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Abstract— The use of high-powered lasers presents a unique 
opportunity to improve the LPBF productivity since a larger
beam spot size and higher scanning speeds can be utilized to 
increase the process build rate. In this study, a custom-built 
LPBF system equipped with a 5kW fiber laser was used to 
investigate residual stresses, porosity, and top surface roughness 
using x-ray diffraction and computed micro-topography 
techniques. It was shown that it is possible to produce samples 
with low residual porosity and top surface roughness using high 
laser powers and build rates, and the effect of scanning speed 
and hatch spacing on residual stress, porosity, and surface 
roughness is presented and discussed. The results of this study 
have revealed the potential benefits of using high powered laser 
to increase the build rate, thus improving the LPBF 
productivity.
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I. INTRODUCTION
Laser Powder Bed Fusion (LPBF) is an emerging 

technology with a potential for high design freedom. As such, 
this technology has attracted many industries such as 
aerospace and medical since complex geometries are 
especially required [1]. Indeed, the unpreceded design 
flexibility, reduced material waste, and improved lead-time 
are the main benefits of additive manufacturing technologies 
like LPBF over conventional manufacturing routes. Despite 
its numerous advantages, several factors still hinder the 
widespread adoption of this technology as the end 
manufacturing technique. Some of these are random porosity, 
poor surface finish, high residual stresses, anisotropy of 
mechanical properties, etc. Aerospace parts are regularly 
subjected to high mechanical and thermal loads during their 
service life, and accordingly, certified parts are required to 
have high density, surface integrity, strength, and fatigue 
resistance [2].

In LPBF, the most influential variables are the process 
parameters, which include, among others, laser power, scan 

speed, hatch spacing, layer thickness, etc. Cumulatively with 
powder material properties, scanning, and building strategies, 
process parameters will consequently define a microstructure 
and part properties. The main research thrust has been to 
identify and tune the effect of process parameters on the end 
part structure and resulting properties. The achievable density 
after processing is the first and perhaps the most important 
concern in LPBF, hence achieving nearly full dense parts has
been a focus of many earlier investigations [2-8]. Similarly, 
the build-up of residual stresses and the obtainable surface 
quality of LPBF parts are amongst other major issues of the 
process and have been the subject of many studies [9-14].

In recent years, machine manufacturers and researchers 
are focusing on expanding the capabilities of their machines 
by increasing the build rates and build volumes. For example, 
some equipment manufacturers, such as SLM Solutions and 
Concept laser, are employing multiple lasers to scan the build 
area to increase the build rate (e.g. SLM 800 and X line 
2000R). This principle is called “Parallelisation” and the 
number of laser sources used can increase the theoretical build 
rate linearly [15]. Another method is to use high-powered 
lasers with a beam focal spot that has a larger diameter to 
instantly melt a larger area of the powder thus reducing the 
time required to scan each layer [16-18]. Thus, the focus of 
this study is to investigate the influence of high-powered laser 
on residual stress, porosity, and surface roughness of LPBF 
manufactured Ti6Al4V. This work will be the first to 
investigate these three properties in Ti6Al4V alloy
manufactured at high laser powers; and contribute to the body 
of knowledge especially regarding process development and 
upscaling, in pursuit of increasing the LPBF productivity. The 
properties investigated are important in LPBF since they 
directly influence the structural integrity and mechanical 
properties of the part being manufactured.

II. MATERIALS AND METHODS
Gas atomized Ti6Al4V powder characterized with smooth 

spherical morphology was used in this study. The powder was
supplied by TLS-GmbH, and the 10th, 50th, and 90th 
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percentiles of the equivalent diameters were 24 µm, 41 µm, 
and 57 µm, respectively. Nine cuboid samples (12 mm x 12 
mm) were manufactured using a custom-built LPBF system 
equipped with a 5kW IPG YLS 5000 Ytterbium fiber laser 
operating at 1076 nm wavelength. The samples were 
processed at different laser powers and build rates as shown in 
Table 1. At 2000W, the scan speed was kept fixed and only 
varied the hatch spacing to change the build rate, while at 
750W and 650W, the build rate was changed by varying the 
scan speed. The beam spot size, scan speed, and hatch spacing 
are not disclosed as this is considered proprietary information 
linked to the Aeroswift, see Ref. [19]. 

Processing of the samples took place under Argon 
atmosphere, with the layer thickness kept constant at 50 µm. 
All the samples were manufactured directly onto the base plate 
without support structures. Samples were scanned by the laser 
beam using the parallel scanning strategy (back-and-forth) 
with the y-direction aligned to the track length, see Fig 1.  

TABLE I.  EXPERIMENTAL DESIGN 

Sample 
No. 

Parameters 
Power 

(W) 
Build rate 
(mm3/s) 

Variable 

1 2000 18.0  
Hatch spacing 

2 2000 15.0 

3 2000 12.0 

4 750 6.8  
Scan speed 

5 750 5.6 

6 750 4.5 

7 600 5.4  
Scan speed 

8 600 4.5 

9 600 3.6 

Residual stress was characterized by the x-ray diffraction 
method before removing the samples from the baseplate. 
Lattice deformations of the   Ti-α {213} were determined 
using CuKα (1.541838 Å) radiation source 25 kV, 4 mA (12 
kV, 4 mA). The residual stresses were calculated considering 
plane stress conditions using X-ray elastic constants of 
½S2=11.89×10–6 MPa-1 and S1= –2.83×10–6 MPa-1. This 
method is described in detail by  [20]. Porosity and surface 
roughness were measured using x-ray tomography following 
methods described by  [8, 21].  

  
Fig. 1. Images of the samples investigated. 

III. RESULTS AND DISCUSSION 
Residual stress during LPBF is mainly due to thermal 

stress, and therefore, the stress at one point is related to its 
corresponding thermal history, which is also affected by the 
processing parameters. Fig. 2 shows the stresses measured in 
the different directions (i.e. 0,45,90 to the scanning 

direction and)  the principal stresses (S1&S2). The stresses on 
the top surface are tensile because the shrinkage of top layers 
is restricted by the underlying layers as described by the 
temperature gradient mechanism  [22]. Normally, residual 
stress in the scan direction is known to be the largest because 
the tracks mainly shrink along with the scanning the direction, 
and this is in good agreement with our results shown in Figure 
2a, where the maximum stress was measured along the scan 
direction (i.e. 90).  

The effect of hatch spacing on residual stress is revealed 
by samples 1-3, which were manufactured at 2000 W at a 
fixed scanning speed. It can be seen that decreasing the hatch 
spacing lead to a reduction in residual stress, and this is 
believed to be mainly driven by the increased re-scanning of 
the tracks and heat accumulation, which in turn lowers the 
thermal gradient and consequently reduce the residual stress. 
It was also shown in other studies that re-melting results in 
increasing the peak temperature in the melt-pool and larger re-
melted melt-pool size, thus, a larger re-melted melt-pool 
results in a large volume of material to cool and reduces the 
cooling rate [11, 22, 23]. 

 
Fig. 2. Normal stresses (a) and principal stresses (b) were measured at 

the top surface of samples. 
 

Considering samples processed at 750 W (i.e. 4-6) and 
600 W (i.e. 7-9), the maximum residual stress can be seen to 
be decreasing slightly with decreasing scanning, except for the 
case of samples 4 and 7 which had somewhat lower residual 
stress than expected. In other work  [24, 25], the maximum 
residual stress was seen to be increasing with decreasing 
scanning speed, and this was mainly because at higher 
scanning speeds the residual stress was relaxed by the 
formation of porosity  [1]. This is probably the reason why 
samples 4 and 7 had lower residual stress, and this can also be 
seen in Fig. 3, where samples 4 and 7 had higher porosity 
compared to the other samples processed at the same laser 
power.  Elsewhere  [26-28], it was found that increasing the 
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cross-sectional area of the melt pool by decreasing scanning 
speed leads to a reduction in cooling rate, more uniform 
shrinkage of the metal in and around the melt pool, and thus 
lower residual stress; and this is consistent with our results. 
Fig. 4 shows porosity distribution in the samples.  

Overall, residual stress is seen to be increasing with 
increasing the build rate as shown in Fig. 5, where outliers are 
shown with a red border line representing the samples that had 
a higher percentage porosity. This can be interpreted as the 
effect of scanning time. A higher build rate will reduce the 
time the laser spent scanning the layer and increase the 
thermal gradient, thus increasing the residual stress. 

 
Fig. 3. Micro CT porosity measurements. 

   

  
 

   

Fig. 4. Micro CT images of the samples. 

The arithmetic mean areal roughness (Sa) of the top 
surface is plotted in Fig. 5a along with a CT image of the top 
surface. It can be seen that the hatch spacing had a minimal 
effect, within the range applied, on the surface roughness of 
the samples processed at 2000 W (Fig. 5b).  

 
Fig 5. Variation of principal stresses with the build rate. 

 

 

Fig. 5. An area where surface roughness was measured (a), and Sa 
values in analyzed samples (b). 

In LPBF, the surface roughness is affected by wetting and 
the time of solidification of adjacent tracks, which in turn are 
strongly influenced by the amount of energy input  [11, 28-
32]. High energy input, obtained by either increasing the laser 
power or decreasing the scan speed or a combination of both, 
will melt the powder and form a large enough melt pool that 
would ensure melt flow and wetting of adjacent tracks. 
Moreover, a high energy input will produce a melt pool having 
a relatively long solidification time to wet a large surrounding 
area. Another factor affecting the surface roughness is the 
satellite powders sintering to the top surface, which is also a 
contributing factor to the roughness measurements. The 
surface topography of sample 5 and sample 7 was relatively 
uneven, and this is probably caused by a combination of the 
unstable melt pool and inhomogeneous layer deposition. 
Sample 7 has the highest porosity in the image near the top 
surface, and also the highest roughness at the top surface. 

IV. CONCLUSION 
The use of high-powered lasers equipped with a larger 

beam focal spot size is one of the promising methods for 
improving the LPBF productivity since larger volumes of 
metal powder can be melted in a shorter time. In this study, a 
customized laser system equipped with a 5 kW fiber laser was 
used to investigate the development of residual stress, 
porosity, and surface roughness on Ti6Al4V samples. These 
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are among the most important response variables in LPBF 
since they affect the structural integrity and performance of 
the part. A thorough investigation was carried out using XRD 
and micro-CT to quantify residual stress, porosity, and top 
surface roughness. A trend in decreasing residual stress with 
decreasing hatch spacing and scanning speed was observed, 
and this is mainly due to heat accumulation at smaller hatch 
spacing, and increased interaction time at lower scanning 
speeds. Both of these scenarios lead to a reduction in thermal 
gradients and consequently reduces the residual stress. It was 
also shown that it is possible to produce coupons with low 
residual porosity using high build rates, and this is positive for 
the improvement of LPBF productivity. The top surface 
roughness of the samples produced at a high build rate was 
also shown to be smoother compared to the other samples 
produced at lower build rates. However, the vertical surface 
was not characterized in this study and will be the focus of a 
future study. Nevertheless, this study is the first to reveal the 
potential benefits of using high powered laser to increase the 
build rate, while obtaining lower residual porosity, residual 
stress and top surface roughness, which is positive for 
upscaling of the LPBF process. This work will be of interest 
to machine manufactures and researchers working towards the 
improvement of the LPBF productivity. 

ACKNOWLEDGMENT  
XRD measurements were done at the Department of 
Mechanical Engineering of Nelson Mandela University 
(RSA). Special thanks to Dr. Bernard Dreyer for carrying out 
the XRD measurements. 

REFERENCES 
[1]  I. Yadroitsev, I. Yadroitsava, A. Du Plessis and E. MacDonald, 

"Fundamentals of Laser Powder Bed Fusion of Metals,", 1st ed., 
Elsevier, 2021, pp. 245-276.  

[2]  B. Blakey-Milner, P. Gradl, G. Snedden, M. Brooks, J. Pitot, E. Lopez, 
M. Leary, F. Berto and A. du Plessis, "Metal additive manufacturing in 
aerospace: a review," Mater Des, pp. 110008, 2021, 2004. 

[3]  R. Morgan, C.J. Sutcliffe and W. O'neill, "Density analysis of direct 
metal laser re-melted 316L stainless steel cubic primitives," 
J.Mater.Sci., vol. 39, no. 4, pp. 1195-1205, 2004. 

[4]  I. Yadroitsev, P. Krakhmalev and I. Yadroitsava, "Hierarchical design 
principles of selective laser melting for high quality metallic objects," 
Additive Manufacturing, vol. 7, pp. 45-56, 2015. 

[5]  A. Khorasani, I. Gibson, U.S. Awan and A. Ghaderi, "The effect of 
SLM process parameters on density, hardness, tensile strength and 
surface quality of Ti-6Al-4V," Additive manufacturing, vol. 25, pp. 176-
186, 2019. 

[6]  X. Tang, S. Zhang, C. Zhang, J. Chen, J. Zhang and Y. Liu, 
"Optimization of laser energy density and scanning strategy on the 
forming quality of 24CrNiMo low alloy steel manufactured by SLM," 
Mater Charact, vol. 170, pp. 110718, 2020. 

[7]  J. Kluczyński, L. Śnieżek, K. Grzelak and J. Mierzyński, "The influence 
of exposure energy density on porosity and microhardness of the SLM 
additive manufactured elements," Materials, vol. 11, no. 11, pp. 2304, 
2018. 

[8]  A. Du Plessis, P. Sperling, A. Beerlink, O. Kruger, L. Tshabalala, S. 
Hoosain and S.G. Le Roux, "Standard method for microCT-based 
additive manufacturing quality control 3: surface roughness," 
MethodsX, vol. 5, pp. 1111-1116, 2018. 

[9]  I. Yadroitsava, S. Grewar, D. Hattingh and I. Yadroitsev, "Residual 
stress in SLM Ti6Al4V alloy specimens," In Materials Science Forum, 
vol. 828, pp. 305-310, 2015. 

[10]  T. Mishurova, S. Cabeza, K. Artzt, J. Haubrich, M. Klaus, C. 
Genzel, G. Requena and G. Bruno, "An assessment of subsurface 
residual stress analysis in SLM Ti-6Al-4V," Materials, vol. 10, no. 4, 
pp. 348, 2017. 

[11]  H. Ali, H. Ghadbeigi and K. Mumtaz, "Processing parameter 
effects on residual stress and mechanical properties of selective laser 

melted Ti6Al4V," Journal of materials engineering and performance, 
vol. 27, no. 8, pp. 4059-4068, 2018. 

[12]  M. Shange, I. Yadroitsava, A. du Plessis and I. Yadroitsev, 
"Roughness and Near-Surface Porosity of Unsupported Overhangs 
Produced by High-Speed Laser Powder Bed Fusion," 3D Printing and 
Additive Manufacturing, Mary Ann Liebrt Inc. Publishing, 2021. 

[13]  K. Mumtaz and N. Hopkinson, "Top surface and side roughness of 
Inconel 625 parts processed using selective laser melting," Rapid 
Prototyping Journal, vol. 15, pp. 96-103, 2009. 

[14]  E. Yasa, J. Deckers and J. Kruth, "The investigation of the influence 
of laser re‐melting on density, surface quality and microstructure of 
selective laser melting parts," Rapid Prototyping Journal, vol. 17, pp. 
312-327, 2011. 

[15]  S. Bremen, W. Meiners, K. Wissenbach and R. Poprawe, 
"Correlation of the high power SLM process with resulting material 
properties for IN718," BHM Berg-und Hüttenmännische Monatshefte, 
vol. 5, no. 162, pp. 179-187, 2017. 

[16]  H. Schleifenbaum, W. Meiners, K. Wissenbach and C. Hinke, 
"Individualized production by means of high-power Selective Laser 
Melting," CIRP Journal of manufacturing science and technology, 
vol. 2, no. 3, pp. 161-169, 2010. 

[17]  N.W. Makoana, I. Yadroitsava, H. Möller and I. Yadroitsev, 
"Characterization of 17-4PH single tracks produced at different 
parametric conditions towards increased productivity of LPBF 
systems—the effect of laser power and spot size upscaling," Metals, 
vol. 8, no. 7, pp. 475, 2018. 

[18]  M.C. Sow, T. De Terris, O. Castelnau, Z. Hamouche, F. Coste, R. 
Fabbro and P. Peyre, "Influence of beam diameter on Laser Powder 
Bed Fusion (L-PBF) process," Additive Manufacturing, vol. 36, pp. 
101532, 2020. 

[19]  J.V. Prinsloo, N.J. Minnaar and M. Vermeulen, "Design of a “large” 
unmanned aerial vehicle frame for metal additive manufacturing on 
the Aeroswift machine,", RAPDASA, 2019. 

[20]  M.E. Fitzpatrick, A.T. Fry, P. Holdway, F.A. Kandil, J. Shackleton 
and L. Suominen, "Determination of residual stresses by X-ray 
diffraction.", Good Practice Guide, vol. 52, pp. 1-68, 2005. 

[21]  A. Du Plessis, P. Sperling, A. Beerlink, L. Tshabalala, S. Hoosain, N. 
Mathe and S.G. Le Roux, "Standard method for microCT-based 
additive manufacturing quality control 1: Porosity analysis," 
MethodsX, vol. 5, pp. 1102-1110, 2018. 

[22]  P. Mercelis and J. Kruth, "Residual stresses in selective laser sintering 
and selective laser melting," Rapid prototyping journal, vol. 12, pp. 
254-265, 2006. 

[23]  M. Shiomi, K. Osakada, K. Nakamura, T. Yamashita and F. Abe, 
"Residual stress within metallic model made by selective laser melting 
process," CIRP Annals, vol. 53, no. 1, pp. 195-198, 2004. 

[24]  L. Mugwagwa, D. Dimitrov, S. Matope and I. Yadroitsev, "Influence 
of process parameters on residual stress related distortions in selective 
laser melting," Procedia Manufacturing, vol. 21, pp. 92-99, 2018. 

[25]  L. Mugwagwa, I. Yadroitsava, N.W. Makoana and I. Yadroitsev, 
"Residual stress in laser powder bed fusion,", in: Fundamentals of 
Laser Powder Bed Fusion of Metals, 1st ed., Elsevier, pp. 245-276, 
2021. 

[26]  N.C. Levkulich, S.L. Semiatin, J.E. Gockel, J.R. Middendorf, A.T. 
DeWald and N.W. Klingbeil, "The effect of process parameters on 
residual stress evolution and distortion in the laser powder bed fusion 
of Ti-6Al-4V," Additive Manufacturing, vol. 28, pp. 475-484, 2019. 

[27]  B. Vrancken, '"Study of residual stresses in selective laser melting,", 
Doctoral dissertation, KU Leuven, 2016. 

[28]  A.S. Wu, D.W. Brown, M. Kumar, G.F. Gallegos and W.E. King, "An 
experimental investigation into additive manufacturing-induced 
residual stresses in 316L stainless steel," Metallurgical and Materials 
Transactions A, vol. 45, no. 13, pp. 6260-6270, 2014. 

[29]  A. Vasinonta, J. Beuth and M. Griffith, "Process Maps for Controlling 
Residual Stress and Melt Pool Size in Laser-Based SFF Processes 
200,", in: International Solid Freeform Fabrication Symposium, 2000. 

[30]  M. Balbaa, S. Mekhiel, M. Elbestawi and J. McIsaac, "On selective 
laser melting of Inconel 718: Densification, surface roughness, and 
residual stresses," Mater Des, vol. 193, pp. 108818, 2020. 

[31]  M.F. Sadali, M.Z. Hassan, F. Ahmad, H. Yahaya and Z.A. Rasid, 
"Influence of selective laser melting scanning speed parameter on the 
surface morphology, surface roughness, and micropores for 
manufactured Ti6Al4V parts," J.Mater.Res., vol. 35, no. 15, pp. 2025-
2035, 2020. 

[32]  D. Wang, Y. Liu, Y. Yang and D. Xiao, "Theoretical and experimental 
study on surface roughness of 316L stainless steel metal parts 
obtained through selective laser melting," Rapid Prototyping Journal, 
vol. 22, pp. 706-716, 2016. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


