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ABSTRACT 
 

The scandium-zirconium modified aluminum alloy Scalmalloy is additively 
manufactured using Selective Laser Melting in the Renishaw AM 400 SLM ma-
chine. THE optimal SLM process parameter window concerning relative den-
sities exceeding 99% was investigated. Scalmalloy powder was characterized 
concerning particle morphology, qualitative particle size distribution, and in-
ner gas pores. Full available SLM laser power of Renishaw AM 400 SLM ma-
chine was applied to increase productivity as much as possible. Archimedes 
density method and metallographic cross-sections were used to determine 
relative densities, whereby all samples printed exceeded 99%. THE optimal 
SLM process parameter window for the laser power of 400W was found to be 
in the range of 40-110J/mm3 where scan speed is doubled compared to other 
literature using 200W, thus productivity is greatly increased. Microhardness 
testing was also performed on all samples and showed the successful sup-
pression of Al3(Sc1-xZrx) precipitates, whereby subsequent age hardening 
may be performed post-process.    
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Introduction 

Aluminum alloys are one of the most widely used metallic alloys in the world as they possess 
low density, high strength, corrosion resistance, and excellent electrical properties (Olakanmi, 
Cochrane & Dalgarno, 2015). Aluminum alloys are classified as either heat treatable (2xxx, 6xxx, 
7xxx and 8xxx Al series) or non-heat-treatable alloys (1xxx, 3xxx, 4xxx, 5xxx), where heat and 
plastic deformation can be used to strengthen the alloy, respectively (Polmear et al., 2017; Zahner, 
2019). Aluminum is commonly used in traditional manufacturing methods such as casting, extru-
sion, and forging, but recently it has been introduced into Additive Manufacturing (AM). AM pro-
duces components by layering material, one after another until a component is built based upon 
3D computer model data (Olakanmi, Cochrane & Dalgarno 2015). AM can quickly manufacture 
geometrically complex and lightweight components over traditional methods (Singh, Rama-
krishna & Singh 2017). Selective laser melting (SLM) is the most common method in AM to process 
Al alloys, whereby, a component is built inside an inert chamber using powdered material 
(Aboulkhair et al., 2019; Aversa et al., 2019). 

SLM-processed components possess outstanding quality, properties, and performance due 
to the rapid melting and solidification of the molten metal during SLM (Harun et al., 2018). 
However, SLM parts can develop defects that can detrimentally affect the quality of the part, 
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hence minimization of defects is important and is highly dependent upon the process parame-
ters and material being used (Maamoun et al., 2018; Zhang, Li & Bai 2017). SLM process pa-
rameters control the conditions produced within the machine and are predetermined by the 
operator of the machine. The influencing process parameters are scanning speed (mm/s), laser 
power (W), build direction, hatch spacing, hatch angle, and layer thickness. Scanning speed and 
laser power are parameters that control energy input, whilst build direction and hatch angle 
can influence anisotropic behavior, performance, and tensile properties. (Hanzl et al., 2015; 
Maamoun et al., 2018). Hatch spacing affects dimensional accuracy and surface flatness and 
layer thickness may also have an influence, however, with certain materials it may not affect at 
all. (Hanzl et al., 2015; Maamoun et al., 2018; Yap et al., 2015). For the powdered material, good 
flowability, even surface morphology, even size distribution, and normal composition are de-
sirable (Chituc, 2017; DebRoy et al., 2018). Spherical particle shape and narrower size distri-
bution are optimal with a typical powder particle size usually within 10-60μm. Small particle 
size and regular morphology yield a finer microstructure with better surface finish, thinner 
layers, better performance, and better printability (Li et al., 2019; Vock et al., 2019). 

The interest to develop high strength Al alloys for Selective Laser Melting (SLM) has grown 
in recent years with the growing interest in Additive Manufacturing (AM) processes. However, 
challenges to control the high reflectivity, oxidation tendencies, poor powder flowability, freez-
ing range, and thermal conductivity properties of Al alloys have caused major delays. The heat-
treatable 2xxx, 6xxx, and 7xxx series can barely be processed in SLM as these Al alloys have 
solidification cracking tendencies and possess unstable elements such as Zinc (Zn), Mg, and 
Lithium (Li), which evaporate during the SLM process. The Al-Si alloys (4000 series) as Silicon 
(Si) can reduce cracking and cause high grain refinement. However, high anisotropic behavior 
where cracking can develop along the build direction is evident (Aversa et al., 2019). Wrought 
alloys have also experimented in SLM. The 5xxx series Al-Mg alloys offer good corrosion re-
sistance and can produce high solid solution hardening and with Scandium (Sc) and Zirconium 
(Zr), it can produce stable precipitates and act as deterrents of cracking during rapid solidifi-
cation, thus these alloys are thought to be both age-hardenable and work-hardenable (Kaiser 
et al., 2014; Spierings, Dawson, Heeling, et al., 2017). Scalmalloy is an Al-Mg-Sc alloy specifically 
developed for SLM and has been in development for almost twenty years by Airbus Group In-
novation. Scalmalloy has a fined grain microstructure with columnar growth along the build 
direction surpassing that of Al and Al-Mg castings and SLM-processed Al-Si alloys. A supersat-
urated solid solution also forms under the laser during SLM. This in turn gives rise to the for-
mation of Al3(Sc, Zr) precipitates, and a bimodal grain size distribution with clear coarse and 
fine-grained regions is formed. These precipitates improve strength and preserve toughness 
and ductility in the as-built state and the presence of Zirconium (Zr) further increases its 
strength where a lesser amount of Sc may be sufficient (Spierings et al., 2017; Spierings et al., 
2016). 

Scalmalloy has been well-documented in its ability to be processed by SLM. Schmidtke et al. 
(2011) were the first to explore a suitable processing window for Scalmalloy to determine 
whether it could withstand the SLM conditions of rapid cooling and solidifying and high tem-
peratures. Large hatch distances and increasing scan speeds caused a loss in density, and in-
complete melting occurred due to the material itself or process parameters. Anisotropy was 
also reported to be low with only a 1.5% and 3% difference in 0o and 45o build directions and 
elongation and change in area was also negligibly low. Hardness was improved from 105Hv to 
177 Hv due to Al3Sc precipitates occurring during the SLM process, whereby the addition of Zr 
and Mg further increased precipitation hardening. Lastly, a hyper eutectic Al-Sc composition 
was attained. Best et al. (2018) studied the mechanical anisotropy for the bi-modal microstruc-
ture of Scalmalloy. Anisotropy was low on a macroscopic scale, and although some microscopic 
discrepancies were found, these could be improved with annealing further supporting 
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Schmidtke et al. (2011) findings. In a study by Spierings et al. (2016), and SLM processing win-
dow was explored. The laser power of 200W was used to counter the high reflectivity of Alu-
minium. Energy densities between 75 and 240J/mm3 and hatch distances between 135um and 
165um were also used. It was found that a lower energy density caused a finer grain, yet the 
bi-modal structure remained. In a study by Koutny et al. (2018), a processing window was ex-
plored for Scalmalloy with a higher Sc content of greater than 1%. Cube specimens were built 
with varying process parameters. Laser power was between 325 and 400W, laser scanning 
speed was between 100-1400mm/s and hatch distance and layer thickness were fixed at 
100um and 60um, respectively. Large pores became apparent for scanning speeds between 
100-500mm/s. 

However, increasing scan speed to 1100mm/s with EVD of 55J/mm3 produce fusion de-
fects. EDV between 60-70J/mm3 gave the best density results and when laser power was be-
tween 325 and 375W with laser scanning speed. An overview is given of the influences of the 
process parameters in SLM. Scalmalloy can be well- processed in SLM. The higher Sc content 
indicates that this could lead to higher tensile values, but with greatly lowered ductility. In an-
other study, an Al-Mg-Sc-Zr alloy with high Mg content of 6.2% was used to determine a suita-
ble processing window. Relative density increased for an increase in laser power,  while the 
scan strategy did not affect. Although, island scanning was more favorable than rotary scanning 
as this produced a more consistent powder bed however, island scanning showed irregular and 
vague weld pool, while rotary scanning was uniform throughout. High EVD can cause mi-
cropores to be filled easily as dynamic viscosity is lowered, but high temperatures can also 
cause balling. It was reported that when EVD was increased from 81J/mm3 to 97J/mm3 less 
balling occurred. With continually increasing EVD, almost no balling occurred, and surfaces 
became smooth (Li et al. 2017). Another study by Li et al. (2019), increasing laser power with 
fixed scan speed was seen to increase density. While fixed laser power with increasing scan 
speed resulted in a lower density. Micropores occurred when laser power was 200W and scan 
speed was 800mm/s caused by insufficient melting due to low energy input. When laser power 
was increased to 300W and scan speed was 500mm/s the micropores declined. At a laser 
power of 400W, even fewer micropores occurred. It was found that 400W with a scan speed of 
800mm/s resulted in almost full density samples. In the current literature, it was reported that 
the influencing process parameters are seen to be scan speed, laser power, hatch distance, 
whereas build direction, scan strategy, and layer thickness do not have a significant effect. 
However, most studies used laser power of 200W, while only a few had higher laser power, the 
Scalmalloy had a different composition than the powder used in this research. Therefore, this 
paper investigates a suitable processing window for Scalmalloy in a Renishaw AM 400 SLM 
machine. Processing parameters are also investigated to determine whether high scan speed, 
high laser power, and relatively low energy density may achieve optimal dimensional accuracy, 
density, and productivity, while allowing for subsequent ageing. 

 
Experimental Procedure 
Scalmalloy powder composition and characterization 

Scalmalloy powder was supplied by LPW Technology and its chemical composition can be 
viewed in table 2 Sieve analysis is 0wt% of the particles are larger than 63um and laser size dif-
fraction resulted in 6 vol% particles are smaller than 20um. Powder morphology was examined 
using a Hitachi SU-70 scanning electron microscope (SEM). A small amount of powder was dis-
tributed on an adhesive carbon pad to ensure electric conductivity and acceleration of 5kV and a 
secondary electron detector was applied for high surface sensitivity. Scalmalloy particles were 
also cold mounted using Struers EpoFix epoxy resin and hardener. Samples were metallograph-
ically prepared and examined using an Olympus BX51M optical microscope, whereby three optical 
micrographs were taken at 100x magnification and all cut particles with visible inner pores and 



 1stICESET 2020 

 

    
 24  

 

the total number of cut particles were counted. To minimize errors, microhardness testing was 
executed upon circular powder particle cross-sections with similar diameters and indentations 
with distance from powder particle cross-section edge larger than 2.5x indentation diagonal 
length. 

 
Table 1. Chemical composition of scalmalloy by specification and analysis 

 
SLM Process 

A Renishaw AM 400 SLM machine was used. It was equipped with a pulsed laser whereby 
maximum laser power was 400W. The laser focus diameter was 70µm and the building envelope 
was 250x250x300mm in size. Argon was used as the shielding gas during the SLM process and 
samples were built on top of a stainless-steel plate 248x248mm large with a milled or blasted 
surface finish. Standard software was used, unless otherwise indicated whereby each layer is 
hatched bi-directionally before exposing two single scan tracks of contour and then alternating 
hatch direction by 67o layer-wise. When samples were built, prevailing support structures were 
removed by cutting them off.  

 
Proceeding parameter for SLM window 

Processing parameters that will remain constant are based on findings by Spierings et 
al.,2017a; Spierings et al., 2017b; Spierings et al., 2018); Spierings et al., 2016) are based on the 
same composition of the Scalmalloy powder that will be used in the research on hand. Parameters 
that will be fixed are laser power, laser focus diameter, layer thickness, scan strategy, and hatch 
distance. Scan speed and hence energy volume density will be varied accordingly. Energy density 
can be represented by the following equation (Wong & Hernandez 2012). 

 
                               p 

 Ed =          (1) 

                              𝑉𝑑 ∙ 𝐷ℎ∙𝑇1 

Where Ed is energy density (J/mm3), P is laser power (W), Dh is hatch spacing (mm), T1 is layer 
thickness and Vd is scanning speed (mm/s). This equation shows the relationship between scan 
speed, laser power, and energy density and therefore scan speeds can be calculated based upon 
chosen energy densities. (Maamoun et al., 2018). As laser power will be doubled from 200W, ac-
cording to the literature, to 400W for this research, layer thickness was chosen as 30µm and hatch 
distance was chosen as 150µm. To verify the processing window presented by Spierings et al. 
(2016), energy volume densities of 80, 120, 150, 240, and 280J/mm3 with corresponding scan 
speeds of 1111, 741, 593. 370 and 317mm/s, respectively, will be investigated in the first build 
job. As the laser power for this research is increased compared to that of literature, the SLM pro-
cessing window is shifted. To investigate a complete SLM processing window for relative densities 
exceeding 99%, a second build job will be performed with differing energy volume densities and 
respective scan speeds of 30, 45, 60, 80, 100 J/mm3 and 2962, 1975, 1481, 1111, 889 mm/s . The 
cube sample using 80J/mm3 was built an additional time to confirm indication for SLM inter-build 

wt% Al Mg Sc Zr Mn Si Fe Zn Ti Cu V O 

Max. bal. 4.90 0.80 0.50 0.80 0.40 0.40 0.25 0.15 0.10 0.05 0.05 

Anal-
ysis. 

bal. 4.55 0.65 0.30 0.51 0.16 0.14 0.02 0.01 0.01 0.01 0.04 

Min. --- 4.00 0.60 0.20 0.03 --- --- --- --- --- --- --- 
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reproducibility. For each of the five sets of SLM process parameters, one cube sample on 3mm 
high support structures were built (figure 1), whereby 5 cube samples were built in one build job. 
Anisotropy is not investigated in this paper as both Schmidtke et al. (2011) and Best et al., (2018) 
have indicated that anisotropy is very low for Scalmalloy, therefore all samples were built in a line 
parallel to x-direction with 20mm distances in between each cube and centered on the build plat-
form. 

 

 

 
 

 
 
 
 
 
 
 
 
 
Figure 1. Schematic depicting sample layout on the build platform. X and Y directions are also indicated 

Measurement techniques and testing methods 
After samples were built, residual powder and support structures were removed then investi-

gated regarding their dimensional accuracy in x and y direction using a micrometer. Lengths of 
upper cube edges as well as distances between opposing cube faces were measured. Surface qual-
ity in the as-built condition was qualitatively examined using SEM. All samples were tested using 
the Archimedes method. This method allows for high accuracy while also being fast and econom-
ical according to Spierings, Schneider & Eggenberger (2011). A BSM220.4 electronic balance was 
used with a readability of 0.1mg. The cube samples were weighed in air and secondly in ethanol 
while being attached to a thin and flexible metallic wire. The temperature dependence of ethanol’s 
density was considered, and each sample was tested three times. Density was calculated using 
equation (2) where Scalmalloy theoretical density was taken as 2.67g/m3. The cube samples were 
then metallographically prepared by cutting the samples using a Struers Labotom-3 parallel to 
building direction z. These were then hot mounted using electrically conductive PolyFast and a 
Struers LaboPress-3 at 150oC and 25kN. After, mounted samples were ground with Struers silicon 
carbide grinding papers of 180, 500, 1200, and 2400 mesh on a Buehler MetaServ rotary grinding 
machine. Samples were then polished firstly with Struers diamond paste using 6µm on MD-Dac 
fabric on a Struers LaboPol- 2 polishing machine and then finally with a 3µm diamond suspension. 
Lastly, these cube cross-section samples were etched with Keller’s agent consisting of 2.5% HNO3, 
1.5% HCl, 1% HF and balance distilled water. Samples were then visually investigated using an 
Olympus BX51M optical microscope and ScopePhoto software by ScopeTek. For higher magnifi-
cations, SEM was used. To determine inner porosity and relative density, 5 optical images at 50x 
magnification per sample were analyzed with Image J software as this software is fast and accu-
rate according to Spierings, Schneider & Eggenberger (2011). Optical micrographs were taken 
from upper and lower corners as well as from the center of each sample cross-section. Microhard-
ness testing was carried out on all metallographically prepared samples to compare as-built hard-
ness values to powder hardness values. A Leco microhardness tester LM 800 AT with a load of 5gf, 
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dwell time of 10s and optical magnification of 500x measurement of indentations was used. Ten 
randomly distributed indentations per cross-section were made upon each sample. 

 
 

                                                                      𝜌 = 𝑚𝑎𝑖𝑟 ∙     (T)                                                    (2)          
          𝑎𝑏𝑠     𝑚𝑒𝑡ℎ    𝑒𝑡ℎ                                                                                             

 
Results and Discussion 
Power characterization 

SEM of powder revealed particles with spherical morphology and diameters of 5-40µm. Only 
a small portion of the particles was shaped irregularly with diameters of 2µm or less. Very few 
elongated particles were detected with dimensions between 60-80µm shown in figure 2.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. SEM image of scalmalloy used in this research 
 
 
 
 
 
 
 
 
 
 
 
 
 

                Figure 3. Optical images of scalmalloy powder particle cross-sections 

 
The cross-sections of the powder in figure 3 reveal inner porosity for some particles. 7.1% of 

966 optically evaluated powder particle cross-sections showed inner gas pores, whereby the 
pores’ spherical morphology confirmed the origin as gas entrapment during melt solidification. 
The pore size range was significantly smaller than the size of the particles, Microhardness results 
of the powder particles were done on 30 different powder particles for accuracy. The average 
hardness value was found to be 91.4±9.7 HV0.005. The hardness values found in the present re-
search are lower than the findings reported by Palm et al. (2010) of 125 to 175HV0.005, however, 
an alloy with higher Scandium content of 1.4wt% was used, while the Scandium content for the 
present research is 0.65wt%. Hence, hardness values are lower due to the lack of Al3(Sc1- xZrx) 
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precipitates caused by lower scandium content. The maximum solubility of Sc is 0.6wt% with a 
cooling rate of 100K/s, which exceeds that of gas atomization, whereby aluminum solid solution 
for high solidification rates such as gas atomization is usually between 105 to 107   K/s for alumi-
num alloys with a particle size of 50-5µm (Palm et al. 2010; Zakharov, 2003). In summary, the 
powder characterization shows good processability for SLM spherical powder size and even dis-
tribution. The absence of Al3(Sc1-xZrx) is also beneficial as these do not need to be melted, hence 
the formation of a highly supersaturated aluminum solid solution is more likely to be achieved. 
However, it must be noted that inner porosity found in some powder particles may cause the inner 
porosity of manufactured parts detrimentally affecting mechanical properties. 

 
Verification of SLM process parameter 

The first build job of five cube samples was produced with SLM process parameters based 
upon findings by Spierings et al. (2016). Samples produced using 240 and 280J/mm3 showed 
swelling on the top surface of the cubes, indicating that the energy volume density is too high. 
Visual inspection of the surfaces’ of the samples is significantly better than those reported in Spier-
ings, Dawson, Heeling, et al. (2017) where 200W laser power was used. Dimensional accuracy was 
examined for each cube sample, where energy volume density appears to have barely any effect. 
All five samples (Figure 4) are 0.1 or 0.2mm larger than the CAD model used and distances be-
tween opposing sample surfaces in the y-direction are slightly larger than in the x-direction. For 
easy identification of each sample, a number is placed on the sample, which may cause discrepan-
cies. Standard VDI 3405 Part 3 recommends a tolerance for dimensional accuracy of ±0.1mm. 
Swelling and larger dimensions are caused by the attraction and melting of adjacent powder par-
ticles next to laser scan tracks due to surface tension of the melt pool and melt pool motion with a 
laser scan (Yadroitsev et al. 2010). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Comparison of Archimedes density measurements and metallographic density-dependent upon 

energy volume density (enlarge too small) 

Dimensional accuracy of the cube samples for both the surface and sides of the cubes built 
using 80 and 280J/mm3 were compared. For both samples, the top surfaces show hatch and scan 
directions of the last built layer. Top surface roughness is visually low with some partially melted 
powder particles. Higher energy densities appear to result in lower surface roughness for the hor-
izontal surfaces, while vertical side surfaces exhibit higher surface roughness and more incom-
plete melting of powder particles, which are to be expected according to Strano et al. (2013). The 
swelling was visible on the top surface of the cube sample produced using 280J/mm3 and vertical 
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surfaces show open micro-porosity. Figure 5 summarises the results of Archimedes and metallo-
graphic relative density measurements to evaluate inner porosity. Samples built using 80 and 
120J/mm3 exceed the desired value of 99% relative density, while all other samples resulted in 
densities between 95-99%. Error percentage between Archimedes and metallographic relative 
densities are lower than 2% with a standard deviation of samples with lower relative densities 
are significantly higher. According to figure 5, no maximum is visible, and the curve is shifted to 
lower energy volume densities. The results for the Archimedes method show lower standard de-
viations than the metallographic relative densities. The sample produced using 80J/mm3 is the 
only sample exceeding 100% density. This may be possible as the theoretical density of the meas-
ured sample may be higher than the theoretical value of 2.67g/cm3. The cause may also be due to 
the evaporation of elements such as aluminum and magnesium during SLM. With a high laser 
power of 400W combined with the low melting and evaporation temperatures of aluminum and 
magnesium, this is the most likely cause. Errors may also have occurred while performing the 
Archimedes density test. Mass in air, the density of ethanol may be too high, and/or sample mass 
in ethanol and ethanol temperature may be too low. The sample mass in the air is assumed, etha-
nol temperature was measured, and the density of ethanol was calculated using equation (2). As 
these values are assumed or calculated, these may cause such discrepancies. Standard deviations 
also indicate that Archimedes' values are slightly too high among all samples and, may be caused 
by a systematic error. Also, the cube samples produced with lower energy volume densities of 100, 
120, and 150J/mm3 showed an inhomogeneous lateral pore distribution and a significantly wider 
range of pore size distributions indicated by higher standard deviations of the metallographic rel-
ative densities. Irregular pore morphology, larger pore sizes, and high energy volume densities, 
porosity is most likely caused by evaporation. All samples exhibited micropores randomly distrib-
uted among powder particles, whereby powder-derived porosity has occurred. The shift in the 
processing window compared to Spierings et al. (2016) may be caused by different SLM machines 
used, higher laser power, different laser focus diameters, and also the metallic powder in question. 
Doubling the laser power seems to result in different relative densities of the Scalmalloy parts 
even when energy volume density is kept constant. 

Microhardness results can be seen in figure 6. It appears that increasing energy volume den-
sity increases hardness. Lower energy volume densities result in less heat in the melt pool and 
high thermal conductivity of solidified layers underneath results in higher cooling rates. Samples 
produced using an energy volume density less than 120J/mm3 results in high suppression of 
Al3(Sc1-xZrx) precipitates, whereby a supersaturated solid solution of aluminum is formed. These 
are optimal conditions where subsequent age hardening may be performed on Scalmalloy. Etched 
cross-sections of the samples can be seen in figure 7. The microstructure of the sample is the fol-
lowing findings from the literature as mentioned earlier. A detailed investigation of the micro-
structure was not performed due to the intense etching of the user agent. 
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Figure 6. Microhardness Results of cube samples with changing energy volume densities 

In summary, a partial optimal SLM process parameter window with relative densities exceed-
ing 99% and energy volume densities between 80 and 120 J/mm3 was found for a laser power of 
400W. These were confirmed both with the Archimedes density method and metallographic 
cross-sections. This partial window also results in the lowest microhardness comparable to pow-
der particle microhardness. Further investigations are necessary to provide sufficient data for a 
complete window as no maximum value for relative density and no lack of fusion were detectable. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. Etched cross-section of 80J/mm3 

Investigation of SLM process parameter window 
In order to complete investigations for an optimal SLM process parameter window for relative 

densities exceeding 99%, the same experiments used in the previous section will be executed an 
additional time with modified energy volume densities. This second build job produced five cube 
samples. No swelling is visible upon the samples, but surface roughness is apparent on the top 
surfaces especially for those with decreasing energy volume density. Dimensional accuracy 
(shown in figure 8) for the sample produced using 80J/mm3 agrees with the previous build job 
indicating inter-build reproducibility is high. The sample produced using 30J/mm3 exhibits a de-
viation between x and y direction of more than the recommended deviation of 0.1mm, while its 
dimension in the x-direction, is almost equal to the CAD model. Again, it must be noted that op-
posing faces of the cube sample are marked with identification numbers. For relative densities 
(shown in figure 9), the maximum value is indicated for 80J/mm3 and relative densities decrease 
with lower energy volume densities. The Archimedes method shows 99% relative density is ex-
ceeded for energy volume densities of 40-110 J/mm3. Standard deviations of the Archimedes 
mean values are lower than the metallographic mean values, except for relative densities exceed-
ing 99%. For both samples produced using 80J/mm3, their relative densities are identical and 
higher than 100% confirming the assumption of a systematic error. 

 
 
 
 
 
 
 
 
 
 



 1stICESET 2020 

 

    
 30  

 

 
 
 

Figure 8. As-built dimensional accuracy of cube samples in different directions in comparison of changing en-

ergy volume densities (too small …enlarge) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Comparison of relative Archimedes Density and metallographic density with changing energy volume 

densities (too small …enlarge) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Optical Images of cube sample cross-sections for different energy volume densities - a)30J/mm3 b) 

80J/mm3 
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Figure 11. SEM Images of etched cross sections for 30J/mm3 energy volume density 

 
Optical micrographs of cube cross sections in figure 10 show irregular-shaped pores 20-

100µm in size with microporosity for low volume energy density. Lack of fusion is the most likely 
cause due to low energy input. SEM images in figure 11 further confirm these findings as porosity 
and incomplete melting is visible. In a study by Koutny et al. (2018), a laser power of 325-400W 
was used along with a slightly different composition alloy of Scalmalloy. Relative densities were 
reported to be less than 98% and the optimal SLM process parameters were found to be 375W 
laser power and 69J/mm3, thus agreeing with the results found in this research. Figure 12 shows 
microhardness results for both build jobs and powder particles. Microhardness results for the 
80J/mm3 from both samples are identical along with their standard deviations. This indicated 
inter-build reproducibility is high for Scalmalloy and the SLM machine. All other values are con-
sistent with data of build job 1. Microhardness results for the 30J/mm3 energy volume density is 
decreased, yet the standard deviation is increased, however, this is thought to be due to high inner 
porosity. 

 
 
 

 

 
 
 
 
 
 
 
 
 
Figure 12. Microhardness results of cube sample cross-sections with changing energy volume densi-

ties including build job 2 results. 0J/mm3 refers to powder particle microhardness results 

In summary, the full optimal SLM process parameter window regarding relative densities ex-
ceeding 99% for the chosen fixed laser power of 400W, the layer thickness of 30µm and hatch 
distance of 150µm for processing Scalmalloy was found to be between 70-110J/mm3 energy vol-
ume densities. Microhardness of the samples built using these parameter sets shows a high po-
tential for subsequent aging heat treatment and beneficial mechanical properties for the SLM 
parts. SLM inter-build reproducibility is assumed to be high, based on relative density, microhard-
ness, and dimensional accuracy of two cube samples built-in subsequent build jobs.  

 
Reproducibility and influence of layout position 

75 cube samples 10x10x10mm were built using the optimal found process parameters. Each 
build job consisted of an array of 5x5 cube samples with 10mm dimension placed in between the 
building platform mounting holes. Archimedes calculated relative density values for these sam-
ples ranged from 99.6%-100.4%. Samples were marked with identification numbers to indicate 
its position on the build platform. Archimedes density measurement indicates that local minima 
are in the center of the build platform and a slightly increased relative density values for x and y 
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coordinates. Standard deviations of mean values for density measurements do not follow any ob-
vious local pattern and are within the range of ±0.0-0.2%. Judging by high homogeneity of mean 
values and global low standard deviations, these contributing system properties can be consid-
ered homogenous and constant. For Scalmalloy samples produced using optimal found SLM pro-
cess parameters and laser power of 400W show excellent intro- and inter-build reproducibility 
concerning relative density. 

 
Conclusion 

This research investigated an SLM process parameter window for relative densities exceeding 
99%. This process parameter was derived and showed a shift to lower energy volume densities in 
comparison with literature data for 200W laser power. Relative densities for manufactured sam-
ples were measured using the Archimedes method and based upon metallographic cross-sections. 
The optimal process parameter window for 400W laser power, 30µm layer thickness, and 150µm 
hatch distance was found in the range of 40-110J/mm3 energy volume density based upon the 
Archimedes method. Dimensional accuracy shows signs of anisotropy concerning x and y direc-
tions, which should be considered for thin-walled and complex parts. No significant influence of 
layout position was recorded as all samples exceeded 99% in relative density. Hence Scalmalloy 
can be SLM-processed with scan speeds more than doubled compared to literature data and 
productivity increased significantly. Microhardness testing of samples also indicates desirable 
suppression. of Al3(Sc1-xZrx) precipitates during this SLM process, whereby there is a high po-
tential for subsequent aging. In further work, Scalmalloy aging conditions and work hardening 
conditions will be explored using the parameters found in this research 
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