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Abstract:  

Laser powder bed fusion (BPF-LB/M) process has over 100 process parameters. In this literature 
review the effects of laser beam shaping to BPF-LB/M are studied beside of main parameters. 
Considered effects are quality factors and the properties that can be applied to industry. Quality factors 
considered are microstructure, mechanical properties, and geometrical accuracy. How laser beam 
shaping effects to high power processing, productivity and build rate has been viewed from industrial 
point of view. Laser beam modes which are compared are Gaussian, elliptical, Top-hat, donut, and 
multimode laser. Depending about the literature, the method varies from literature review to 
experimental approach. Because of the lack of research papers, the laser power, materials, and laser 
beam mode reported varies from each other. Today there is no good literature review about the laser 
beam effects compared to quality and productivity because those usually conflicts and needs more 
research. 
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1 Introduction 

1.1 Laser basics 

Albert Einstein introduced the “stimulated emission”, which is used to produce laser 

radiation. Based on Einstein’s theorem the first laser concept was published in 1960 by Arthur 

Schawlow and Charles Townes. Theodore Maiman made the first laser operate on 16 May 

1960 at the Hughes Research laboratory in California. [1] 

In laser devices there are pumping source, which generates energy to the active medium, 

which amplifies light. In active medium atoms have certain energy state. When atom returns 

to normal energy state the photon is emitted. The laser beam consists of these photons. 

Photons from the laser device have same frequency, same phase, same sense of polarisation 

and same direction. [1]  

The wavelength l in laser is decided by the energy difference as the excited species is 

stimulated to a lower energy level 𝐸 = !"
#

, where h is Planck’s constant, c is velocity of light. 

The transition from state 𝐸$ to 𝐸% results emission of photon. The frequency 𝑣$% follows 

equation 𝑣$% =
|'!('"|

!
. The laser output power can be controlled with pumping source or 

active medium. With optical fiber, laser can be transmitted to optical part where the beam can 

be shaped to match the desired machining properties. Depending on laser, laser can be either 

single mode or multi-mode laser. The structure of optical fiber is also different in single mode 

lasers and multi-mode lasers. Beam quality of single mode laser is better than with multi-

mode laser. The intensity distribution from single mode laser is Gaussian and from multi-

mode laser it is cylindrical top hat. [1] 

1.2 Basics of laser powder bed fusion 

Metal-additive manufacturing provides manufacturing of parts with very complex and high-

resolution geometry. Therefor AM is typically used when normal manufacturing methods are 

not accurate enough. AM also promises to reduces costs, time, and low energy consumption 

of production [2] [3]. Parts nearing the end of lifetime can be repaired or refurbished using 

AM. Broken parts can be rebuild directly to the old leftover piece. Because AM doesn’t need 

a big manufacturing infrastructure these repairs can be made also in remote locations. [4]  
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In laser-powder bead fusion (BPF-LB/M) process a laser beam works as a heats source and 

selectively melts the layer of powder already spread on the substrate [5]. This is made straight 

from the computer-aided design (CAD) model using a “layer by layer” method [6]. In modern 

BPF-LB/M machines the scanning velocity can reach to 10000 mm/s. By the literature, values 

are typically around between 220 mm/s and 3000 mm/s [7, p. 718]. The melted powder 

solidifies, and the platform moves downwards the distance to supply the required thickness of 

powder to make a new layer. This is repeated and the part is formed into powder matrix. [8]  

It has been shown that compared to other manufacturing processes, some metal alloys have 

much better properties compared to casting and forcing. The typical high cooling rate of BPF-

LB/M often results very small grain sizes and therefor provides good mechanical properties 

[3]. Although small grain size can be achieved, high cooling rates in order of (10) − 10*𝐾 ∙

𝑠($) can be reached. This can lead to metastable phase formation [2] [3]. Because of rapid 

solidification and complex thermal history there might be micro and macro scale differences 

in chemistry, which changes functional and structural properties of the part. Residual stress 

causes big problems in BPF-LB/M. It is strongly involved because of high thermal gradient. 

In the proses there is also non-uniform expansion and contraction because of the layer-by-

layer technique, where melting and solidification is happening in layers several times. [9] [10]  

1.2.1 Parameters in laser powder bed fusion 

In modern laser powder ped fusion there are over 100 parameters. These parameters can be 

shared to machine parameters and process parameters. Machine parameters are not generally 

changed, and process parameters can be modified from build to build. Most typical 

parameters are laser power, scan velocity, hatch distance, scan strategies and layer thickness. 

These parameters are optimized to maximize the quality (see section 2) desired for the piece 

and to increase build rate. [3]  

To achieve high quality and productivity the parameter optimization is needed. There are 

several different methods to select these parameters. One method is Design of Experiments 

(DOE), where process parameters are systematically changed, and effects are noticed. 

Another method is Response Surface Methodology (RSM), which uses mathematical methods 

to predict optimal parameters and optimize those for maximum quality and productivity. 

Process mapping tracks the best parameters in different phases. Also, AI and ML can also be 

used to optimize parameters by learning and predicting. Using and combining these models 
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can provide significant help to optimize parameters comprehensively to achieve high quality 

and productivity. [8] 

1.3 Basics of laser beam shaping 

Laser beam is made in optical oscillator, where standing electromagnetic waves are formed. 

These waves are formed based on the shape of the chamber in oscillator. The longitudinal 

standing waves are slightly difference angle and the number of those off-axis waves are in 

relationship to Fresnel number 𝑁 = +"

#,
, where a is radius of output aperture, L is the cavity 

length and l is wavelength. These standing waves interfere with each other, forming 

transverse standing wave. This wave comes out of the chamber as a mode of laser beam. The 

intensity distribution 𝑃(𝑟, 𝜑) of a laser beam is calculated from the square of transverse 

standing wave amplitude 𝐸(𝑟, 𝜑) as 𝑃(𝑟, 𝜑) = 𝐸%(𝑟, 𝜑) [1]  

In optics the focusing lens gathers the rays to the focal plane. In this point the constructive 

and destructive interference happens. When waves are at opposite phase, those effects each 

other negatively and destructive interference happens. If waves are in same phase they have 

positive effect to each other and constructive interference happens. [1]  

 

 

 
Figure 1. Amplitude variation (top) and intensity 
distribution (bottom) for various modes. [1] 

Figure 2. Various mode patterns [1] 
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These modes are classified as 𝑇𝐸𝑀-./. where the number of radial zero fields (p) angular zero 

field (l) and longitudinal zero field (q). For example the first harmonic distribution (donut) is 

TEM01*	=	TEM01	+	TEM10 and a uniform cylindrical (flat top) is TEMFT	=	TEM01*	+	TEM00 [11]. 

With square beams the distributions are similar but with Hermite polynomials. [1] 

With normal Gaussian distribution 𝑇𝐸𝑀00 the energy flux q[𝑊/𝑚𝑚%] is calculated as: 	

𝑞 = 1
23#"

exp	(− 3"

3#"
), where P is laser beam power [W] and 𝑟0 is the radius circle [mm]. The 

energy flus q inside the beam spot radius 𝑟0 can be calculated as a function of radius r:  

𝑞 = 1
23#"

$

4$(3"/3#"
. With the cylindrical flat-top thermal distribution the beam boundary (r=𝑟0) 

is hard to obtain because of the discontinuity. The TEM01* is seemed to be reasonable 

compromise. When the laser hits to the powder layer, the temperature rice over the beam 

circle is: 𝑇0 =
1

6#3#
, where 𝜆	[𝑊/𝑚𝑚 ∙ 𝐾] is material thermal conductivity. The radiation is 

absorbed to the powder and melts it with its energy. The heat transfer mechanism in the part is 

conduction. [12]. 

 

Figure 3. first row: Absorbed laser energy q over target 
surface. second and third rows: Temperature T over target 
surface. fourth and fifth rows: Temperature T over vertical 
plane. [11] 

Figure 4. Temperature distributions with several 
scanning speeds, which are indicated with Péclet 
number. [11] 
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2 Laser beam shaping effect to quality factors 

In BPF-LB/M the laser scans very fast at the powder surface. A problem of overheating and 

inversely lack of processing temperature for the scanning laser can be solved by finding the 

ideal power density distribution. The main solution still depends about the scanning velocity 

and its direction. The effect of scanning direction to the absorbed energy flux shows that the 

laser beam profile would be asymmetric. [11] 

In BPF-LB/M technology the final part quality can be evaluate in the following main 

categories, microstructure, mechanical properties, porosity, surface roughness and residual 

stress. With these factors we can determine the outcome of a BPF-LB/M product and ensure 

the reliability, functionality, and safety of printed part. Heat input determines the temperature 

gradient in the powder, influencing the overall melting behaviour. That effects to produced 

material characteristic such as density, morphology, surface roughness, mechanical properties, 

and residual stress. Optimizing the processing parameters to achieve one or several quality 

parameters and increase productivity is difficult because these parameters usually conflicts. 

Papers that would contain information of BPF-LB/M productivity and part quality is not yet 

found in the literature. [8] 

2.1 Microstructure 

2.1.1 Density and porosity 

In AM- community there is lot of research about the porosity issues. Specially the relationship 

between laser power and scan velocity is studied quite extensively. Porosity is mainly causes 

by too high laser power, which is known as keyhole porosity. Keyhole is a hole formed in the 

material, which brings heat to the material. If too much power is used it becomes unstable and 

porosity increases. Pores are formed due to collapse of unstable keyhole, which leads air to be 

trapped inside molten pool until it is solidified. Keyhole porosity can be avoided by reducing 

power density or increasing scan velocity. It is important to be able to control melt pool 

solidification and optimize parameters so that solidification process is delayed [13]. [3]  

The lack of fusion porosity is noticeable when laser power is not high enough compared to the 

volume to be digested. The pores caused by Incomplete melting usually looks thin and non-

spherical [14]. This can be avoided with defining the ratio between melt pool depth and layer 

thickness. Complicated way is calculation of fluid dynamics in melt pool [2]. Another way is 
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to stimulate overlapping semi-circles or semi-ovals. In this process the analyse of layer 

thickness and hatch distance is very important. [3] 

Tenbrock et. al. [16] showed that while using 2kW laser beam the density is higher and 

surface is flatter with multi-mode fiber laser compared to Gaussian beam. The difference is 

mainly caused by molten pool behaviour. Using this amount of power the melt pool with 

Gaussian beam is usually keyhole mode. With too much power, key hole mode can be 

complex and violent because of the metal vapor pressure, surface tension and melt gravity 

[15]. With multi-mode laser beam, the molten pool mode is conduction mode, and the molten 

pool is more stable. Therefore it enables to create relatively flat surface and dens parts. [16]  

 

 

 

 

 

 

 

 

 

King et. al. [17] developed an analytical solution for the threshold between conduction and 

keyhole modes. The threshold is related to laser power P and velocity V. As P and 𝑉($/% 

respectively, the transformation from conduction mode to keyhole mode occurs. This shows 

that decreasing laser power has greater effect to eliminate keyhole porosity than increase of 

scan velocity. Cunningham et al [15] showed that the energy density do not precisely correlate 

Figure 5. OM cross-section images of single track built. (a) 
Gaussian beam (b) multi-mode beam. [28] 

Figure 6. Illustrated images of melt pool behaviour and its 
effects to density and surface roughness. (a) effect of  
Gaussian beam (b) effect of multi-mode laser beam. [28] 

Figure 7. Illustrated effects of (a) multi-mode laser beam (b) Gaussian laser 
beam, to grain boundaries, molten pool boundaries and heat flux direction in 
HP-BPF-LB/M. [28] 
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with the melt pool shape. Because of that it is possible that the keyhole porosity vapors may 

be generated before difference in melt pool shape is noticed. 

Relatively high laser power is commonly used to produce parts with low porosity, higher 

density and higher productivity [18]. On the other hand, using too much power can cause 

vaporization and increase porosity and residual stress. In final part this can cause differences 

in geometry as curling. Using low laser power, the final part has better dimensional accuracy. 

This also reduces densification and increases the risk of layer delamination [19]. With 

decreasing of laser power on the second scan of 40% caused improve in mechanical 

properties. Also Montero Sistiaga et al [20] noticed that using high power lasers increased 

productivity but also causes coarser microstructure and reduced parts mechanical properties as 

yield stress and hardness. 

The total porosity is influenced by the Volumetric Energy Density (VED). The VED Shows 

the input energy by a unit volume 𝑉𝐸𝐷 = 1
.∙!∙8$

[ 9
::%].  Low VED can lead to lack of fusion 

porosity as unfused powder between layers. With increased VED the porosity can be 

improved because of better flow of molten material. When VED is too high it can lead to 

keyhole porosity. Eliasu et. al. [21] worked with AISI316L demonstrates the effect of VED to 

porosity and density in (figure 8). In other research this evaluation is also noticed to come to 

fruition with other alloys too. [22] 

 

 

 

 

 

 

 

 

 

Figure 8. Experimental results of VED versus porosity and density.[21]  

Figure 9. Density as function of VED. [22] 
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2.1.2 Surface roughness 

Surface roughness is significant quality factor in the BPF-LB/M process. The effect of it is 

important to consider and it is result of a many various parameters. Laser power plays 

important role in surface quality of final parts. With low laser power there might be high 

surface roughness and bad dimensional accuracy because of the incomplete melting, 

especially with thick layer thickness. The incomplete melting can be avoided by increasing 

laser power and improve the surface roughness and dimensional accuracy. However, with 

high power and speed this becomes unstable. [23]  

 

 

 

 

 

 

 

 

 

 

 

2.1.3 Grain nucleation 

In BPF-LB/M the microstructure of a final part is very complex. Typical defects in 

microstructure of a final part made with BPF-LB/M are micro segregation, undesired texture, 

coarse columnar grains, and meta-stable phases such as martensite. With increasing or 

strongly decreasing scan velocity can eliminate micro segregation. Coarse columnar grains 

and undesired textures can be reduced with decreasing scan velocity or laser power. [8] [3]  

Figure 10. SEM and reconstruction images of top surface. Scan speed 2000mm/s, 
hach distance 90µm. laser power (a) 150W (b) 250W (c) 350W. [23] 
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AM-technology differs from typical manufacturing methods with it high and localized 

heating. Melting and solidification directionally from fusion boundary causes high thermal 

gradient (G) and solidification growth rates (R). This is typically not favourable to achieve 

equiaxed grain nucleation, which requires low G/R values. Coarse columnar grains can be 

hundreds of micros long in direction of build direction and continues epitaxially through 

successive layers. This leads to anisotropic mechanical properties, and it can cause 

solidification cracking with sensitive alloys. For example, with AISI 316 L stainless steel, the 

substructure transitions from planar to cellular or cellular-dendritic from fusion boundary to 

the top of the melt pool as the G/R decreases [24]. [25]  

It has shown that using elliptical shape laser beam in place of traditional Gaussian beam there 

is changes in microstructure of laser melted tracks [24]. With some materials the elliptical 

beam can increase the volume fraction of equiaxed grains. With test of AISI 316 L stainless 

steel cubes were made with Gaussian beam and elliptical beam with following parameters. 

Power in range of 150-350W, energy density in range of 80-260𝑗/𝑚𝑚;, layer thickness 50µm 

and hatch distance 100µm. When using the same energy density, the elliptical test cube had 

smaller vertical spacing between fusion boundaries. In examination pore distribution didn’t 

vary in build direction (figure 11). [25]  

With AISI 316 L, using laser power 250W and energy density 140𝑗/𝑚𝑚; was made single 

track test and it was shown that elliptical beam formed much smaller equiaxed grains than 

Gaussian beam. These parameters were used to build cubes and as a result was shown that the 

grain size difference wasn’t that big with 3 dimensional parts but with elliptical beam the 

amount of small grains was approximately twice bigger per unit area. These small grains are 

formed epitaxially from remelted grains through previous layer (figure 12 a) or formed in 

melt ahead of columnar front on a later phase of solidification (figure 12 b). Grain nucleation 

in later solidification happens when thermal gradient (G) is relatively low and solidification 

growth rates (R) is high. [26] 
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2.2 Mechanical properties 

In BPF-LB/M it is possible to create high-strength parts that have even better mechanical 

properties than with common manufacturing methods. Reason for good mechanical properties 

of BPF-LB/M parts are finer grain size, cellular microstructure, well distributed nano-sized 

precipitates, and the supersaturated solid solution obtained with rapid solidification [27]. 

Also, the part density is one main factor that correlates directly to mechanical properties. With 

reducing the part porosity to <1% we can achieve favourable mechanical properties. [8]  

2.2.1 Weak zone phenomena of molten tracks  

The difference in molten tracks in multi-mode laser beam and Gaussian beam effects to the 

tensile stress. The cellular areas, which are formed to the edges of molten tracks can act as 

weak zones during the tensile test. Liu et al. [28] noticed that the tracks molten with Gaussian 

beam has more weak zone facing directly to tensile load than with multi-mode beam molten 

track (figure 13). This has negative effect to the Gaussian sample tensile properties. 

Figure 11. Microstructural cross section images of built cubes with laser power P 
250W and Q 140𝐽/𝑚𝑚!. Build direction is indicated with arrow. (a) Gaussian 
beam sample (b) Elliptical beam sample. No cross-hatching was used. [25] 

Figure 12. Example picture of SEM micrographs of single track deposited onto 
AISI 316 L stainless steel with 50µm layer thickness. (a) equiaxed grain 
(yellow), fusion boundary (blue). (b) equiaxed grains that can be observed in the 
middle and top of the melt track. [25] 
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Coarsened cellular areas (figure 14 c, d) are only observed on the fracture surface of the 

Gaussian sample and it supports the phenomena of weak zones facing directly to tensile load.  

 

2.3 Residual stress 

In AM-processes such as BPF-LB/M there is one significant difficulty which is residual 

stress, it can reach up to 500MPa [29]. That can cause bending, deformations, cracking, and 

delamination in the part. The residual stress is divided into the part such that tensile stress is 

typically in top and bottom of the part. In the middle of part there is a large zone of 

intermediate compressive stress [30]. 

To reduce residual stress in BPF-LB/M there are several proposed methods. The methods are 

for example reducing scan velocity, preheating the built platform, use sacrificial support 

structures to minimize part deformations [3]. These can reduce the residual stress in part and 

prevent part failure. However the material properties, process parameters and geometry are in 

significant role with residual stress and with the durability of the part. [8]  

 

 

Figure 13. Illustrated pictures of molten track 
morphologies. (a) Gaussian beam (b) multi-mode beam. 
[28] 

Figure 14. Facture morphologies of typical HP-BPF-LB/M 
AlSI10mg sample. (a) multi-mode beam (b) Gaussian beam. 
blue box area shown on right. [28] 
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3 Laser beam shaping in industry 

BPF-LB/M is typically used when the produced part is small, because of the process long 

build time. BPF-LB/M can produce very complex parts with high quality and with minimum 

material losses. To achieve this goal is not easy. Especially the balance between quality and 

productivity has been significant challenge. Those can be achieved by adopting BPF-LB/M 

with optimized parameters. Now days industry mainly uses continuous wave lasers (CW) in 

BPF-LB/M to ensure the efficiency. Also review papers about the relationship of productivity 

and quality in BPF-LB/M is not yet available in literature. [8]  

3.1 High power 

Today in industry the BPF-LB/M machines typically uses lasers with quite low powers 

(<500W). That causes low build rate (5-20𝑐𝑚;/ℎ), which correlates also to long processing 

cycles and high manufacturing costs [31]. To increase productivity, it has been recently 

proposed of (≥1kW) high power laser powder bed fusion (HP-BPF-LB/M). For example, it 

has been applied for fast production of AlSi10Mg aluminium alloy, 300M high strength steel, 

Hastelloy X nickel-based alloy and 316L stainless steel. With the HP-BPF-LB/M the build 

rate can achieve up to 103-116𝑐𝑚;/ℎ, which is almost 5-20 times faster than typical industry 

laser. [28]  

Montero-Sistiaga et al. [20] examined the difference between 1kW top-hat laser beam and 

400W Gaussian laser beam with Hastelloy X alloy. The result was found that the density of 

top-hat laser beam was lower than Gaussian sample. Sow et al. [32] examined the difference 

of 1kW multi-mode fiber laser and 200W Gaussian laser with IN625 alloy. The result was 

found that the multi-mode laser can prevent the powder spatters and vaporization effectively. 

That’s why the surface roughness is lower with multi-mode lasers than Gaussian lasers. With 

multi-mode lasers beam, melt pools during this like of process should be controlled by the 

conduction mechanism. And with Gaussian laser beam the melt pool should be controlled 

with the keyhole formation mechanism. [17]  

3.1.1 Effects of laser beam shaping to melt pool formation in high powers 

In different laser modes the laser power density q can be calculated as 𝑞 = 1
2∗3"

, where the p 

is laser power and r is the laser beam radius. With Gaussian beam there is higher power 

density, which causes relatively high temperature in the melt pool. This generally generates 



16 
 

lower surface tension gradient in melt pool, which is the main force to resist formation of 

keyhole [33] [34]. Because of this it is much easier to reach keyhole mode with Gaussian 

beam laser.    

The threshold conditions to transition from conductivity mode to keyhole mode during BPF-

LB/M is developed by King et. al. [17]. In the model the higher normalized enthalpy ∆𝐻/ℎ𝑠 

correlates to easier keyhole mode formation. This is calculated as ∆>
!?
= @1

!$√2B8C%
, where ∆𝐻 is 

the specific enthalpy, ℎ𝑠 is the enthalpy at melting, A is laser absorption coefficient, D is 

thermal diffusivity, v is scanning velocity. If this is done with both Gaussian beam and 

multimode beam we can calculate the ratio for those two values k, which tells us how much 

effectively the laser beam is forming the keyhole mode compared to other.    

𝑘 = (∆>/!?	)!	
(∆>/!?	)"

= GC%"
GC%!

 , where (∆𝐻/ℎ𝑠	)$ and (∆𝐻/ℎ𝑠	)% is normalized enthalpy for gaussian 

and multimode lasers. 𝜎;$ and 𝜎;% are the diameters of laser beams. 

3.1.2 Effects of laser beam shaping to density in high powers 

Comparing the multi-mode fiber laser beam and Gaussian beam to increased VED and the 

effect of that to relative density. The material used in this exam was AlSi 10 mg. When 

increasing VED, the relative density of multi-mode laser beam sample first increases and then 

remains same. From (figure 16 a) multi-mode sample with VED only less than 50𝑗/𝑚𝑚; the 

relative density is already higher than 99.5%. While Gaussian sample the relative density first 

increases by increase of VED and then decreases by increased VED. From (figure 16 b), 

Gaussian mode sample highest relative density is just 95.8 ± 0.2% at the VED value of 

50𝑗/𝑚𝑚;. In HP-BPF-LB/M overall densification degree for multi-mode beam is better than 

Gaussian beam when using 2kW laser beam. Because 2kW is very high power the effects are 

different in lower powers. [28] 

 

 

 

 

 Figure 15. OM images of typical HP-BPF-LB/M sample and illustrated molten tracks and pores. 
(a) multi-mode sample (b) Gaussian sample. [28] 
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3.1.3 Effects of laser beam shaping to grain nucleation in high powers 

Grain nucleation in solidification microstructure varies with laser beam mode. With multi-

mode fiber lasers beam the grains have been observed as columnar grains along the build 

direction. Those columnar grains can be hundreds of micros long and the crystallographic 

orientation for most of them is <100>. With Gaussian beam the microstructure is a mixture of 

short columnar grains and equiaxed grains. With Gaussian beam the crystallographic 

orientation is multifarious, which leads to weaker texture. With multi-mode lasers beam the 

tensile strength and elongation are much better than with Gaussian beam. The difference in 

these solidification microstructures should be related to molten track morphology differences 

between multi-mode laser and Gaussian laser. [28] 

3.1.4 Effects of laser beam shaping to mechanical properties in high powers 

With high power laser powder bed fusion (HP-BPF-LB/M) produced AlSi10mg sample. 

Tensile properties such as ultimate tensile stress (UTS), yield strength (YS) and elongation 

(EL) are shown in the (figure 17). In comparison with multi-mode fiber laser beam and 

Gaussian beam the effects of multi-mode laser beam have better result in (UTS), (YS) and 

(EL). Gaussian beam values are 379.7 ± 21.0MPa, 250.0 ± 5.7MPa and 4.3 ± 0.2%. Multi-

mode laser values are 444.7 ± 5.1MPa, 262.3 ± 1.1MPa and 8.2 ± 1.6%. [35] 

 

 

Figure 16. In HP-BPF-LB/M samples relative density as energy density function (VED). (a) multi-
mode beam laser sample (b) Gaussian beam sample. [28]  
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3.2 Productivity 

Compared to traditional manufacturing techniques BPF-LB/M suffers relatively low efficiency, which 

leads to higher manufacturing costs. (Figure 19) shows the balance of quality and productivity. To 

produce good quality parts BPF-LB/M significantly limits the production time. [8]  

 

 

 

 

 

 

 

 

 

3.2.1 VED method to achieve wanted properties with minimum energy. 

To improve build speed the VED model is good tool to determine the minimum energy 

consumption to achieve adequate material fusion for wanted properties. When it is selected 

the fastest combination of laser power, scan velocity and hatch distance corresponds the 

maximise productivity for certain machine. In VED equation the maximum BR value 

Figure 17. At HP-BPF-LB/M tensile properties of 
AlSI10Mg sample with multi-mode laser and Gaussian 
beam. [28] 

Figure 18. Energy distributions of (a) multi-mode laser beam 
(b) Gaussian laser beam. [28] 

Figure 19. Basic relationship principle of BPF-LB/M process 
quality and productivity. [36] 
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corresponds to minimum VED value with given laser power. With this method we can 

identify the parameter combinations while maintaining the increased productivity, desirable 

density, and porosity. Eliasu et al [21] worked with AISI316L demonstrates the effect of VED 

to porosity and density in (figure 8).  [22] 

3.2.2 Production time  

Build time 𝑇H.I of a part can be calculated with equation 𝑇H.I = 𝑇I+, 𝑇3 + 𝑇?, where 𝑇I is 

delay time, 𝑇3 is recoating time and 𝑇? is scanning time. Delay time includes platform moving 

to next level. Recoating time is the time that takes to spread new layer of powder to platform. 

Scanning time includes the time to scan each layer.   

productivity 𝑃𝑅 = J&
K&
[":

%

!
], where 𝑉- is produced volume and 𝑇- is total processing time. 

𝑇- = 𝑇-3L + 𝑇H.I + 𝑇-M?N, where 𝑇-3L is prew-processing time, 𝑇-M?N is post-processing time. 

The 𝑇-3L includes for example machine setup and CAD model loading. 𝑇H.I is the build time 

needed to build the part, which can be varied with machine parameters. 𝑇-M?N includes for 

example support structure removal, powder removal and heat treatment. [8] 
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4 Future 

4.1 The future of AM 

BPF-LB/M properties can be difficult to optimize between quality and productivity. It is also 

desired to change process parameters during process to improve melt pool intensity and part 

quality. HO Yeung et al [37] proposed to control laser power during the process with 

algorithm, which is based to the geometric conductance factor (GCF).  

With use of AI and machine learning can be used as parameter optimization in real time. This 

leads higher productivity and part quality when it is possible to focus to specific part 

properties [38]. In future the research of parameter optimization in BPF-LB/M and also in 

laser beam shaping is crucial to achieve increase of productivity and to get maximum effort 

from laser powder bead fusion technology. [8]  

In future it is possible to use AM-technologies as a platform for new high-performance alloys 

because of a powder and layer by layer method. It is also possible to create graded structures 

if part needs different properties to different places. AM-technologies provides users to create 

and design their own materials. [3]  

4.2 The future of laser beam shaping  

The laser beam shaping in real time is rising trend which enables a lot. There are different methods to 

change beam shape during the process and several companies that make this kind of products. For 

example, Cailabs produces all kind of optical hardware to aerospace, industrial laser processing and 

optical fiber networks. For AM and specifically for BPF-LB/M they provide Canunda-HP module 

with multiple beam mode shapes and fast post-by function to change it in high powers. With their data 

based on laser beam shaping they promises (x3.3) increase of scan velocity, possibility to print new 

materials with removing hot-cracking and increase of density. The module can operate with all types 

of wave lasers and wavelengths from green laser to CO2 lasers. [https://www.cailabs.com] 
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5 Discussion 

Effects of laser beam shaping varies with other process parameters. Main parameters should 

be set at first and then we can consider shaping the laser beam. It is important to identify 

desired properties of the part and shape the beam accordingly. The biggest effect of shaping 

beam to wider energy distribution focus to microstructure and specially to density and grain 

nucleation positively. With microstructural improvement, mechanical properties are 

improved. Based on literature it looks like that better distributions than Gaussian are 

cylindrical top-hat and elliptical. Those beam modes work pretty good with wide power range 

and improves microstructural and mechanical properties of the part. With wider intensity, 

high power processing becomes more stable, enabling higher productivity while maintaining 

the quality. 
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6 Conclusion 

With laser beam shaping we can effect to quality properties of the part, productivity and 

indirect costs of laser powder bead fusion process. With VED model we can achieve wanted 

properties with minimum energy. Maximum build rate corresponds to minimum VED value 

with given laser power. With this method we can identify the best parameter combinations 

while maintaining the increased productivity, desirable density, and porosity. 

A problem of overheating and lack of processing temperature for the scanning laser can be 

solved with finding the ideal power density distribution. When changing the intensity of the 

laser it is always important to notice the keyhole and lack of fusion porosity. With higher 

power and Gaussian beam, melt pool needs to be considered as keyhole mode melt pool. 

When using lower power and wider power distribution, melt pool needs to be considered as 

conduction mode melt pool. Decreasing laser power has greater effect to eliminate keyhole 

porosity than increase of scan velocity.  

With the HP-BPF-LB/M the build rate can achieve up to 103-116𝑐𝑚;/ℎ, which is almost 5-

20 times faster than typical industry laser. While using 2kW laser beam the densification 

degree is higher and surface is flatter with multi-mode fiber laser compared to Gaussian beam. 

The difference is mainly caused by molten bool behaviour. In HP-BPF-LB/M increase of 

VED first increased relative density of multi-mode laser sample and then it remained same. 

With Gaussian beam the increase of VED first increased the relative density and then it 

decreased. Overall densification degree for multi-mode fiber laser beam is better than 

Gaussian beam when using 2kW laser beam. It has shown that when using 1kW top-hat beam 

and 400W Gaussian beam the density of Hastelloy X alloy was lower with top-hat laser. On 

the other hand, with IN625 alloy, using 1kW multi-mode beam and 200W Gaussian beam the 

multi-mode beam prevented powder spatters, vaporization, and surface roughness. 

Usual defects in BPF-LB/M printed part microstructure are: microsegregation, undesired 

texture, coarse columnar grains, and meta-stable phases. In BPF-LB/M process are high 

thermal gradient (G) and solidification growth rates (R), which is typically not favourable to 

achieve equiaxed grain nucleation, which requires low G/R values. Benefits in BPF-LB/M 

printed part mechanical properties are caused by finer grain size, cellural microstructure, well 

distributed nano-sized precipitates and the supersaturated solid solution obtained with rapid 

solidification (low G/R value). When comparing the difference of elliptical shape laser beam 
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to Gaussian beam it has shown that in single track test the elliptical beam formed much 

smaller equiaxed grains than Gaussian beam. With 3-dimensional test the number of small 

grains was approximately twice bigger per unit area with elliptical beam. In HP-BPF-LB/M 

multi-mode fiber laser beam forms columnar grains along the build direction. With Gaussian 

beam, microstructure is mixture of short columnar grains and equiaxed grains. Comparing 

crystallographic orientation Gaussian beam has multifarious orientation and multi-mode beam 

has <100>. Because of these differences Gaussian beam has weaker mechanical properties 

than multi-mode laser beam. 

Mechanical properties are highly dependent about the microstructure of the part. Good 

mechanical properties are results of finer grain size, cellular microstructure, well distributed 

nano-sized precipitates, and the supersaturated solid solution obtained with rapid 

solidification. Also, the part density is one main factor that correlates directly to mechanical 

properties. With reducing the part porosity to <1% we can achieve favourable mechanical 

properties. Using HP-BPF-LB/M and AlSi10mg, multi-mode fiber laser beam has better 

results in ultimate tensile stress (UTS), yield strength (YS) and elongation (EL) than using 

Gaussian beam. In Gaussian beam molten track there is more weak zone facing directly to 

tensile load than with multi-mode laser molten track. This effects negatively to Gaussian 

sample tensile properties. 

Now days the dynamic beam shaping is one main trends in the industry. With optic 

technology combined to AI or machine learning we can optimize parameters in real time and 

increase quality and productivity of the part.  
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