization by appropriate grinding and polishing 

phases, followed by etching with Kroll's reagent to highlight the 

microstructure of the material. Metallographic images were acquired 

for each sample at 100X magnification using a metallographic optical 

microscope (Figure 5). The acquired micrographs, appropriately 

calibrated, made it possible to determine the average size of the original 

β grain, within which, during the printing process and as a result of the 

rapid cooling of the alloy, the metastable martensitic phase α׳ 

originates. 

 
Figure 4: Quantitative evaluation of distortions: (a) acquired printed 

geometry; (b) CAD model; (c) overlapping between the CAD model and the 

acquired printed geometry; (d) evaluation of distortions in the z-build 

direction. 

 
The average grain size was calculated using the intercept technique 
based on the use of the micrographs acquired at 100X magnification.  
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Figure 5: Boundaries of prior β grain size 

 

A line, of length L0 = 1 mm orthogonal to the build direction z, was 

drawn through each micrograph, and the number of grain boundaries 

that the line intersects was recorded. The average grain size was 

calculated by dividing the number of intersections of the line with grain 

boundaries by the length L0 of the line. The micrographic evaluations 

were made using a lateral section of samples (plane x-z). 
 

3.0  RESULTS AND DISCUSSIONS 
 

The numerical results obtained from the tensile tests, density 
measurements, distortion measurements, and average grain dimension 
are shown in Table 1, while the trends are represented by colored 
contour maps in the P-v plane in Figures 5-7.  
 

3.1  Mechanical properties 
 

The mechanical behavior was evaluated through the tensile test in 

terms of Ultimate Tensile Strength (UTS) (Figure 6a) and Elongation To 

Failure (ETF) (Figure 6b).  Sample ID5 was the one characterized by the 

highest mechanical resistance, with a UTS of 1156 MPa. The ID7, on the 

contrary, showed the lowest UTS value equal to 1048 MPa. Overall, for 

each scan speed value, by increasing the laser power an increase in the 

mechanical strength was observed until the laser power reached the 

value of P = 360 W (Figure 6a). When the laser power increased to 380 

W, a drop in the UTS was observed. It can also be noted how, by 

increasing the LED, UTS first increased, reaching a maximum when 

LED = 0.25 J/mm, and finally dropped for higher LED values.  

 

This can be explained by looking at the relative density of the samples 

(Figure 7a), as it will be better detailed in the following. By increasing 

the laser power, the energy provided to the sample also increased. This 

has a beneficial effect for specimens produced with lower values of 

laser power, i.e. from P = 340 W to P = 360 W, for which the relative 
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density is around 98.3 %. However, a further increase of the laser 

power can result in overheating, promoting the formation of gas pores 

and reducing the density and so the UTS value. A similar trend is 

reported for the scan speed for a given laser power:  increasing the scan 

speed implies a reduction of the energy provided to the powder, 

resulting in samples with more porosity. As regards the ETF, the 

highest value of 9.9% was obtained for ID3, printed with a P = 380 W 

and v = 1400 mm/s. The ETF results to be strictly correlated to the 

average size of the prior β-grains and so on the microstructure of the 

printed sample. Bigger grain size brought higher ductility, as can be 

observed looking at ID3, characterized by both the highest average 

grain size and ductility. This statement holds true for scanning speed 

values less than 1500 mm/s. On the other hand, for v = 1600 mm/s, an 

increase in the laser power also leads to higher ETF. This is due to the 

predominant effect of distortions over the average size of prior β-

grains. In opposite to what happened for the UTS, increasing the LED 

value results in higher ETF. Also, by increasing P and v simultaneously 

while keeping a constant LED it is possible to obtain samples with 

better ductility. 

 
Table 1: Ultimate tensile strength (UTS), elongation to failure (ETF), relative 

density (ρr), distortion (Δz), and average grain size obtained for the 

analyzed samples. 

ID UTS [MPa] ETF [%] ρR Δz [mm] Average prior β grain size [µm] 

1 1111±15 7.6±0.2 0.981±0.001 0.965±0.01 97.7±0.6 

2 1139±9 8.8±0.3 0.98±0.002 1.1±0.02 99.2±0.5 

3 1119±12 9.9±0.1 0.981±0.002 0.93±0.01 102.74±0.6 

4 1129±10 7.9±0.1 0.983±0.002 1.21±0.01 98.68±0.2 

5 1156±6 8.2±0.4 0.982±0.001 1.23±0.03 100±0.8 

6 1123±7 9.1±0.3 0.979±0.001 1.14±0.01 101.35±0.4 

7 1048±12 8.4±0.2 0.979±0.001 1.18±0.02 97.6±0.7 

8 1126±14 9.3±0.3 0.982±0.002 1.27±0.02 97.9±0.6 

9 1119±6 9.5±0.4 0.979±0.002 1.25±0.01 98.04±0.9 
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(a) ultimate tensile strength                 (b)   elongation to failure. 

Figure 6. Colored contour maps for parameter trends detection in the P-v 

plane: (a) ultimate tensile strength, (b) elongation to failure. 

 

3.2  Microstructure 
 

The presence of porosity defects within the sample can lead to a 

worsening of mechanical properties and material density. It should be 

pointed out that the chosen range of process parameters results in 

usable parts with good mechanical properties even if gas pores or lack 

of fusion defects can be detected [24]. Hence, it can be stated that the 

range of parameters explored always ensures high relative density 

values. The trend in relative density, as a function of increasing laser 

power or scanning speed, as shown in Figure 6a, makes it possible to 

highlight that the impact of laser scanning speed is limited when the 

laser power exceeds the 360 W value.  

 

Above the mentioned power value, the relative density remains almost 

constant as the laser scanning speed changes. Only by varying the laser 

power it is possible to observe a change in density among the samples. 

It can be noted that a maximum is reached for the sample ID4, printed 

with P = 340 W and v = 1500 mm/s, while, for higher laser power, a drop 

in density is observed. This can be explained by the progressive 

formation of gas pores due to higher energy given to the sample. Scan 

rates higher than 1500 mm/s, for P = 340 W, leading to a density 

reduction due to the activation of lack of fusion defect [9]. Concerning 

the average grain size of prior β-grains, by increasing the laser power, 

for fixed scan speed, a higher temperature is reached during the 
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process allowing the grain to grow. Instead, for higher scan speed the 

sample is subjected to a faster cooling rate during the process and there 

is less time for the grains to grow, resulting in samples with smaller 

grain size (Figure 7b). 

 
  (a) relative density     (b) average grain size of prior β-grains 

Figure 7. Colored contour maps for parameter trends detection in the P-v 

plane: (a) relative density; (b) average grain size of prior β-grains. 

 

 

3.3  Distortions 
 

Distortions are a direct consequence of the residual stress developed 

during the process in response to high thermal gradients and cooling 

rates. Increasing the scan speed results in higher cooling rates while 

increasing laser power leads to a high thermal gradient. It is worth 

noting that all the specimens showed an upward bending after the 

removal from the printing plate, and, in this way, it can be stated that 

a compressive residual state is found in the specimen [25]. In Figure 8 

it is possible to see the effect of scan speed on the resulting distortion 

for samples. Overall, by increasing the scan speed samples with higher 

distortions are obtained. For scan speed below 1500 mm/s, the lowest 

distortion values are observed for power equal to 340 W and 380 W.  

 

For each scan speed an increase in laser power results in higher 

distortion values until P = 360 W, while for higher laser power a 

reduction in distortion can be observed. By increasing the laser power, 

the higher thermal gradient developed during the process leads to high 

distortions. For P above 360 W, the power value helps to relax stresses 

due to deeper remelting of precedent layers [26]. Moreover, the 
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presence of gas pores acts as stress relief [27, 28]. 

 
Figure 8. Colored contour maps for parameter trends detection in the P-v 

plane for distortions in the z-build direction. 

 

3.4  The combined effect of mechanical properties, microstructure, 

and distortions 
 

The obtained results showed how UTS and ETF are strictly affected by 

the microstructural properties, i.e., porosity and average grain size. 

However, the effect of the distortion and residual stress results is 

crucial to better understand the trends reported for both UTS and ETF. 

In detail, residual compressive stress can help improve the resistance 

of the sample during tensile tests. However, when the laser power 

increases to 380 W, the detrimental effect of porosity, previously 

discussed, prevails over the beneficial effect of compressive residual 

stress.  

 

As regards the ductility of the sample, for scan speed lower than 1500 

mm/s the grain size is the most influencing factor, while for higher scan 

speed the effect of distortion prevails with respect to the grain size 

dimension. In detail, it can be observed that higher scan speed leads to 

higher distortion values. The higher the scan speed, the higher the 

cooling rates, the residual stress, and, as a consequence, the sample 

distortion. In this way, the high value of ductility measured for high P 

and v is due to the recovery of the impressed distortion presented in 
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these samples caused by the building of high residual stress during the 

printing process. 

A scatter plot matrix was generated to emphasize the data correlations. 

For determining the level of correlation, the Pearson correlation 

coefficient was calculated. This coefficient measures the entity of the 

correlation between two variables. The scatter matrix describes a 

collection of multiple pairwise scatter plots of variables that are 

presented in a matrix. A positive or negative correlation between the 

variables can be determined with its help, as well as whether or not the 

variables are correlated with one another. The scatter plot matrix and 

the Pearson coefficient are reported in Table 2. The results from this 

study allow a better understanding of the influence of process 

parameters on density, microstructure, and distortions on the 

mechanical properties of Ti-6Al-4V printed parts, their mutual 

influences, and their correlation. 

 
Table 2: Scatter plot matrix of the experimental data and Pearson correlation 

index values. 

 P v UTS ETF ρR Δz 
Average prior 

β grain size 

P 1 - 

     

v - 1 

     

UTS -0.37 0.36 1 

    

ETF 0.17 0.86 0.006 1 

   

ρR -0.19 -0.38 0.5 -0.35 1 

  

Δz 0.83 -0.04 0.09 -0.01 0.83 1 

 

Average 
prior β 
grain 
size 

-0.49 0.65 0.35 0.5 -0.01 -0.46 1 
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4.0  CONCLUSION 
 

In this study, the results of an experimental campaign focused on 
analyzing the influence of laser power and scan speed on the 
microstructure, distortions, and mechanical properties of Ti-6Al-4V 
parts fabricated via L-PBF are shown. Moreover, the combined effect of 
microstructure, distortions, and mechanical properties of the produced 
samples has been highlighted. Based on the obtained results, the 
following main conclusions can be drawn: 

- The tensile strength of the sample depends on both laser power and 
scan speed because of the impact they can have on the measured 
density and the residual stress state presented within the part. 

- The ductility of the samples is affected by both the laser power and 
scan speed because they have a relevant influence on the resulting 
microstructure.  

- Regarding the microstructure, increasing the laser power leads to a 
high melt pool temperature, enabling the grain to grow. Increasing 
the scan speed, instead, results in faster cooling rates and less time 
for the grains to develop. Thus, producing a smaller grain size.  

- Distortions depend on thermal gradients and cooling rates, which 
are affected by laser power and scan speed, respectively.  High laser 
power and scan speed will result in high residual stress and part 
distortion. 

- The ductility of the sample depends on the measured distortions. By 
recovering the impressed distortion that was present in these 
samples, as a result of the occurrence of high residual stress during 
the printing process, the high value of the ductility measured for 
samples with high P and v can be explained. 

- The porosity within the sample can reduce part distortion. Porosity 
can have a stress relief effect and a beneficial effect as regards the 
distortion of the sample due to significant internal free surfaces that 
allow redistribution of the stresses.  

The findings of this study can be utilized as advice by engineers during 
the design phase to discover the best compromise between part 
distortion and mechanical qualities for a given application. 
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