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Abstract: The low specific density and good strength-to-weight ratio make magnesium alloys a 

promising material for lightweight applications. The combination of the properties of magnesium 

alloys and Additive Manufacturing by the Laser Powder Bed Fusion (LPBF) process enables the 

production of complex geometries such as la�ice or bionic structures. Magnesium structures are 

intended to drastically reduce the weight of components and enable a reduction in fuel consump-

tion, particularly in the aerospace and automotive industries. However, the LPBF processing of 

magnesium structures is a challenge. In order to produce high-quality structures, the process pa-

rameters must be developed in such a way that imperfections such as porosity, high surface rough-

ness and dimensional inaccuracy are suppressed. In this study, the contour scanning strategy is 

used to produce vertical and inclined struts with diameters ranging from 0.5 to 3 mm. The combi-

nation of process parameters such as laser power, laser speed and overlap depend on the inclination 

and diameter of the strut. The process parameters with an area energy of 1.15–1.46 J/mm2 for struts 

with a diameter of 0.5 mm and an area energy of 1.62–3.69 J/mm2 for diameters of 1, 2 and 3 mm 

achieve a relative material density of 99.2 to 99.6%, measured on the metallographic sections. The 

results are verified by CT analyses of BCCZ cells, which achieve a relative material density of over 

99.3%. The influence of the process parameters on the quality of struts is described and discussed. 

Keywords: laser powder bed fusion; magnesium alloy WE43; scanning strategy; la�ice structure; 

relative density 

 

1. Introduction 

Laser powder bed fusion (LPBF) [1] is a method of additive processing of metal al-

loys, which is based on the principle of melting the powder particles layer by layer with 

a high-power laser. This enables the production of components with complex geometries 

from a variety of materials such as aluminum and titanium [2]. The development of ma-

terials for specific applications also takes place at LPBF, particularly in the field of alloys, 

which offer new possibilities [3,4]. 

One of these alloys is magnesium alloys, which have a low specific density and a 

good strength-to-weight ratio [5]. These properties are crucial for the use of magnesium 

alloys in the aerospace and automotive industries to reduce weight and improve fuel ef-

ficiency [6,7]. In addition, complex geometries such as la�ice and bionic structures pro-

duced from magnesium alloys can enhance weight reduction [8,9]. Magnesium alloys 

such as WE43 are also biocompatible and biodegradable [10,11], making them suitable for 
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biomedical applications such as implants due to their mechanical properties that are close 

to those of human bone [3,5,12]. 

In order to use magnesium alloy structures in industrial or medical applications, the 

imperfections associated with their manufacture must be minimized [13,14]. When man-

ufacturing parts by LPBF, the thermal energy generated by the melting of the powder 

particles must be dissipated through the solid material in the preceding layers, as the sur-

rounding powder has a lower thermal conductivity. Small volumes of material as la�ice 

structures cannot dissipate the thermal energy quickly enough [15]. Therefore, the thermal 

energy is accumulated in the material [16] and causes the material to overheat, leading to 

the occurrence of imperfections such as porosity, high surface roughness and dimensional 

inaccuracy [17,18]. In order to minimize the occurrence of imperfections, process param-

eters must be used that lead to sufficient melting of the material and, at the same time, to 

sufficient dissipation of thermal energy [19,20]. 

The production of magnesium alloy la�ice structures using LPBF technology is a par-

ticular challenge due to the narrow range of melting (650 °C) and boiling temperatures 

(1107 °C) [21]. The volume energy of process parameters of more than 214 J/mm3 (area 

energy of 8.56 J/mm2) leads to the vaporization of Mg in the magnesium alloy AZ61D [22]. 

The vaporization of alloying elements should also lead to a reduction in their mass ratio 

in alloys [23]. High energy input leads to an expansion of meltpool, which blasts away the 

surrounding powder. In contrast, cooling of the material reduces the volume and leads to 

the formation of pores due to the absence of powder particles [21]. Vapors also defocus 

the laser beam, which affects the quality of the manufactured parts [24]. Vaporization of 

the material can be prevented by using process parameters with lower thermal impact on 

the meltpool, which reduces the formation of vapors [22]. 

The processing of magnesium alloys should be divided into three stages depending 

on the energy of the process parameters [22,25]. As already mentioned, high-input energy 

leads to vaporization of the alloying elements. Low input energy may not always guaran-

tee a sufficient temperature for melting the powder. Therefore, there is insufficient bond-

ing between the molten material, resulting in low relative material density and poor me-

chanical properties [25]. Sufficient energy input leads to a reduction in the viscosity of the 

meltpool, which improves the effectiveness of the process [26,27]. The meltpool is stable, 

resulting in sufficient bonding between neighboring welds, which is necessary for the pro-

duction of components with high relative material density and good mechanical proper-

ties. Hyer et al. [28] developed the process parameters for bulk samples of magnesium 

alloy WE43, leading to a high relative material density of 99.7%, i.e., laser power 200 W, 

scanning speed 1100 mm/s, hatch distance 0.13 mm, and layer thickness 0.04 mm. 

For the production of small series components in the form of la�ice structures, not 

only must process parameters be developed, but a specific scanning strategy should also 

be used [29]. The meander scanning strategy, which is mainly used for bulk samples, leads 

to the formation of porosity in the subsurface area due to the deceleration of the laser at 

the end of the trajectories [30]. The meander strategy also leads to high porosity in small-

volume samples, as the trajectories of the laser cause the meltpool to overheat [20]. The 

contour scanning strategy is more efficient for la�ice structures. Concentric welding tra-

jectories allow for an effective energy distribution over the entire diameter of the strut. In 

addition, the contour scanning strategy has been successfully used to produce high-rela-

tive-material-density la�ice structures [20]. 

Thus, the effective production of magnesium alloy la�ice structures with minimal 

defects depends on the process parameters, scanning strategy, strut diameter and inclina-

tion. In this study, the production of vertical struts and inclined struts with an inclination 

of 35.26°, corresponding to Body-Centered Cubic (BCC) cells, is investigated. The most 

promising process parameters are evaluated on Body-Centered Cubic cells with struts in 

the vertical orientation (BCCZ), which are a combination of vertical and inclined struts. 

The magnesium alloy WE43 is used. 
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2. Materials and Methods 

2.1. Laser Powder Bed Fusion 

The samples are produced using the LPBF with the SLM 280HL machine (SLM Solu-

tions Group AG, Lübeck, Germany). The machine is equipped with an y�erbium laser 

with a spot diameter of 82 µm and Gaussian distribution. A gas-atomized magnesium 

alloy WE43 (Luxfer MEL Technologies, Manchester, UK) with a particle size distribution 

of 28–60 µm with an average size of 39.8 µm is used. The chemical composition of the 

powder is listed in Table 1. Therefore, inert argon gas is used to prevent oxidation of the 

magnesium alloy during processing. The oxygen concentration is kept below a concentra-

tion of 0.1% during production. A laser power of 50–250 W and laser speed of 200–1200 

mm/s are used for all experiments. The layer thickness is 50 µm and the temperature of 

the platform is set to 120 °C. 

Table 1. Chemical composition of WE43 powder. 

 Mg (wt %) Y (wt %) Zr (wt %) Nd (wt %) Si (wt %) Cu (wt %) 

WE43 powder Bal. 3.96 0.56 2.30 <0.01 <0.01 

2.2. Contour Scanning Strategy 

Based on previous research [20], the contour scanning strategy seems to be suitable 

for the production of la�ice structures. The contour scanning strategy is formed by con-

centric welds that allow for be�er control of the input energy into the process, which is 

particularly important for low-volume samples (Figure 1). The most important parame-

ters of the contour scanning strategy are the laser power and laser speed, which result in 

weld formations with an exact width. The next important parameter is the overlap of the 

neighboring welds, which is represented by the hatch distance. The optimal value of these 

parameters is the key to reducing imperfections in the material of la�ice structures. There-

fore, four experiments are conducted. The first experiment deals with the influence of the 

sample geometry and process parameters on the width of the weld. The second experi-

ment deals with the hatch distance of hollow strut specimens formed by two welds. The 

output parameter of the experiment is the appropriate value of overlap for the production 

of specimens with high relative material density. Based on the parameters from the first 

two experiments, the contour scanning strategy is used in the third experiment to produce 

vertical and inclined struts with an inclination angle of 35.26% corresponding to BCC cell 

inclination. The last experiment is used to verify the best results of the third experiment. 

Therefore, the BCCZ cells representing both studied strut orientations are produced with 

different process parameters for vertical and inclined struts. In addition, three different 

laser trajectories of the contour strategy are identified in the BCCZ cells, which can influ-

ence the quality of the produced sample. 

 

Figure 1. Parameters of contour scanning strategy and three different trajectories in BCCZ cell. 
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2.3. Weld Width 

The weld width depends on the process parameters, i.e., the laser power (LP) and the 

laser speed (LS) or their combination (Equation (1)), which is referred to as linear energy 

(LE). The linear energy of the process parameters in these experiments is in the range of 

0.05–1.25 J/mm. Basically, the weld width is measured on single-track samples (Figure 2a), 

but the geometry of a single-track specimen does not correspond to the struts in the la�ice 

structure. Therefore, samples with a thin-walled and hollow strut geometry (Figure 2b) 

are used to obtain more precise results, which are required for the contour scanning strat-

egy. The weld width is included in the overlap of the neighboring welds (Equation (2)) as 

it changes with the geometry and diameter of the samples [20]. 

LE =
LP

LS
 (J/mm) (1)

 

    
(a) (b) (c) (d) 

Figure 2. (a) Single-weld samples produced on the top of 1 mm thick WE43 material; (b) hollow 

struts; (c) inclined struts; (d) BCCZ cell (scale 3 mm). 

2.3.1. Single-Weld Samples 

The width of the weld depends on the combination of laser power, laser speed and, 

in the case of single tracks, specifically on the substrate material. The weld width is also 

influenced by preheating the platform. Therefore, the single-track samples are produced 

on a 1 mm thick WE43 material (Figure 2a), which ensures adequate heat dissipation. The 

1 mm thick material is fabricated with process parameters, i.e., laser power of 250 W, laser 

speed of 450 mm/s and hatch distance of 80 µm, based on the study [31]. The width of 

each weld is measured on the top images taken with an optical microscope (Olympus 

SZX7, Olympus, Tokyo, Japan). The width of single welds is the average value calculated 

from five measurements (Figure 3a). 

   
(a) (b) (c) 

Figure 3. Measurement of sample width: (a) single weld sample; (b) metallographic section of hol-

low strut; (c) measurement of hollow strut width. 
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2.3.2. Thin Wall Samples 

However, the geometry of the single-weld samples does not match the geometry of 

the struts in the la�ice structure. Therefore, thin wall specimens are used to investigate 

the effects of the superposition of single welds. The upper weld partially melts the previ-

ous weld, increasing the width of the thin wall. The thin wall width is measured on the 

metallographic sections in the same way as the hollow strut specimens. The methodology 

is described below. 

2.3.3. Hollow Strut Samples 

To obtain the most accurate weld width, the geometry of vertical hollow struts is 

used, created by a single weld with diameters from 0.5 to 3 mm with a step of 0.5 mm 

(Figure 2b). The width of hollow struts is influenced by heat dissipation, whereby the heat 

is mainly dissipated through the material of the specimen. However, due to the small vol-

ume of the specimen, the material is heated at higher temperatures, causing more powder 

particles to melt and increase in volume. Some of the heat is also dissipated through the 

surrounding powder particles and affects the surface of the samples, where the powder 

particles are partially melted and adhered. 

The width of the thin walls and hollow struts is measured using metallographic sec-

tions that have been ground and polished (Figure 3b). The images of the cross-sections 

were taken with a digital microscope (Keyence VHX-6000, objective Z250R, zoom 250×, 

Keyence, Mechelen, Belgium). The width is the average value from both sides of the sam-

ple measured in each pixel of the image—approximately 8000 values are obtained (Figure 

3c). 

2.4. Overlap  

The overlap of the neighboring weld together with the process parameters deter-

mines the energy density in the strut. The overlap (OL) depends on the weld width (WW) 

and hatch distance (HD) and represents the joint between two welds created by remelting 

the material (Equation (2), Figure 4). In the case of this study, the overlap is calculated 

from the width of the hollow struts. Therefore, it changes with the strut diameter. Lower 

overlap and laser power at a higher laser speed result in lower energy density. Low energy 

can result in areas of unmelted material being trapped in sharp-edged pores. High energy 

leads to overheated material, which supports the formation of spherical pores [16]. There-

fore, the optimum value of overlap that suppresses pore formation and results in a suffi-

cient bond between adjacent welds should be determined. For this purpose, the geometry 

of vertical hollow struts with two welds is used (Figure 4a). The hollow struts with two 

welds (2W) are produced with diameters from 0.5 to 3 mm with a step of 0.5 mm. Three 

values for laser power (100, 150 and 200 W) and laser speed (400, 600 and 800 mm/s) are 

chosen to cover the range of selected process parameters. The hatch distances are 0.06, 0.1 

and 0.14 mm for each combination of laser power and laser speed, corresponding to an 

overlap of 20 to 80%. A total of 162 samples are produced. The optimum overlap is deter-

mined based on the porosity between two welds in the 2W hollow strut. 

OL = �
WW − HD

WW
� · 100 (%) (2)
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(a) (b) (c) (d) 

Figure 4. (a) Parameters in 2W hollow strut; visualization of overlap: (b) 10%; (c) 50%; (d) 90%. 

2.5. Vertical and Inclined Struts  

The vertical and inclined (35.26°) struts (Figure 2c) are fabricated to determine the 

combinations of process parameters, i.e., laser power, laser speed and overlap, that result 

in high relative material density. Inclination of 35.26° corresponds to BCC cells, which are 

the worst case of inclination in the cubic crystal system and the most challenging to fabri-

cate using LPBF technology. To categorize the influence of these parameters on the rela-

tive material density, the area energy (AE) is used (Equation (3)), where LP is the laser 

power, LS is the laser speed and HD is the hatch distance calculated according to Equation 

(2). Surface roughness and diameter deviation are also measured to capture the complex 

strut geometry. The experiment is designed by DOE with the following boundary condi-

tions: laser power of 50–250 W; laser speed of 200–1000 mm/s, corresponding to a linear 

energy of 0.08–0.75 J/mm; and strut diameters of 0.5, 1, 2, and 3 mm. The overlap is be-

tween 45 and 85%, based on the results of the overlap experiment. These process param-

eters correspond to an area energy of 0.96–4.37 J/mm2. The DOE parameters for the vertical 

struts are 48 cube points, 12 center points in the cube, 48 axis points, and 12 center points 

in the axis. The inclined struts are designed with half of the DOE setup. A total of 120 

vertical and 60 inclined struts are produced. 

AE =
LP

LS · HD
 (J/mm�) (3)

2.6. BCCZ Cells  

The BCCZ cells (Figure 2d) are produced to evaluate the best results of the vertical 

and inclined struts. The BCCZ cell is divided into vertical and inclined struts, which are 

produced with different process parameters depending on the result. The BCCZ cells are 

produced in 3 samples for each diameter (0.5, 1, 2 and 3 mm). CT analysis is used to eval-

uate the relative material density. 

2.7. Relative Material Density 

2.7.1. Metallographic Sections 

Metallographic sections are used for two types of samples, i.e., 2W hollow struts and 

struts. The samples are metallographically processed and imaged with a Keyence digital 

microscope. The images are converted into binary monochrome images. Porosity is rep-

resented by the percentage of black areas in the sample section. For 2W hollow struts, the 

porosity is measured between the two adjacent welds according to the design of speci-

mens (Figure 5a,b). The porosity of the struts is measured on metallographic sections (Fig-

ure 5c,d). In the contour scanning strategy, the center of the vertical and inclined struts as 

well as the lower part of the inclined struts is a critical point for porosity formation, as 

previous research has shown [19,20]. Therefore, the struts are polished towards the center 

and the relative material density values are used as a relative value for the comparison of 

the strut porosity. 
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(a) (b) (c) (d) 

Figure 5. Relative material density measurement of: (a) 2W hollow strut; (b) 2W hollow strut mon-

ochrome image; (c) vertical strut with detail of pore; (d) vertical strut monochrome image. 

2.7.2. CT Analysis 

Nanofocus X-ray computed tomography (nanoCT, GE phoenix|x-ray Nanotom 180 

NF, Waygate technologies, Hürth, Germany) is used to analyze the relative material den-

sity in BCCZ cells. The following scanning parameters are used: an X-ray tube voltage of 

130 kV, current of 80 µm, integration time of 600, average of 5 images, a total of 1500 pro-

jections, and a 0.1 mm copper filter to reduce beam-hardening artefacts. The final isovoxel 

resolution is 10 µm. Porosity analyses were carried out in VGStudioMax 2023.1 (Volume 

Graphics), using an ISO50 threshold and a minimum of eight voxels for a segmented pore, 

which is a typical threshold for the segmentation of pores [32]. 

2.8. Surface Roughness 

The surface roughness of the struts is mainly influenced by partially melted powder 

particles that adhere to the surface of the specimen. In the case of magnesium alloys, this 

effect is exacerbated by the low melting temperature. In the case of inclined struts, two 

effects occur. The first effect is the staircase effect, which is typical for additive manufac-

turing technologies and is mainly observed on the top side of the inclined samples. The 

second effect is related to heat dissipation, where heat is mainly transferred through the 

material towards the platform. The accumulation of heat causes the powder particles to 

melt and stick to the underside of the specimen. Therefore, the surface roughness Ra is 

measured on the side of the struts that is not affected by these two effects; moreover, it is 

also possible to compare the measured values between vertical and inclined struts, which 

are only affected by the process parameters. The surface roughness Ra is measured with 

a Keyence digital microscope. The surface of the struts is digitized, and the surface rough-

ness Ra is measured in five lines parallel to the strut axis (Figure 6a). The final surface 

roughness Ra is the average of five measurements. The measured values are used to com-

pare the influence of the process parameters and the orientation of the struts. 
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(a) (b) 

Figure 6. (a) Example of measurement of the surface roughness Ra on the side of the strut in three 

lines; (b) measurement of the dimensional deviation by fi�ing maximum inscribed and minimum 

circumscribed cylinders. 

2.9. Diameter Deviation 

The combinations of process parameters lead to different weld widths, which affect 

the dimensions of the manufactured samples. To evaluate this effect, the center of the 

outer laser track is set exactly to the diameter of the strut. Two parameters are measured, 

namely the maximum inscribed diameter and the minimum circumscribed diameter of 

the cylinders a�ached to the digitized struts (Figure 6b). The maximum inscribed cylinder 

represents the load-bearing diameter of the strut. The minimum circumscribed cylinder 

represents the amount of material melted on the surface of the struts. Figure 6b shows the 

differences between vertical and inclined struts, which differ in the lower part of the in-

clined struts. The diameters are measured with an optical 3D scanner (Atos Triple Scan 

III, GOM GmbH, Braunschweig, Germany). The scanned data are polygonised and the 

GOM Inspect software is used to fit the cylinders into the digitized surface of the struts 

using the best-fit method . 

3. Results and Discussion 

3.1. Effect of Specimen Geometry on Weld Width 

The width of the welds depends on the sample geometry, the process parameters and 

spot diameter size of the laser source. The width of the single welds, thin walls or hollow 

struts increases with the linear energy (Figure 7a). At a low linear energy of up to 0.4 J/mm, 

the widths show the same trend. At a linear energy of more than 0.4 J/mm, the geometry 

of the specimens leads to an increase in width for thin walls and hollow struts. For single 

welds, the width remains in a narrow interval between 0.23 and 0.32 mm. The width of all 

samples shows a dependence on the laser speed and laser power, which is illustrated by 

the results of the hollow struts in Figure 7b. The larger width is measured at a high laser 

power and low laser speed, corresponding to the influence of linear energy (Equation (1)). 

The width of the hollow strut (Figure 7c) also shows a slight dependence on the strut 

diameter, which is represented by the average values of the mean width. 
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(a) (b) (c) 

Figure 7. (a) Dependence of the width of single welds, thin walls, and hollow struts on linear energy; 

(b) width of hollow struts with a diameter of 1.5 mm based on the laser power and laser speed; (c) 

mean of average width dependent on strut diameter. 

In the contour scanning strategy, the weld width is an important parameter that de-

termines the overlap between two concentric welds [29,33]. In many cases, the hatch dis-

tance is set as a fixed value and the influence of the process parameters is observed [13]. 

Therefore, the pores between two welds are formed as a function of the width of the weld. 

A small weld width leads to insufficient overlap and thus to a lack of fusion pores. A large 

weld width leads to a large overlap, which is typical for keyhole pores [34,35]. To reduce 

the formation of pores between two welds, the hatch distance must be different for differ-

ent linear energies to ensure a constant overlap. 

3.2. Overlap 

For the 2W hollow struts, the hatch distance, which determines the overlap of welds 

(Equation (2)), shows a strong dependence on the strut diameter (Figure 8a) and linear 

energy (Figure 8b). The hatch distance in three batches for a linear energy of 0.25 J/mm 

shows a similar trend of relative material density in the range of 0.5–3 mm (Figure 8a). 

The maximum relative material density is measured at a hatch distance of 0.1 mm, which 

corresponds to an overlap of 60–68% according to the weld width and Equation (2). The 

overlap as a function of linear energy for the maximum relative material density for all 

combinations of process parameters and a diameter of 1 mm is shown in Figure 8b. The 

plo�ed values show that a high linear energy requires higher overlap values to achieve a 

high relative material density between two welds of 2W hollow struts. The overlap values 

are between 45 and 85% for all diameters; therefore, this range is used for the design of 

the strut experiment. 

  
(a) (b) 
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(c) (d) 

Figure 8. Dependence of (a) relative material density of 2W hollow strut on strut diameter for three 

batches of hatch distance produced with a laser power of 200 W and laser speed of 800 mm/s; over-

lap on linear energy for the maximum measured relative material density of samples with diameter 

of 1 mm for (b) 2W hollow struts, (c) vertical struts, and (d) inclined struts. 

For the vertical and inclined struts with a diameter of 1 mm (Figure 8c,d), the de-

pendence of the overlap for the maximum relative material density on the linear energy 

shows an increasing trend. An overlap of more than 80% leads to a relative material den-

sity of more than 99.3% for both vertical and inclined struts produced with a linear energy 

of less than 0.1 J/mm. An overlap of less than 60% results in a relative material density of 

over 98.4% at a linear energy of over 0.6 J/mm. 

The overlap is the key parameter for the contour scanning strategy that influences 

the formation of pores between the welds [15,22]. The geometry of the samples influences 

the overlap required to obtain a high relative material density. The low-volume 2W hol-

low struts show an opposite trend than vertical and inclined struts (Figure 8b–d). A low 

linear energy of 2W hollow struts leads to a small weld width, which requires a smaller 

overlap. High energy leads to the opposite situation. This phenomenon can be related to 

heat dissipation when the material volume is able to dissipate a certain amount of heat 

[15].  

In the case of the struts, the low linear energy requires a higher overlap in order to 

melt the material completely. For the high linear energy, a lower overlap is required. This 

is probably due to heat dissipation through the material of the entire strut [16]. The three 

situations occur for struts with a diameter of 2 mm (Table 2) based on the area considering 

the overlap (Equation (3)). The insufficient area energy of 1.34 J/mm2 for vertical strut (V) 

and 1.57 J/mm2 for inclined strut (IN) leads to irregular pores. The circular pores occur in 

the struts with an area energy of 3.99 (V) and 2.88 J/mm2 (IN). Area energies of 3.26 (V) 

and 2.46 J/mm2 (IN) lead to a high relative material density. 

Table 2. Comparison of the area energies of process parameters on vertical and inclined struts with 

a diameter of 2 mm. 

LP (W) 250 50 150  221 79 79 

LS (mm/s) 600 600 600  883 883 317 

AE (J/mm2) 3.99 1.34 3.26  2.88 1.57 2.46 

OL (%) 71 41 67  76 78 69 
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RD (%) 97.9 86.7 99.2  97.9 95.9 99.2 

LP is laser power (W); LS is laser speed (mm/s); AE is area energy (J/mm2); OL is overlap (%); RD is 

relative material density (%); vertical and inclined orientation of struts. 

3.3. Relative Material Density 

The area energy (Equation 3) is used to describe the effects of laser power, laser speed 

and overlap on the relative material density in the struts (Figure 9). The relative material 

density of the vertical struts (Figure 9a) increases with the area energy. An area energy of 

up to 2.6 J/mm2 leads to a relative material density of less than 95% for some of the vertical 

struts with a diameter of 1, 2 and 3 mm. In contrast, struts with a diameter of 0.5 mm are 

produced with a relative material density of over 97.6%. The area energy of over 2.6 J/mm2 

leads to a relative material density of over 96.4% for diameters of 1, 2 and 3 mm. In the 

case of diameters of 0.5 mm, the relative material density is less than 95%. The relative 

material density of the inclined struts (Figure 9b) shows no clear dependency. The area 

energy of up to 2 J/mm2 appears to be promising for struts with a diameter of 0.5 mm. An 

area energy of more than 2 J/mm2 is more suitable for struts with a diameter of 2 mm. 

  
(a) (b) 

Figure 9. Relative material density depending on area energy for (a) vertical and (b) inclined struts 

with diameters of 0.5, 1, 2, and 3 mm. 

The best results are shown in Table 3. The vertical and inclined struts achieved a rel-

ative material density of 99.2-99.6%. The optimal process parameters depend on the strut 

diameter. The inclination of the strut only affects the overlap. The vertical struts achieved 

a high relative material density with a higher area energy than the inclined struts (21–36% 

higher area energy). For the struts with a diameter of 0.5 mm, the area energy of 1.15–1.46 

J/mm2 leads to a relative material density of over 99.3%. The struts with diameters of 1 

mm, 2 mm and 3 mm achieve a relative material density of over 99.2% at an area energy 

of 1.62–3.69 J/mm2. The struts with diameters of 0.5 and 1 mm have small circular pores. 

The struts with diameters of 2 and 3 mm contain larger pores with an irregular shape. 
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Table 3. The best results obtained from the strut experiment. 

LP (W) 79 79 79 150 

LS (mm/s) 883 317 317 600 

AE (J/mm2) 1.46 1.15 2.41 1.62 2.12 1.64 3.69 2.38 

D (mm) 0.5 1 2 3 

OL (%) 75 75 64 58 54 54 69 64 

Orient. V IN V IN V IN V IN 

 

        
RD (%) 99.4 99.3 99.6 99.5 99.4 99.2 99.6 99.3 

The amount of area energy required to produce struts with a high relative material 

density depends on the diameter of the struts. The diameter of the struts influences the 

heat dissipation rate [15,16]. With a diameter of 3 mm, the heat dissipation rate is higher, 

which requires a higher area energy. For struts with diameters of 2 and 3 mm, the higher 

heat dissipation rate also leads to irregular pores in some parts of the strut. This type of 

pore is typical of insufficient energy [36]. 

For the production of BCCZ cells, the process parameters that lead to the best results 

in terms of relative material density are used. The CT scans are shown in Table 4. BCCZ 

cells with a diameter of 0.5 contain small spherical pores and an average relative material 

density of 99.96%. The BCCZ with a diameter of 1 mm achieves an average relative mate-

rial density of 99.83% with a maximum pore volume of 0.011 mm3. BCCZ cells with diam-

eters of 2 and 3 mm have irregular pores with a volume of more than 0.04 mm3. 

Table 4. CT scans of BCCZ cells. 

D (mm) 0.5 1 2 3 

     
RD (%) 99.96 99.83 99.32 99.72 

In the BCCZ cells with a diameter of 2 mm, irregular pores appear between the welds 

(Figure 10a), which are typical for low energy. The low energy of the process parameters 

means that only part of the material is melted, leaving unmelted areas between the tracks 

in which unmelted particles are trapped [19]. The BCCZ cells (Figure 10b) with a diameter 

of 3 mm have irregular pores with a volume of more than 0.05 mm3 in the inclined struts, 

but the node of the cell is without large pores. This could be due to the laser trajectories, 

which are different for the cell node than for the struts (Figure 1). Due to the sharp edges 

in the center, the material is heated at a higher temperature, which supports the melting 
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of the powder particles [35]. Vertical struts of 3 mm BCCZ cells showed deformations 

(holes) on the surface that go through the material of the struts and are not recognized as 

pores by the CT scan (Figure 10b). 

  
(a) (b) 

Figure 10. Polygonised surface of BCCZ cells and images of cross-sections of node and strut for 

diameters of (a) and (b). 

These holes (Figure 11a–c) are related to the contour scanning strategy and are gen-

erated at the beginning on the outer laser trajectory [20]. These phenomena occur in the 

vertical struts with area energies of 2.3 J/mm2 for the vertical strut and 3.69 J/mm2 for the 

vertical strut of BCCZ cells, and a strut diameter of 3 mm. Therefore, the holes can be 

caused by LPBF melting of the powder particles in the contour strategy. The powder par-

ticles are drawn into the meltpool during melting [37], which is also favored by the low 

melting temperature of the magnesium alloy [21]. At the beginning of the outer laser tra-

jectory, the meltpool draws all surrounded particles, resulting in the powder particles not 

forming a sufficient bond at the end of the laser trajectory. These holes can significantly 

affect the load-bearing part of the struts and serve as an initiator of crack during loading 

[38]. 

    
(a) (b) (c) (d) 

Figure 11. The holes on the surface of (a) vertical strut; (b) polygonised vertical strut; (c) BCCZ cell; 

(d) polygonised BCCZ cell (scale 3 mm). 

3.4. Surface Roughness 

The surface roughness Ra measured on the side of the struts is shown in Figure 12. 

Vertical (Figure 12a) and inclined (Figure 12b) struts are mainly influenced by the linear 

energy (laser power and laser speed), and the overlap parameters have no influence on 

the surface roughness. For vertical struts, the best results are measured at a linear energy 

of 0.08 J/mm, with a surface roughness Ra in the range of 30–42 µm. Inclined struts achieve 

an Ra of 42-50 µm at a linear energy of 0.09 J/mm (diameter of 0.5 mm) and a linear energy 

of 0.25 J/mm (diameter of 1, 2, 3 mm). A high linear energy (0.7 J/mm) leads to a surface 

roughness Ra of 48–64 µm for vertical struts and 51–62 µm for inclined struts. 
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(a) (b) 

Figure 12. Surface roughness Ra for (a) vertical and (b) inclined struts. 

The high surface roughness Ra is related to the low melting point of the magnesium 

alloy [21]. The heat from the meltpool is primarily dissipated via the material of the strut, 

but the small volume of the strut leads to overheating of the material. Therefore, part of 

the heat is dissipated via the surrounding powder particles, which have a lower heat dis-

sipation rate [16]. The powder particles are partially melted and bonded to the surface, 

leading to an increase in the surface roughness Ra.  

3.5. Diameters of Vertical and Inclined Struts 

The diameter deviations of the produced struts from the nominal diameters are listed 

in Figure 13, based on the maximum inscribed and minimum circumscribed cylinders. 

The maximum inscribed cylinder, which represents the load-bearing cross-section of the 

strut [39], reaches a larger diameter than required for both vertical (Figure 13a) and in-

clined (Figure 13b) struts. The deviation from the diameter increases with the linear en-

ergy and strut diameter. For vertical struts, a linear energy of 0.08 J/mm leads to a diameter 

deviation in the range of 0.12–0.15 mm. A linear energy of 0.7 J/mm leads to a diameter 

deviation of 0.22–0.46 mm. Inclined struts achieve a diameter deviation of 0.12–0.24 mm 

with a linear energy of 0.09 J/mm and 0.12–0.44 mm with a linear energy of 0.7 J/mm. 

  
(a) (b) 

  
(c) (d) 
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Figure 13. Diameter deviation of maximum inscribed cylinder and minimum circumscribed cylin-

der from required diameter for (a,c) vertical and (b,d) inclined struts. 

The minimum circumscribed cylinder means an increase in the strut diameter due to 

the high energy of the process parameters, which leads to the melting of more powder 

particles [20]. In addition, the partially melted powder particles are bound to the surface 

of the strut. With the inclined struts (Figure 13d), there is a lot of material on the underside 

as the heat is dissipated towards the platform. The deviation increases with the linear en-

ergy and strut diameter. Vertical struts (Figure 13c) show a minimum deviation of 0.52–

0.68 mm at a linear energy of 0.08 J/mm and a maximum deviation of 1.07–1.93 mm at a 

linear energy of 0.7 J/mm. The inclined struts achieve a deviation of 0.8–1.79 mm (diameter 

of 0.5 mm) and 0.92–2.19 mm (diameter of 3 mm). The maximum diameter increases by 

358% with a diameter of 0.5 mm and linear energy of 0.7 J/mm. 

4. Conclusions 

The study described the influence of the process parameters of contour strategy on 

the relative material density, surface roughness Ra and dimensional accuracy in the pro-

duction of la�ice structures from the magnesium alloy WE43. First, the experiments to 

determine the process parameters for the contour scanning strategy were evaluated. Then, 

the vertical and inclined struts were produced and the relative material density, surface 

roughness and dimensional deviation were analyzed. The best vertical and inclined struts 

with higher relative material density were used to fabricate BCCZ cells to verify the re-

sults. Based on the experiments, the following conclusions were drawn: 

 The vertical and inclined struts achieved a relative material density of 99.3–99.6% with 

an area energy of the process parameters between 1.15 and 3.69 J/mm2 depending on 

the strut diameter and inclination. 

 BCCZ cells with a diameter of 0.5 mm and 1 mm achieved a relative material density 

of 99.83–99.96% with small round pores. The BCCZ cells with a diameter of 2 mm and 

3 mm achieved a relative material density of 99.32–99.72%. 

 Holes were observed in the vertical struts of the 3 mm diameter BCCZ cells, which 

can be related to contour scanning strategy and large strut diameter. 

 The overlap of the welds had a major influence on the porosity formation in the con-

tour scanning strategy. The overlap value was determined based on the width of the 

weld of hollow strut specimens. 

 The low melting point of the magnesium alloy WE43 led to an increase in the diameter 

of the struts. The load-bearing diameter deviated from the nominal diameter by 4–

44% depending on the orientation and diameter of the strut. 

Author Contributions: Conceptualization, J.J.; methodology, J.J. and S.S.; validation, J.J.; formal 

analysis, J.J. and O.V.; investigation, J.J.; resources, J.J.; data curation, J.J.; writing—original draft 

preparation, J.J.; writing—review and editing, J.J. and O.V.; visualization, J.J.; supervision, D.K. and 

S.S.; project administration, J.J. and D.K.; funding acquisition, J.J. and D.K. All authors have read 

and agreed to the published version of the manuscript. 

Funding: This research was funded by the project No. FV 22-08 funded by The Ministry of Educa-

tion, Youth and Sports (MEYS, MŠMT in Czech) institutional support and by faculty-specific re-

search project FSI-S-23-8340. 

Data Availability Statement: Supporting data used for the publication are freely available at 

10.5281/zenodo.10154211. 

Acknowledgments: Special thanks to Dr. Martin Malý for providing the Matlab script for the eval-

uation of thickness and porosity. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script; or in the decision to publish the results. 



Micromachines 2024, 15, 278 16 of 17 
 

 

References 

1. Wong, K.V.; Hernandez, A. A Review of Additive Manufacturing. ISRN Mech. Eng. 2012, 2012, 208760. 

h�ps://doi.org/10.5402/2012/208760. 

2. Bhuvanesh Kumar, M.; Sathiya, P. Methods and Materials for Additive Manufacturing: A Critical Review on Advancements 

and Challenges. Thin-Walled Struct. 2021, 159, 107228. h�ps://doi.org/10.1016/j.tws.2020.107228. 

3. Wang, X.; Xu, S.; Zhou, S.; Xu, W.; Leary, M.; Choong, P.; Qian, M.; Brandt, M.; Xie, Y.M. Topological Design and Additive 

Manufacturing of Porous Metals for Bone Scaffolds and Orthopaedic Implants: A Review. Biomaterials 2016, 83, 127–141. 

h�ps://doi.org/10.1016/j.biomaterials.2016.01.012. 

4. Zhang, W.-N.; Wang, L.-Z.; Feng, Z.-X.; Chen, Y.-M. Research Progress on Selective Laser Melting (SLM) of Magnesium Alloys: 

A Review. Optik 2020, 207, 163842. h�ps://doi.org/10.1016/j.ijleo.2019.163842. 

5. Staiger, M.P.; Pietak, A.M.; Huadmai, J.; Dias, G. Magnesium and Its Alloys as Orthopedic Biomaterials: A Review. Biomaterials 

2006, 27, 1728–1734. h�ps://doi.org/10.1016/j.biomaterials.2005.10.003. 

6. Kulekci, M.K. Magnesium and its alloys applications in automotive industry. Int. J. Adv. Manuf. Technol. 2008, 39, 851–865. 

h�ps://doi.org/10.1007/s00170-007-1279-2. 

7. Bai, J.; Yang, Y.; Wen, C.; Chen, J.; Zhou, G.; Jiang, B.; Peng, X.; Pan, F. Applications of Magnesium Alloys for Aerospace: A 

Review. J. Magnes. Alloys 2023, 11, 3609–3619. 

8. Zhu, L.; Li, N.; Childs, P.R.N. Light-Weighting in Aerospace Component and System Design. Propuls. Power Res. 2018, 7, 103–

119. h�ps://doi.org/10.1016/j.jppr.2018.04.001. 

9. Budholiya, S.; Bhat, A.; Raj, S.A.; Sultan, M.T.H.; Shah, A.U.M.; Basri, A.A. State of the Art Review about Bio-Inspired Design 

and Applications: An Aerospace Perspective. Appl. Sci. 2021, 11, 5054. 

10. Ge, S.; Wang, Y.; Tian, J.; Lei, D.; Yu, Q.; Wang, G. An in Vitro Study on the Biocompatibility of WE Magnesium Alloys. J. Biomed. 

Mater. Res. Part B Appl. Biomater. 2016, 104, 482–487. h�ps://doi.org/10.1002/jbm.b.33388. 

11. Li, Y.; Zhou, J.; Pavanram, P.; Leeflang, M.A.; Fockaert, L.I.; Pouran, B.; Tümer, N.; Schröder, K.U.; Mol, J.M.C.; Weinans, H.; et 

al. Additively Manufactured Biodegradable Porous Magnesium. Acta Biomater. 2018, 67, 378–392. 

h�ps://doi.org/10.1016/j.actbio.2017.12.008. 

12. Levorova, J.; Duskova, J.; Drahos, M.; Vrbova, R.; Vojtech, D.; Kubasek, J.; Bartos, M.; Dugova, L.; Ulmann, D.; Foltan, R. In Vivo 

Study on Biodegradable Magnesium Alloys: Bone Healing around WE43 Screws. J. Biomater. Appl. 2018, 32, 886–895. 

h�ps://doi.org/10.1177/0885328217743321. 

13. Aboulkhair, N.T.; Everi�, N.M.; Ashcroft, I.; Tuck, C. Reducing Porosity in AlSi10Mg Parts Processed by Selective Laser Melting. 

Addit. Manuf. 2014, 1–4, 77–86. h�ps://doi.org/10.1016/j.addma.2014.08.001. 

14. Galy, C.; Le Guen, E.; Lacoste, E.; Arvieu, C. Main Defects Observed in Aluminum Alloy Parts Produced by SLM: From Causes 

to Consequences. Addit. Manuf. 2018, 22, 165–175. h�ps://doi.org/10.1016/j.addma.2018.05.005. 

15. Dong, Z.; Zhang, X.; Shi, W.; Zhou, H.; Lei, H.; Liang, J. Study of Size Effect on Microstructure and Mechanical Properties of 

AlSi10Mg Samples Made by Selective Laser Melting. Materials 2018, 11, 2463. h�ps://doi.org/10.3390/ma11122463. 

16. Delroisse, P.; Jacques, P.J.; Maire, E.; Rigo, O.; Simar, A. Effect of Strut Orientation on the Microstructure Heterogeneities in 

AlSi10Mg La�ices Processed by Selective Laser Melting. Scr. Mater. 2017, 141, 32–35. h�ps://doi.org/10.1016/j.scrip-

tamat.2017.07.020. 

17. Qiu, C.; Yue, S.; Adkins, N.J.E.; Ward, M.; Hassanin, H.; Lee, P.D.; Withers, P.J.; A�allah, M.M. Influence of Processing Condi-

tions on Strut Structure and Compressive Properties of Cellular La�ice Structures Fabricated by Selective Laser Melting. Mater. 

Sci. Eng. A 2015, 628, 188–197. h�ps://doi.org/10.1016/j.msea.2015.01.031. 

18. Han, X.; Zhu, H.; Nie, X.; Wang, G.; Zeng, X. Investigation on Selective Laser Melting AlSi10Mg Cellular La�ice Strut: Molten 

Pool Morphology, Surface Roughness and Dimensional Accuracy. Materials 2018, 11, 392. h�ps://doi.org/10.3390/ma11030392. 

19. Vrána, R.; Koutný, D.; Paloušek, D.; Pantělejev, L.; Jaroš, J.; Zikmund, T.; Kaiser, J. Selective Laser Melting Strategy for Fabrica-

tion of Thin Struts Usable in La�ice Structures. Materials 2018, 11, 1763. h�ps://doi.org/10.3390/ma11091763. 

20. Vrána, R.; Jaroš, J.; Koutný, D.; Nosek, J.; Zikmund, T.; Kaiser, J.; Paloušek, D. Contour Laser Strategy and Its Benefits for La�ice 

Structure Manufacturing by Selective Laser Melting Technology. J. Manuf. Process. 2022, 74, 640–657. 

h�ps://doi.org/10.1016/j.jmapro.2021.12.006. 

21. Pawlak, A.; Rosienkiewicz, M.; Chlebus, E. Design of Experiments Approach in AZ31 Powder Selective Laser Melting Process 

Optimization. Arch. Civ. Mech. Eng. 2017, 17, 9–18. h�ps://doi.org/10.1016/j.acme.2016.07.007. 

22. Wei, K.; Gao, M.; Wang, Z.; Zeng, X. Effect of Energy Input on Formability, Microstructure and Mechanical Properties of Selec-

tive Laser Melted AZ91D Magnesium Alloy. Mater. Sci. Eng. A 2014, 611, 212–222. h�ps://doi.org/10.1016/j.msea.2014.05.092. 

23. Wei, K.; Wang, Z.; Zeng, X. Influence of Element Vaporization on Formability, Composition, Microstructure, and Mechanical 

Performance of the Selective Laser Melted Mg–Zn–Zr Components. Mater. Le�. 2015, 156, 187–190. h�ps://doi.org/10.1016/j.mat-

let.2015.05.074. 

24. Chen, H.; Zhang, Y.; Giam, A.; Yan, W. Experimental and Computational Study on Thermal and Fluid Behaviours of Powder 

Layer during Selective Laser Melting Additive Manufacturing. Addit. Manuf. 2022, 52, 102645. 

h�ps://doi.org/10.1016/j.addma.2022.102645. 

25. Song, B.; Dong, S.; Deng, S.; Liao, H.; Coddet, C. Microstructure and Tensile Properties of Iron Parts Fabricated by Selective 

Laser Melting. Opt. Laser Technol. 2014, 56, 451–460. h�ps://doi.org/10.1016/j.optlastec.2013.09.017. 



Micromachines 2024, 15, 278 17 of 17 
 

 

26. A�ar, H.; Calin, M.; Zhang, L.C.; Scudino, S.; Eckert, J. Manufacture by Selective Laser Melting and Mechanical Behavior of 

Commercially Pure Titanium. Mater. Sci. Eng. A 2014, 593, 170–177. h�ps://doi.org/10.1016/j.msea.2013.11.038. 

27. A�ar, H.; Bönisch, M.; Calin, M.; Zhang, L.-C.; Scudino, S.; Eckert, J. Selective Laser Melting of in Situ Titanium–Titanium Boride 

Composites: Processing, Microstructure and Mechanical Properties. Acta Mater. 2014, 76, 13–22. h�ps://doi.org/10.1016/j.ac-

tamat.2014.05.022. 

28. Hyer, H.; Zhou, L.; Benson, G.; McWilliams, B.; Cho, K.; Sohn, Y. Additive Manufacturing of Dense WE43 Mg Alloy by Laser 

Powder Bed Fusion. Addit. Manuf. 2020, 33, 101123. h�ps://doi.org/10.1016/j.addma.2020.101123. 

29. Pauly, S.; Schricker, C.; Scudino, S.; Deng, L.; Kühn, U. Processing a Glass-Forming Zr-Based Alloy by Selective Laser Melting. 

Mater. Des. 2017, 135, 133–141. h�ps://doi.org/10.1016/j.matdes.2017.08.070. 

30. Kempen, K.; Thijs, L.; Van Humbeeck, J.; Kruth, J.-P. Mechanical Properties of AlSi10Mg Produced by Selective Laser Melting. 

Phys. Procedia 2012, 39, 439–446. h�ps://doi.org/10.1016/j.phpro.2012.10.059. 

31. Krištofová, P.; Roudnická, M.; Kubásek, J.; Paloušek, D.; Suchý, J.; Vojtěch, D. Influence of Production Parameters on the Prop-

erties of 3D Printed Magnesium Alloy Mg-4Y-3RE-Zr (WE43). Manuf. Technol. 2019, 19, 613–618. 

h�ps://doi.org/10.21062/ujep/343.2019/a/1213-2489/mt/19/4/6013. 

32. Tammas-Williams, S.; Zhao, H.; Léonard, F.; Derguti, F.; Todd, I.; Prangnell, P.B. XCT Analysis of the Influence of Melt Strategies 

on Defect Population in Ti–6Al–4V Components Manufactured by Selective Electron Beam Melting. Mater. Charact. 2015, 102, 

47–61. h�ps://doi.org/10.1016/j.matchar.2015.02.008. 

33. Abele, E.; Stoffregen, H.A.; Kniepkamp, M.; Lang, S.; Hampe, M. Selective Laser Melting for Manufacturing of Thin-Walled 

Porous Elements. J. Mater. Process. Technol. 2015, 215, 114–122. h�ps://doi.org/10.1016/j.jmatprotec.2014.07.017. 

34. King, W.E.; Barth, H.D.; Castillo, V.M.; Gallegos, G.F.; Gibbs, J.W.; Hahn, D.E.; Kamath, C.; Rubenchik, A.M. Observation of 

Keyhole-Mode Laser Melting in Laser Powder-Bed Fusion Additive Manufacturing. J. Mater. Process. Technol. 2014, 214, 2915–

2925. h�ps://doi.org/10.1016/j.jmatprotec.2014.06.005. 

35. Zhang, C.; Liao, Q.; Zhang, X.; Ma, F.; Wu, M.; Xu, Q. Characterization of Porosity in Lack of Fusion Pores in Selective Laser 

Melting Using the Wavefunction. Mater. Res. Express 2023, 10, 016501. h�ps://doi.org/10.1088/2053-1591/acaf24. 

36. Véle, F.; Ackermann, M.; Bi�ner, V.; Ša�a, J. Influence of Selective Laser Melting Technology Process Parameters on Porosity 

and Hardness of Aisi H13 Tool Steel: Statistical Approach. Materials 2021, 14, 6052. h�ps://doi.org/10.3390/ma14206052. 

37. Metel, A.S.; Stebulyanin, M.M.; Fedorov, S.V.; Okunkova, A.A. Power Density Distribution for Laser Additive Manufacturing 

(SLM): Potential, Fundamentals and Advanced Applications. Technologies 2018, 7, 5. h�ps://doi.org/10.3390/technolo-

gies7010005. 

38. Nudelis, N.; Mayr, P. A Novel Classification Method for Pores in Laser Powder Bed Fusion. Metals 2021, 11, 1912. 

h�ps://doi.org/10.3390/met11121912. 

39. Vrána, R.; Koutecký, T.; Červinek, O.; Zikmund, T.; Pantělejev, L.; Kaiser, J.; Koutný, D. Deviations of the SLM Produced La�ice 

Structures and Their Influence on Mechanical Properties. Materials 2022, 15, 3144. h�ps://doi.org/10.3390/ma15093144. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 

 


