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Abstract. Laser Powder Bed Fusion (LPBF) of metallic alloys allows to achieve complex shape 
parts with innovative properties. However, the commercial availability of powder for LPBF is still 
limited, thus restraining the development of new alloys. To overcome this shortcoming, mixing 
different powders allows to tailor the chemical composition, although affecting the LPBF process. 
Indeed, to achieve a fully dense and defect-free part a proper melt pool must be generated during 
the LPBF process, in order to ensure good overlapping between each track and layer. Melt pools 
can be described as conductive or key-hole like, promoting the appearance of process-induced 
defects such as lack of fusion or key-hole porosities. Processing a mixture of several powders by 
changing the amount of one constituent can affect the type of melt pool generated during the 
process, thus shifting the process map. In this work, AISI S2 tool steel powders are enriched with 
5 and 10% (in volume) of Silicon Carbide (SiC) and processed by LPBF. The effect of SiC on the 
processability is discussed for different volumetric energy density (Ed). Defects within cross 
sections are characterized and quantified, as well as the melt pool depth and morphology.  
Introduction 
Over recent years, the development of new metallic alloys manufactured by Laser Powder Bed 
Fusion (LPBF) has been the object of increasing attention. Indeed, the ultra-fast heating and 
cooling rates involved during the LPBF process are responsible for the formation of strongly out-
of-equilibrium microstructures, involving supersaturated solid solution as well as new metastable 
phases, thus offering new possibilities in terms of usage properties such as mechanical, corrosion 
and tribological properties. However, these conditions make difficult the processing of metal 
alloys such as high carbon tool steels, due to the tendency to the formation of cracks that makes 
the final part unusable [1]. On the other hand, the use of LPBF allows to produce complex shape 
parts implementing internal cooling channels, difficult to obtain by conventional manufacturing 
methods. Therefore, research is now focusing on the development by LPBF of tool steels with 
complex chemical composition in order to combine all the advantages of this technology.  

However, the commercial availability of metal powders suitable for LPBF is still limited. 
Therefore, the processability of new metal alloys with specific chemical composition is restrained. 
One way to overcome this hurdle is the mixing of different powders to tailor the composition. 
Obtaining a proper powder mixture is often challenging because of the dependence of the 
processability on the rheological properties of the mixture, such as spreadability and packability 
[2]. To achieve a fully dense, defect-free part, proper melt pools must be generated during the 
LPBF process, in order to ensure good overlapping between each track and layer [3]. Melt pool 
quality can lead to the presence of defects and porosities such as lack of fusion, key-hole, balling 
and spattering. Melt pools are classified as conductive or key-hole [4]. A conductive melt pool is 
usually shallow, resulting in insufficient liquid phase for the powders to bond together and thus 
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generating lack of fusion defects. On the contrary, unstable key-hole melt pools are responsible 
for the formation of key-hole porosities, due to excessive evaporation that causes entrapment of 
gas at the bottom of the melt pool. The type of melt pool is affected by the processing parameters, 
such as laser power, scan speed, layer thickness and hatch distance. Such parameters are encased 
within the volumetric energy density Ed. Usually, low Ed as result of low power and high scan 
velocity leads to a conductive shallow melt pool. In contrast, high Ed as result of high power and 
low scan velocity leads to the formation of unstable key-hole melt pools. The transition from 
conductive to key-hole is accompanied by a change in the morphology of the melt pool from semi-
circular to key-hole like [5]. Close to the threshold for transition, stable key-hole melt pool 
generated by intermediate parameters allows to achieve defect-free parts. 

Understanding the proper process parameters to ensure an optimal melt pool is crucial for the 
processability of new metal alloys for LPBF. The above-mentioned types of melt pool are affected 
by the interaction of the laser with both powder and solidified material underneath the powder 
layer. Indeed, properties such as absorption of the laser energy on powders, thermal conductivity 
of both powder and solidified material play a crucial role on the melt pool generated [6–9]. These 
properties depend on powder characteristics such as particle size distribution, morphology, 
roughness etc. The complexity of such phenomena increases when a mixture of different powders 
is processed. Different works reported the change in powder absorptivity when nanoparticles are 
added to the mixture, as well as a change in the temperature of melt pool due to a change in 
conductivity [5,10–13]. Therefore, the processing of different powder mixtures can change the 
melt pool features, thus affecting the processability of the material.  

This work focuses in particular on the effect of SiC on the processability of the low alloy tool 
steel AISI S2, previously processed as reference material [14]. A restriction of the process map is 
observed with increasing amount of SiC, due to a change in the type and depth of melt pools 
generated during the process.  
Materials and methods 
Commercial gas atomized powders AISI S2 Tool Steel (0.49 C, 1.2 Si, 0.6 Mo, 0.6 Mn, Fe bal., 
wt. %) and Silicon Carbide (SiC) were used as raw material. The particle size distribution of the 
SiC powder is given as follows: D10 = 0.4 µm, D50 = 0.75 µm and D90 = 1.5 µm. More details 
concerning the AISI S2 tool steel powder may be found in our previous work [14]. SiC powder 
was added in 5 and 10% (in volume) to S2 tool steel powder. 

Starting from the powders, cubes of 10x10x10 mm3 were produced with an Aconity3D Mini 
LPBF machine under argon atmosphere. A fixed power (P) of 200 W was combined with a scan 
velocity (vs) from 500 to 2000 mm/s (Table 1). A laser spot size of 80 µm with a gaussian 
distribution, a layer thickness (t) of 30 µm and a hatch spacing (h) of 80 µm were used for all 
samples. The scanning strategy implied a rotation of 90° for each layer, with no contouring. No 
preheating of the substrate was applied. More details about the processing parameters can be found 
in our previous work [14]. 

The volumetric energy density (Ed) was used to correlate the results observed with the 
processing parameters (Eq. 1).  

𝐸𝐸𝑑𝑑 = 𝑃𝑃
𝑡𝑡∗ℎ∗𝑣𝑣𝑠𝑠

.                                                                                                                                (1) 

Table 1 lists the samples studied in this work, together with their processing parameters. The 
codification of each sample considers the powder mixture used (0, 5, 10 for the mixture S2, S2 + 
5% SiC, S2 + 10% SiC respectively) followed by the level of Ed (1, 2, 3, 4). Ed is classified based 
on the intensity from low to high, with numbers from 1 to 4 corresponding to an approximative 
value of Ed of 40, 80, 115, 170 J/mm3 respectively. Sample 10.1 was not fully processed, as the 
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printing was stopped after few layers due to the appearance of an irregular surface. Therefore, 
sample 10.1 was not considered for further analysis. 
   

Tab. 1. Processing parameters and volumetric energy density (Ed) for each sample. 

Powder 
mixture Sample P  

[W] 
vs  

[mm/s] 
Ed  

[J/mm3] 

S2 

0.1 200 2000 42 
0.2 200 1000 83 
0.3 200 750 111 
0.4 200 500 167 

S2 + 5% SiC 

5.1 200 2000 42 
5.2 200 1000 83 
5.3 200 750 111 
5.4 200 500 167 

S2 + 10% SiC 

10.1 200 2000 42 
10.2 200 1000 83 
10.3 200 700 119 
10.4 200 500 167 

 
All as-built samples were cut by Electro Discharge Machining perpendicularly to the laser scan 

direction of the last layer to obtain the cross section. After cutting, samples were hot mounted with 
an electrically conductive Bakelite, then ground and polished down to 1 µm. Defects within the 
cross sections as well as melt pool dimensions were analyzed through an optical microscope 
Olympus BX60. Nital 3% was used to etch the cross sections. 
Results 
Fig. 1 shows an overview of the cross section of each sample, where the main defects present are 
highlighted and quantified through the percentage of porosity ε. Samples obtained with S2 powder 
exhibits lack of fusion defects for low Ed (sample 0.1) and key-hole porosities for high Ed (sample 
0.4). At the intermediates values of Ed of 80 and 115 J/mm3 (sample 0.2, 0.3) only small gas 
porosities are spotted. With the addition of SiC, the amount of lack of fusion defects significantly 
increases for low Ed of 40 J/mm3, passing from being 1.4% in sample 0.1 to 19% in sample 5.1. 
Similarly, for Ed of 80 J/mm3, sample 0.2 has 0.04% porosity, being mainly small gas porosities, 
whereas sample 5.2 has 0.2% porosity, associated to lack of fusion defects. The amount of porosity 
further increases up to 1% in sample 10.2. For Ed of 115 J/mm3 only small gas porosities are 
spotted in all samples. At the highest value of Ed, key-hole porosities are visible in all samples 
(0.4, 5.4, 10.4), with an amount remaining within the same order of magnitude between 0.4 – 0.7%.  
It is important to mention that with 10% SiC all samples exhibited cracks.  
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Fig. 1. Cross section overviews of each sample, varying the amount of SiC and Ed. Defects are 
highlighted in terms of type (lack of fusion or key-hole) and amount (percentage of porosity ε). 

Samples 0.3, 5.2 and 5.3 exhibits imperfections due to the polishing conditions. 
Fig. 2 shows an overview of the top layer of each sample, where melt pools are highlighted. 

Shallow melt pools are visible at the lowest value of Ed, with a semi-circular shape and poor 
overlapping between each track. The irregularity of each track and layer increases passing from 
sample 0.1 to 5.1. Increasing Ed, in the range 80 – 170 J/mm3 the melt pool morphology changes 
to key-hole like, except for sample 10.2 where the melt pool morphology is still semi-circular. 
Key-hole defects are visible at the bottom of the melt pool of samples 0.4, 5.4, 10.4 generated at 
the highest Ed of 170 J/mm3. 

 

Fig. 2. Top layer overviews of each sample, varying the amount of SiC and Ed. Melt pools 
morphologies are highlighted. 
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Fig. 3 shows the melt pool depth of each sample. In general, the depth clearly increases as Ed 
increases. Furthermore, the addition of SiC leads to a decrease in melt pool depth for all Ed. For 
Ed of 40 J/mm3, the depth is similar for S2 and S2 + 5% SiC, being around 100 µm. Similarly, for 
Ed of 80 J/mm3 the depth is between 90 – 120 µm with 5 and 10% SiC, increasing up to 190 µm 
for S2. For Ed of 115 J/mm3, the melt pool depth is within the range 150 – 250 µm. Finally, for Ed 
of 170 J/mm3, all the melt pool depths are higher than 250 µm, with S2 reaching a value close to 
350 µm. 

 

 

Fig. 3. Melt pool depths changes varying the amount of SiC and Ed. 

Discussion 
The nature of the melt pools generated during the LPBF process is responsible for the achievement 
of a sound part, fully dense and defect-free or, on the contrary, for the appearance of defects such 
as lack of fusion or key-hole porosities. According to equation 1, Ed depends on four different 
parameters: laser power, laser scan velocity, layer thickness and hatch distance. The type of melt 
pool generated depends on the final value of Ed as well as on the individual value of each single 
parameter. To consider this aspect, in this work, different values of Ed are investigated as a result 
of the change of the laser scan velocity as the only parameter that is varied. Laser power, layer 
thickness and hatch distance are fixed. Furthermore, samples obtained by processing the mixture 
of S2 + 10% (in vol.) SiC exhibited cracks at all Ed. Nevertheless, these samples are still considered 
in this work for a more comprehensive investigation on the effect of SiC addition on the 
processability of S2 tool steel powder.  

Fig. 2 shows the melt pool formed depending on the initial amount of SiC and on the applied 
Ed. A semi-circular shape with a depth close to 100 µm (Fig. 3) is observed for low Ed of 40 J/mm3. 
Such morphology is associated with a conductive melt pool type, which leads to the appearance 
of lack of fusion defects. Indeed, the melt pool generated is not sufficient to melt a significant 
amount of powders. Only a limited re-melting of the underneath material occurs, thus creating 
poor overlapping between each track and layer. Despite the similar depth of melt pools of samples 
0.1 and 5.1 (Fig. 3), the addition of 5% SiC leads to the generation of more irregular melt pools in 
sample 5.1 compared to sample 0.1 (Fig. 2), worsening the overlapping and the quality of each 
track and layer with the advancement of the process. Thus, there is a significant increase in the 
amount of porosity ε, from 1.4 up to 19% when passing from 0 to 5% SiC respectively (Fig. 1). 
With 10% SiC, the printing of sample 10.1 was interrupted due to the appearance of an irregular 
surface. It can be assumed that, in this case, the melt pool formed is shallow and conductive, 
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leading to bad overlapping between each track causing irregular layers that finally affect the 
surface quality.    

Increasing Ed up to 80 J/mm3 leads to the appearance of a stable key-hole melt pool for samples 
0.2 and 5.2. However, sample 0.2 alone does not exhibit any defect (Fig. 1). With the addition of 
5% SiC, few lack of fusion defects are still present in sample 5.2 (Fig. 1), due to the generation of 
a shallow melt pool that leads to poor overlapping (Fig. 2). Indeed, despite a stable key-hole 
morphology, the depth of the melt pool is around 120 µm (Fig. 3), which remains close to the melt 
pool depth at 40 J/mm3 (100 µm). In contrast, sample 0.2 exhibits a deeper melt pool around 200 
µm, which allows for good overlapping between each track and layer. With 10% SiC (sample 
10.2), the melt pool has still a conductive morphology (Fig. 2) with a depth of 90 µm (Fig. 3). 
Thus, as in the case of an Ed of 40 J/mm3, lack of fusion defects are present. 

At 115 J/mm3, for all compositions a stable key-hole melt pool is generated, avoiding the 
presence of defects. Only few little gas porosities are spotted. The depth of the melt pool is between 
150 and 250 µm.  

Finally, for the highest Ed of 170 J/mm3, an unstable key-hole melt pool is visible for all 
compositions, leading to presence of key-hole defects at the bottom of the melt pool (Fig. 1 and 
Fig. 2). Such defects are present in similar amounts for all compositions, i.e. less than 1%. 

For all the processed powder mixtures, a sound part free of process-induced defects such as lack 
of fusion or key-hole porosities is obtained when the melt pool exhibits a stable key-hole like 
morphology with a depth between 150 and 250 µm. The threshold for the change from conductive 
to stable key-hole melt pool is observed to be of Ed of 80 J/mm3 for the powder mixtures S2 and 
S2 + 5% SiC. However, with the addition of 5% SiC, a proper stable key-hole melt pool with 
sufficient depth is only generated at 115 J/mm3, which remains appropriate for S2 powder alone. 
With 10% SiC, the threshold for the change from conductive to stable key-hole melt pool is shifted 
to Ed of 115 J/mm3. When further increasing Ed up to 170 J/mm3, an unstable key-hole melt pool 
is generated for all compositions. Therefore, the addition of SiC restrains the optimal process 
window to obtain a sound part. Such restriction of the optimal process window may be ascribed to 
powder properties such as particle size distribution, laser energy absorptivity and reflection as well 
as packing density and conductivity of both the powders and solidified material. Further 
investigations are being conducted to gain a deeper understanding of these phenomena. Fig. 4 
shows a schematic representation of the melt pool types and corresponding defects with varying 
Ed and SiC additions.  
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Fig. 4. Schematic representation of the types of melt pool generated during the LPBF process 
with varying Ed and SiC additions. A stable key-hole like melt pool with a depth between 150 
and 250 µm is desired to obtain a sound part. For S2 parts, such melt pool is obtained for Ed 

between 80 and 115 J/mm3, being limited to 115 J/mm3 when 5 and 10% SiC is added. 

Summary and conclusions 
• SiC powder was added in proportion of 5 and 10 % (in volume) to a tool steel AISI S2 

powder and processed by LPBF. Processing parameters were varied using different scan 
velocity, keeping a fixed laser power, layer thickness and hatch distance. Four values of Ed 
were considered (40, 80, 115, 170 J/mm3) for investigations.  

• For AISI S2 samples, lack of fusion defects are present only for the lowest Ed (40 J/mm3). 
When adding SiC in proportion of either 5 and 10% in volume, such defects are present 
even for Ed of 80 J/mm3.  

• The restriction of the optimal process window can be linked to a change in melt pool 
morphology and dimensions. Conductive melt pools are present for the lowest Ed of 40 
J/mm3 causing lack of fusion defects for S2 and S2 + 5% SiC. With S2 + 10% SiC, a 
conductive melt pool is still present for Ed of 80 J/mm3. Unstable key-hole like melt pools 
are present at the highest Ed of 170 J/mm3, causing key-hole porosities for all the 
investigated compositions.  

• A stable key-hole melt pool with a depth between 150 and 250 µm is found for Ed ranging 
from 80 J/mm3 to 115 J/mm3 for S2, limited to 115 J/mm3 when SiC is added in proportion 
of 5 or 10% in volume.  

• The threshold for the change from conductive to key-hole like melt pool is shifted from Ed 
of 80 J/mm3 for S2 and S2 + 5% SiC to Ed of 115 J/mm3 for S2 + 10% SiC.  
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