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Abstract 
 

Selective laser melting is one of the additive manufacturing technologies that is used to produce complex -shaped components for 

applications in the automotive industry. The purpose of the changes in the design, technology, and material tests was to make a 

steering gear housing using the SLM method. The steering gear housing was produced by the pressure casting method using an 

AlSi9Cu3(Fe) alloy. The construction of this housing is adapted to the specifics of left-hand traffic. The change in technology was 

related to the change of the position of the steering system from right -hand to left-hand and the demand for a limited number of gear 

housings. It was necessary to make a virtual model of the housing on the basis of the part that was removed from the vehicle. In SLM 

technology, the AlSi10Mg aluminum alloy was used as a raw material in the form of CL 32Al gas -atomized powder. After the SLM 

process was completed, the housings were subjected to heat treatment. The AlSi10Mg alloy fabricated by the SLM method after heat 

treatment is characterized by good plasticity and an average value of tensile strength. The last stage was to check the geome try of the 

SLM housing with a 3D scanner. As a result, a map of the dimensional deviations from the nominal values was obtained. This data 

was used to modify the CAD model before the next fabrication process.  

The use of 3D printing technology allowed for the quick production of elements. The time to develop the technology and the 

production of the first two gear housings based on a 3D model was seven days. 

 

Keywords: Additive manufacturing (AM), Selective laser melting (SLM), Automotive casting, AlSi10Mg, Mechanical properties, 

Microstructure 

 

 

 

1. Introduction 
 

Selective laser melting (SLM) is one of the additive 

manufacturing (AM) technologies that is used to produce 

complex-shaped components in several structural alloys for 

applications in the automotive, aerospace, and biomedical 

sectors. The SLM process is one of the powder bed fusion AM 

technologies according to ISO/ASTM 52900 [1]. The SLM 

process directly produces metal parts layer by layer from 3D 

CAD data by the laser melting of thin layers of metal powder 

with a laser beam [2]. With regard to the SLM state-of-the-art 
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process and the cost efficiency of cast aluminum alloys, SLM 

technology is not suited for series production. However, this 

method is cost-effective for short series of parts. The final 

properties of the parts (such as the densification microstructure 

and mechanical properties) depend on SLM process factors and 

variables – the process parameters and powder properties [3]. 

Gas-atomized powders are generally preferred for the SLM 

process because of their spherical shapes, which causes good 

powder flowability. Good flowability is required to achieve 

powder layers with a constant thickness, which favors a uniform 

laser beam absorption and eliminates any melt track instability 

effects [4-5]. Producing parts from powders of aluminum alloys 

by the SLM method face some difficulties as compared to other 

alloys due to their high reflectivity, high thermal conductivity, 

and stability of the oxide layer. The correct determination of the 

SLM process parameters increases the density of the material 

and increases its strength properties. Optimal laser energy in the 

SLM process is defined by many authors using the equation (1) 

[6]: 

 

thV

P
E


=

 

(1) 

 

where: 

E – energy density (J/mm3); 

P – laser power (J); 

V – scanning speed (mm/s); 

h – scan line spacing or hatching distance (mm); 

t – layer thickness (mm). 
 

By selecting the appropriate laser power and scanning 

speed, a process window is determined [7]. Using the correct 

strategy (which is the geometrical pattern that the laser beam 

follows during the hatching to melt and consolidate a section 

onto a layer) allows the part to be made without defects and free 

from distortion warping, porosities, and anisotropy [8]. The 

correctly selected process parameters and scan strategies can 

produce parts with a density of 99.8% [9] The building 

orientation of the part affects the microstructural evolution and 

may result in its consequent anisotropy [9]. The microstructure 

of the AlSi alloy obtained by the SLM method consists of a 

cellular-dendritic structure of an -Al phase and a network of 

eutectic Si phases along the boundary that surrounds the -Al 

phase. The dimensions of the Al cellular dendrites corresponded 

to 500-1000 nm; that is, much lower values than those of the 

cast [10]. As in the case of the castings, the SLM material is 

heat-treated. The applied heat (heat up to 300°C, maintain a 

temperature of 300°C for 2 hours [11], decrease heat to 240°C 

over 1 hour, and maintain temperature for 6 hours) allow the 

components to cool down to 100°C in the oven [12]. According 

to [13], the tensile strength of the AlSi10Mg alloy that is 

fabricated by selective laser melting is 434 ±11 MPa, while the 

elongation is 5.3 ±0.2%. The applied stress relief annealing 

reduces the strength to 168 ±2 MP and even increases the 

elongation value to 23.7 ±8.7% when an as-built sample is 

solution-treated at 550°C for 2 h. An AlSi10Mg alloy fabricated 

by SLM also has a high hardness (127 ± 3 HV [14]), high fatigue 

resistance [15], and better strength and elongation properties 

than a die-cast alloy of a similar composition; also, the creep 

results show a better rupture life than the cast alloy [9,16-17]. 

 

 

2. Materials and methods 
 

Aluminum alloy AlSi10Mg in the form of CL 32Al gas-atomized 

powder produced by AP&C-a GE Additive Company was used as 

the raw material. The chemical composition of the powder 

(determined on the basis of spectroscopic tests) is listed in Table 1. 

 

Table 1. 

Chemical composition (%wt.) of studied powder. 
Chemical composition (%wt.) 

Si Fe Mn Mg Zn Cu Ti Al 

10.20 0.21 0.11 0.35 0.05 0.02 0.09 balance 

 
Figures 1 and 2 shows the SEM morphology of the powder, and 

Figure 3 shows its size distribution as measured by a Fritsch 

Analysette 22 NanoTech laser-scattering particle size analyzer. The 

powder that was previously used to print the SLM parts was used 

in the research. 
 

 
Fig. 1. SEM morphology of AlSi10Mg powder 

 

 
Fig. 2. SEM morphology of AlSi10Mg powder 
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The powder particles had a median particle size of cumulative 

volume distribution x50,3 = 63.14 µm. The minimum and maximum 

particle sizes were xmin 20 µm and xmax = 110 μm and are spherical 

or quasi-spherical in shape (Figures 1-2). This shape allows the 

particles to flow without hindrance during deposition. The samples 

for testing and automotive steering gear housing were made using 

a Concept Laser X Line 2000R device having a working chamber 

with dimensions of 800 x 400 x 500 mm. 

 

Fig. 3. Size distribution of studied AlSi10Mg powder 

The material was printed in a nitrogen atmosphere using the two 

fiber-lasers-following parameters collected in Table 2. A meander 

scanning strategy was used, which assumes that the direction of the 

laser beam is changed by an angle of 67° for each layer. 

 

Table 2. 

SLM proces parameters 
SLM parameter Solid section Surface Support 

Laser power (W) 950 420 400 

Laser speed (mm/s) 2400 700 2250 

Laser beam diameter (µm) 200 100 100 

Layer thickness (µm) 50 50 50 

Hatch space (mm) 0.17 - - 

Laser Energy density (J/mm3) 65.9 120.0 35.6 

 

The relative density r of the fabricated specimens was measured 

by formula r = (m01)/(m00-m10) according to Archimedes’ 

principle, in which m0, 0, m1, and 1 are the AlSi10Mg alloy 

specimen’s weight in air, its theoretical full-density (2.67 g/cm3), 

its weight when submerged in water, and the density of the applied 

water under normal atmospheric pressure, respectively. The 

relative density of the fabricated specimens reached 99.2%. 

Strength tests were carried out on samples with a measured length 

of 28 mm and diameter of 5 mm The axis of each sample was 

perpendicular to the plane of the base plate of the SLM device. 

Such a position of the printed part in relation to the base plate is 

usually least-favorable in terms of the strength properties of the 

obtained material. To measure the elongation, an MTS 

extensometer with a 25-mm base was used. A static tensile test was 

carried out according to ISO 6892-1 at an ambient temperature on 

an MTS 810 testing system. Metallographic tests of the 

microsections and fractures were performed using a NIKON 

ECLIPSE metallographic microscope with a DsFi1 camera that 

allowed for digital image analysis as well as a HITACHI S-3400N 

scanning electron microscope. The heat treatment of the samples 

and automotive steering gear housing consisted of heating up to 

240°C within 1 hour, heating in an oven at 240°C for 6 hours, and 

cooling down to 100°C over 1 hour. The automotive steering gear 

housing was scanned using a Hexagon 3D Stereo Scan Neo R8 

scanner. The maximum working area of the scanner was 500 x 500 

mm. The scanner enabled the mapping of the object with an 

accuracy of 12 µm. Using the Solid Works Premium software, fully 

parametric and editable 3D models were made from the scan files.  
 
 

3. Description of the research results 
 

The purpose of the changes in the design, technology, and 

material tests was to make the steering gear housing by using the 

SLM method. The steering gear housing was produced by the 

pressure casting method from the AlSi9Cu3(Fe) alloy. The 

construction of this housing was adapted to the specificity of left-

hand traffic. The change in technology was related to the change of 

the position of the steering system from right-hand to left-hand as 

well as the demand for a limited number of gear housings. There 

was no drawing documentation of the product; therefore, it was 

necessary to make a virtual model of the housing on the basis of the 

part that was removed from the vehicle. Due to the small number 

of details (20 pieces), making them by casting was not profitable. 

The use of 3D printing technology allowed for the quick production 

of the parts. The time to develop the technology and the production 

of the first two gear housings based on the 3D model was seven 

days. 
 

 

3.1. Model of the housing - preparation and 

manufacturing 
 

The first step was to make a CAD model of the steering gear 

housing (Figure 4a) with machining allowances for finishing. The 

housing model was made on the basis of a cast that was removed 

from a vehicle and delivered by the customer. The housing model 

to be fabricated using the SLM method was prepared using the 

Materialize Magics software. This software allows us to set the 

detail in the working area of the machine, generate support 

structures (Figure 4b), and prepare a control program for the 

machine. The gear housing that was fabricated using the SLM 

method (Figure 4c) was made on an X-Line 2000 machine 

manufactured by Concept Laser. After the SLM process was 

completed, the housings were subjected to stress relief annealing 

consisted of heat up to 240°C and maintained for 6 hours. Then, the 

covers were cut from the base plate on which the fabrication was 

made. The support structures were removed (Figure 4d), and the 

finished detail was cleaned. The last stage was to check the 

geometry of the SLM housing with a 3D scanner. As a result, a map 

of the dimensional deviations from the nominal values was 

obtained. 
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Fig. 4. CAD model and SLM part of the automotive steering gear housing: a - CAD model of the gear housing, b - CAD model  

of the gear housing with added support structures, c- the gear housing with support structures fabricated using the SLM method,  

d - cleaned gear housing fabricated using the SLM method 

 

This data was used to modify the CAD model before the next 

fabrication process in order to obtain dimensions of the steering 

gear housing that were as close as possible to the assumed 

nominal dimensions of this model. 
 

 

3.2. Accuracy analysis 
 

The housing parts that were fabricated using the SLM 

method were heat-treated and cut from the base plate. Accuracy 

tests performed with the use of a 3D scanner revealed any 

differences between the dimensions of the CAD model and the 

finished part. Deviations from the assumed values of the 

dimensions for the first printed part ranged from -0.6 to 0.4 mm. 

Based on the results of the deviations from the nominal 

dimensions presented in Figure 5, the dimensions of the CAD 

model were corrected. X-rays of the gearbox casing that was 

fabricated using the SLM method showed no porosity nor other 

internal defects of the material (Figure 6). 

 

 

 

 

  
Fig. 5. Deviations from the nominal dimensions of the first steering gear housing fabricated using the SLM method; 

a, b - two different viewing directions

b a 
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Fig. 6. X-ray image of steering gear housing fabricated by SLM 

method 

 

 

3.3. Microstructure analysis 
 

Along with the gear housing that was fabricated using the 

SLM method, samples for static tensile strength tests were also 

created. The main axes of the samples were directed 

perpendicular to the plane of the base plate. In this position in 

relation to the base plate, the printed samples have the lowest 

strength and elongation. This phenomenon can be explained by 

the perpendicular direction of the tensile force during the static 

tensile test in relation to the fusion surface of the powder layers. 

The image of the microstructure of the AlSi10Mg alloy is 

shown in Figure 7. The parallel view of the direction of the laser 

scanning path shown in Figures 7a and 7c revealed the presence 

of scanning paths in the form of parallel lines. The 

perpendicular view to the direction of the laser scanning path 

shown Figures 7b and 7d revealed semi-circular cross-sections 

of the scanning paths that overlap, forming the characteristic 

pattern. This semi-circular form resulted from the formation of 

a “melting pool” in the area where the part of the underlying 

substrate and new layer of applied powder were melted with the 

laser beam. The overlapping scanning paths that are visible in 

Figures 7b and 7d prevented the formation of any possible alloy 

discontinuity. The changes in the scanning direction in the 

adjacent layers were meant to prevent excessive stress increase. 

The directional cooling and very rapid solidification caused 

three different sizes of the cellular – dendritic structures. In the 

middle of the melt pool, a fine grain structure can be observed. 

Adjacent to the melting pool boundary and in the region 

between the two overlapping melt pools, the grains are coarser 

(Figure 8). 

 
 

 
 

 
 

 

Fig. 7. Images of fabricated using the SLM method AlSi10Mg alloy 

microstructure in as-built condition after etching with nital reagegnt: 

a,c – view direction perpendicular to direction of laser scanning path; 

b, d – view direction parallel to direction of laser scanning path 

a 

printing direction 

printing direction 

b 

c 

d 

printing direction 

printing direction 
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Fig. 8. Images of AlSi10Mg alloy microstructure fabricated using 

SLM method in as-built condition after etching with nital reagent 

(optical microscope); it is posible to observe different sizes of 

cellular-dendritic structures 

 

 

3.4. Tensile test and fracture surface analysis 
 

Figure 9 shows typical graphs of the elongation function A – 

the stress obtained during the tensile tests of the material after stress 

relief annealing consisting of heating up to 240°C and maintained 

for 6 hours. The AlSi10Mg alloy fabricated by the SLM method is 

characterized by good plasticity and an average value of tensile 

strength after stress relief annealing. The average values of the 

tensile strength UTS, yield strength Rp0.2, Young’s modulus E, and 

elongation A determined on the basis of the static tensile test 

carried out on five samples are presented in Table 3. 

 

Table 3. 

Strength properties of the fabricated SLM method AlSi10Mg 

alloy after stress relief annealing determined in the static tensile 

test 

UTS (MPa) Rp0.2 (MPa) E (GPa) A (%) 

271 (±15) 160 (±20) 74 (±3) 7.15 (±2.10) 

 
Fig. 9. Typical tensile curve of fabricated AlSi10Mg alloy using 

SLM method after performed stress relief heat treatment 

 

 

4. Discussion of the results 
 

Due to the replacement of the pressure casting technology 

of the steering gear housing with the SLM method (Figure 10), 

another grade of alloy was used for its production. The 

AlSi9Cu3(Fe) alloy is a typical alloy that is used in pressure die 

casting. On the other hand, the AlSi10Mg alloy is very often 

used for the production of parts by the SLM method due to its 

good weldability, high strength properties, and corrosion 

resistance. AlSi10Mg is a eutectic composition of the Al-Si 

system. Due to the non-equilibrium solidification conditions 

caused by the increased undercooling in front of the solid-liquid 

interface, the eutectic is considered to be a fine pseudo-eutectic 

microstructure. The eutectic of the alloy fabricated by the SLM 

method contains more Si and Al than a cast alloy of the same 

composition. Tests of the microstructure of the alloy produced 

by the SLM method confirmed the large fragmentation of the 

microstructure that was caused by very fast cooling and the 

directionality of the structure of the raw alloy, which is removed 

only after the thermal treatment. The strength of the alloy 

depends to a large extent on the parameters of the performed 

heat treatment. The conventional method of the heat treatment 

of cast Al-Si-Mg alloys consists of supersaturation within a 

temperature range of 450°C to 575°C, followed by rapid cooling 

and aging within a temperature range of 93°C to 245°C. Al-Si-

Mg alloys obtained by the SLM method are not supersaturated 

but only aged. After the stress relief heat treatment process 

(consisting of heating up to 240°C and maintained for 6 hours), 

the SLM alloy obtained a strength of 271 MPa and an elongation 

of 7.15%. 

 

 

a 

b 
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Left-hand drive-SLM Part           Right-hand steering system (die-cast) 

Fig. 10. Off-road vehicle steering gear housings: a – SLM 

technology; b - die-cast. 

 

The support structure increases the range of the SLM 

manufacturable geometries and has several technical 

functions, such as physical support to slender and overhanging 

geometries, increased heat transfer, and physical resistance to 

bulk structural deformation and thermal distortion. The 

support structure should be frangible to allow for easy 

removal and minimize post processing [18]. To support the 

steering gear housing model, a commercial method for 

generating a support structure was used (Figure 4c). The shape 

deviations for the trial print of the housing are shown in Figure 

5. After the shape correction in the CAD model, these were 

reduced to ±95 µm. According to Technical Data by  EOS 

typical achievable part accuracy, these should not exceed ±20 

m on average for parts made with the SLM method from 

maraging steel powder with dimensions that are smaller than 

80 x 80 mm; for parts with dimensions that are greater than 80 

x 80 mm, this should not exceed about ±50 µm [19]. On the 

other hand, the optimal dimensional tolerances of the castings 

quoted in article for pressure casting technology are from 50 

to 200 µm for dimensions that are within a range of 30 to 50 

mm [20]. 

 

 

5. Conclusions 
 

Additive AM technologies can be used as a tool for making 

tooling for permanent, metal [21], and disposable ceramic 

casting molds [22]. In the case of a short series of 

manufactured parts, the SLM method can be competitive with 

foundry technologies, especially when the detail is to be made 

in a metal mold or pressure mold. Due to their very fine 

microstructures, AlSi10Mg materials that are produced by 

SLM technologies possess UTS, Young’s modulus, and 

elongation values that are comparable to a casted AlSi10Mg 

alloy. The dimensional accuracy of SLM parts is comparable 

to the tolerances of pressure die castings, while the surface 

structure depends strongly on the position of the SLM part on 

the build plate due to its layer-wise building. Hence, the 

roughness of the SLM part varies (with Ra = 9-20 µm). The 

surface roughness of SLM parts is greater than that of pressure 

castings, for which Ra = 0.6 to 2.5 µm (or 2.5 to 5 µm in the 

case of long mold operation) [23]. 

The use of 3D printing technology allowed for quick 

production of parts. The time to develop the technology and 

the production of the first two gear housings based on a 3D 

model was 7 days. 

At the time of submitting the article for printing, the trial 

phase of the housing was started. 
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