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Abstract 

One of the AM processes for direct manufacturing of metallic components is powder bed fusion of 

metals using a laser beam system (PBF-LB/M), in which metallic powders are molten and solidified in 

a layer upon layer manner by a focused laser beam. In recent years, the focus has initially been on 

increasing the efficiency of the systems itself. However, the modification of standard AM metal alloys 

using nanoparticles offers the possibility to improve the PBF-LB/M-process concerning its process 

efficiency and actual densification and thermal conductivity. In this work, a methodology for an in-situ 

investigation of the thermal conductivity as well as the reflectance behavior of metallic powder 

materials during the PBF-LB/M-process is established. The powder material stainless steel 1.4404 was 

coated with different nanoparticles (few-layer graphene (FLG), silicon carbide (SiC)) and processed in 

a standardized build process. As a result, the reflectance rate of all modified materials could be 

increased. Besides, the thermal conductivity of the material is attested to be a decisive and influencing 

factor for the quality of the final component. Thus, an improved relative density was achieved using 

the FLG/1.4404 and SiC/1.4404 (1 vol.%) due to the increased thermal conductivity of the material. 

Also significant defects in the cross section were visible at SiC/1.4404 (4 vol.%).  

Keywords: Additive manufacturing, PBF-LB/M, Stainless steel (1.4404, 316L), Nanocomposite, 

Absorption, Infrared thermography  

1. Introduction 

An additive manufacturing (AM) process is described as the incremental layer upon layer build-up of a 

three-dimensional workpiece and represents the third category next to subtractive and formative 

manufacturing [1]. This, in turn, leads to significant benefits, such as increased freedom of design, the 

realization of complex structures, and the integration of functions. One of the AM processes for direct 

manufacturing of metal parts is powder bed fusion of metals using a laser beam system (PBF-LB/M), 

in which metallic powders are molten and solidified in a layer upon layer manner by a focused laser 

beam [2]. The industry shows great interest in AM of metallic components, which is illustrated by 

rising sales figures for systems [3]. 1.4404 (EN: 14404 / X2CrNiMo17-12-2 / AISI 316L) is a 

stainless, austenitic steel and one of the most commonly used steels in a PBF-LB/M-system. The 

material is applied to a wide range of industrial areas, such as oil and gas, automotive, aerospace, and 

biomedical engineering, due to its high strength, ductility, corrosion resistance, and biocompatibility 

[4,5]. Recently, more and more PBF-LB/M-systems are equipped with bigger build chambers, 

multiple lasers, or high power laser systems in order to increase process efficiency. Along with these 

developments, machine prices increase significantly. Thus, apart from processing standard AM 

powder materials, great research efforts addressed the integration of nanoparticles and the 

manufacturing of nanocomposite parts. The modification of metal alloys using nanoparticles offers the 

possibility to improve the PBF-LB/M-process concerning its efficiency and the subsequent component 

quality including mechanical properties and microstructural characteristics. 

Gu et al. [6] processed Ti metal powder for PBF-LB/M-processes with nanoparticle reinforcements. 

One focus of the study was the investigation of TiC/Ti parts. The TiC/Ti nanocomposite was prepared 
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in a vario planetary mill containing 15 wt.% TiC. After the determination of a sufficient process 

window to reach relative part densities above 97 %, the reinforced parts exhibit an increased dynamic 

microhardness, elastic modulus and decreased wear rate. Comparable results were obtained with a TiC 

content of 12.5 wt.% [7]. Gu et al. [8] also compared ball-milled TiC/Ti nanocomposite powder and 

mechanically mixed nano-TiC/Ti powder and investigated the influence of nanopowder characteristics 

and processing parameters on densification, microstructural and mechanical properties. As a result, the 

densification of the ball-milled nanocomposites was higher than the mechanically mixed nano-TiC/Ti 

powder. Further investigations concerning TiC-reinforced AlSi10Mg were conducted by Gu et al. 

[9,10]. TiC was also used to reinforce stainless steel 1.4404 in multiple research activities from Al 

Mangour et al. [11,12]. Four different TiC/1.4404 nanocomposites containing a volume fraction from 

2.5 to 15 vol.% were prepared with two different starting TiC particle sizes (1 µm and 50 nm) by ball 

milling. A vario-planetary mill was used as a mixing process. At first, the influence of different 

particle sizes and volume contents of TiC on constitutional phases, microstructural and mechanical 

properties was investigated. Consequently, an increased relative density was obtained with use of fine 

particles at a low volume content due to an improved wettability. Furthermore, the hardness values 

increased and the coefficient of friction as well as wear rate decreases at an increased TiC volume 

content due to the combined effect of grain refinement and grain boundary strengthening [11]. In a 

further investigation, Al Mangour et al. [12] present a correlation between volume energy density and 

TiC particle size and validates a simulation to predict the temperature evolution and thermal behavior 

of the melt pool. Subsequently, TiC particle size increases simultaneously to an increasing volume 

energy density due to thermal accumulation within the melt pool. TiB2/1.4404 was also processed with 

varying nanoparticle content by Al Mangour et al. [13]. An increased hardness, yield strength and 

decreased coefficient of friction and wear rates with a strong dependency on TiB2 volume content 

could be observed. Further reinforced 1.4404 manufactured by PBF-LB/M were investigated by Zhao 

et al. [14], Wilms et al. [15] and Salman et al. [16]. Chang et al.  [17] studied the influence of different 

particle sizes in a SiC/AlSi10Mg composite powder on the microstructure and mechanical properties 

of PBF-LB/M-parts. Therefore, superior material characteristics concerning densification and 

microhardness were achieved by using the smallest SiC particle size. In addition, Sehrt et al. [18] 

processed Al2O3 nanoparticles on feedstock material tool steel (1.2709) and Hastelloy X (2.4665) and 

investigated its melt pool dynamics and microstructural properties. Both nanocomposites show a 

significant improvement of mechanical properties and nanoparticles form agglomerates that determine 

the melt pool dynamics. A similar approach was performed by Sehrt et al. [19] by modifying tool steel 

with WC and TiO2 nanoparticles.   

It is evident that material-based input parameters, such as sphericity, particle size distribution, 

flowability, and reflectance are essential to ensure a defect-free process and reproducible component 

quality [20,21]. Especially the laser-material-interaction is of great interest. Zhou et al. [22] proved 

that Al2O3-coated metallic powders exhibit higher laser absorptivity with respective to uncoated 

metallic powders due to an increased surface roughness of the particles. Yang et al. [23] investigated 

the absorption behavior of AlSi12 powder and its correlation to different particle sizes. As a result, the 

dependence of both parameters was visible. With an increasing particle size, the absorption of the laser 

beam decreases. A similar result was reported by Gu et al. [24], who compared the absorption 

behavior of SiC and TiB2-reinforced AlSi10Mg. The reinforced material exhibited an increased 

absorption behavior compared to the original feedstock material, due to multiple scattering of the laser 

beam. Furthermore, a simulation created by Boley et al. [25] demonstrates and proves the mentioned 

correlation between absorption, particle size distribution and geometry. Tolochko et al. [26] also 

investigated the laser absorption of different powder materials including metals and ceramics. A 

change in absorption is observed with increasing exposure time by the laser beam. Using an Ni-alloy, 

the powder is heated by an Nd:YAG laser causing the material to be partially sintered at first. The 

surface of the powder particles melts and results in a rearrangement within the powder bed. During the 

subsequent melting of the metal powder, the porosity of the powder bed is suddenly reduced, resulting 

in a significant decrease in absorption capacity. 
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Additionally, process monitoring systems (e.g. thermographic camera, high-speed camera, etc.) can be 

used to detect defects and irregularities during the process. In past scientific work, the implementation 

of infrared cameras on PBF-LB/M-systems has already been accomplished. This primarily serves the 

purpose of non-contact, non-destructive testing of components by detecting build-up defects, such as 

pores or binding defects during the AM process [27,28]. Microstructural defects can have a significant 

influence on mechanical properties of the manufactured components. Krauss et al. [28] discovered that 

defects in the microstructure can be detected if they occur for a period of more than 20 ms and are 

compared with predefined reference limits. Cracks with a length of 40 – 500 µm can be detected by 

applying an infrared camera. Furthermore, the in-situ material behavior can be characterized. A 

complex challenge when implementing an infrared camera is the required calibration of the camera 

system. Influencing factors which lead to a change in emissivity and thus, complicate the calibration 

of the system are, for example, the varying roughness and oxidation of the powder surface, the 

viewing angle, the temperature and the utilized material [29]. Körperich et al. [29] conducted a 

thermal analysis of the build-up height on mechanical properties of hot-working steel during the PBF-

LB/M-process. Using an infrared camera, they were able to detect a drop in temperature of up to 170 

°C over the entire build height. At the same time, the effect on the hardness could be determined, 

which could also be observed in dependence of the build height. The development of the hardness 

values varied between 614 HV10 and 662 HV10. 

In the research environment, studies have been performed on the conductivity of different metal 

powders. They established that the thermal conductivity of metallic powder materials is strongly 

dependent on the powder size, the morphology and the cavity between powder particles [30]. The 

thermal conductivity describes how rapidly the thermal energy is conducted through the metallic 

solidified material and, before consolidation, is an indicator for the heat from irradiated powder 

conducted to other adjacent powder particles. Depending on the material, the energy input can be 

adjusted in respect of thermal energy in order to achieve a homogeneous melting process. [31,32] In 

this context, Buchbinder et al. [33] state that materials with high thermal conductivity can be 

processed with an increased energy density. Typically, cooling rates of approx. 10
5
 to 10

7
 K/s are 

achieved during the PBF-LB/M-process [34]. Furthermore, research has already been conducted on 

the correlation between process parameters and thermal conductivity. For instance, Simmons et al. 

[34] have investigated the correlation between the porosity of bulk metallic components manufactured 

by PBF-LB/M and thermal conductivity. In this case, the thermal conductivity was measured by 

frequency domain thermoreflectance (FDTR) and the specimens were made of stainless steel 1.4404. 

As a conclusion, an increased thermal conductivity leads to increased densification of the bulk 

material. At the same time, the thermal properties are influenced by varying process parameters. These 

findings are in accordance with the results of Alkahari et al. [32]. Here, a methodology for the 

determination of thermal conductivity has been developed, in which a voltage is measured using a 

thermocouple as the energy input in a bulk powder increases. Furthermore, it was found that the bulk 

density and the particle diameter of metal powder represents a significant influencing parameter 

concerning the thermal conductivity.  

In this work, a methodology for an in-situ investigation of the thermal conductivity as well as the 

reflectance behavior of the metallic powder materials during the PBF-LB/M-process is established. 

For this purpose, an infrared camera is implemented in the build chamber of the PBF-LB/M-system. 

Based on this, standardized build processes are performed with varying metal powders. The materials 

are, on the one hand, the austenitic, stainless steel 1.4404 and, on the other hand, modified types of 

this powder. The modification affected the coating with two different nanoparticle materials (few-layer 

graphene (FLG) and silicon carbide (SiC)) in order to achieve an improvement of thermal 

conductivity, reflectance behavior and densification behavior.  
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2. Materials and Methods 

2.1. Powder Material 

2.1.1. Feedstock material 

Gas atomized stainless steel 1.4404 (X2CrNiMo17-12-2) powder was used as a feedstock, which was 

then coated with silicon carbide (SiC) and few-layer graphene (FLG) to achieve a modification of the 

thermal conductivity and reflectance behavior. According to DIN EN 10088-1 [35], the chemical 

composition of 1.4404 is presented in Table 1. 

Table 1: Nominal chemical composit ion of 1.4404 stainless s teel powder [35]   

Element  Fe Cr Ni Si  Mo Mn P S C 

Content  

in wt.% 
bal.  

16.5 

–  
18.5 

10.0 

–  
13.0 

max. 1.0 

2.0 

–  
2 .5 

max. 2.0 
max. 

0.0045 

max. 

0.015 

max. 

0.03 

 

The Mastersizer 3000 dry module (Malvern) was used for the PSD analysis of the dry AM powder and 

dry coated powders. Therefore, a dispersing pressure of 2 bar and optical concentration between 2 and 

5 % was chosen (cf. Figure 1c). 

Particle size distributions smaller than 600 nm were measured with the Nanophox (Sympatec GmbH) 

via dynamic light scattering (according to DIN ISO 22412 [36]), therefore the samples were diluted in 

the same solvent as used in the grinding experiments. The measurements were conducted at 25 °C at a 

count rate between 500 and 1000. The powder morphology was analyzed by the scanning electron 

microscope (SEM) Gemini2 Merlin by Carl Zeiss AG (Germany). The different powders were 

steamed with 15 nm of gold to increase electrical conductivity. Additional measurements were 

performed with the SEM Helios G4 CX (FEI/ThermoFisher Scientific).  

2.1.2. Additive formulation and coating process 

The SiC and few-layer graphene (FLG) were processed in an aqueous medium via stirred media 

milling (Labstar, Netzsch (Germany)). For SiC grinding high circumferential speeds of 12 m/s and 

small grinding beads (200 µm) with a density of 3910 kg/m³ were applied. Additionally, an 

electrostatic stabilization with HNO3 (pH: 4.4) was utilized in order to prevent the nanoparticles from 

agglomeration. In the case of FLG, low circumferential speeds of 4 m/s and grinding beads (400 µm) 

with a density of 4100 kg/m³ were used in order to delaminate the graphite flakes and not to induce 

lateral fractures. To prevent the FLG from agglomeration, a steric stabilization was used (Kollidon 30, 

BASF). The resulting suspension was centrifuged in 50 ml falcon tubes for 8 min and 4000 rpm to 

ensure that no unprocessed graphite is present in the suspension. Both suspensions were stored in a 

shaking plate and remained stable without any visible agglomeration or sedimentation. For validation 

purposes the zeta potential was measured with electroacoustic measurements (DT, Dispersion 

Technology Inc., USA) in the original suspension at room temperature.  A fluidized bed (Mini-Glatt, 

Glatt GmbH (Germany)) with top spray configuration was used for the coating experiments. The 

process was designed in order to maintain a stable fluidized bed during the coating experiments (s. 

Table 2). Coating coverages of 1.0 vol.% and 4.0 vol.% were produced for SiC and 0.75 vol.% for 

FLG. The required coating amounts of SiC particles were chosen on a theoretically based assumption. 

A volume fraction of 1 vol.% correspondents to a mass concentration of 0.4 wt.% and a theoretical 

surface coverage of 100 %. For the calculation of the theoretical surface coverage, the host and guest 

particle size was assumed spherical and a densest ball packing was calculated according to the 

assumptions made in [37].    
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Figure 1: Uncoated feedstock material 1.4404 a),  b) SEM images and c) part icle size distribution  

Table 2: Fluidized bed coating process parameters  

 
SiC FLG 

Pressure drop of airflow [bar] 0.6 0.6 

Pressure drop of nozzle [bar] 0.7 0.9 

Temperature [°C] 80 

Filter cartridges cleaning intervall [s] 2 

Spray rate [ml/min] 1 

2.1.3. Reflectance measurement 

The reflectance measurement of the samples was analyzed by the Nicolet iS20 FTIR spectrometer 

from Thermo Fisher Scientific (USA). The DiffusIR from Pike was used as an accessory for the 

measurement. The measurements were carried out at room temperature. An aluminum mirror served as 

a reference for the background measurement. All spectra were recorded using a white light source, an 

XT-KBr beam splitter, and an MCT/A detector range of 4000 to 11000 cm
-1

 with 64 scans and a 

spectral resolution of 4 cm
-1

. During sample preparation, a cup (diameter: 5 mm; depth: 3 mm) is filled 

with the powder material to be measured. The subsequent removal of the excess powder with the 

support of a blade leads to a similar application behavior to that of the PBF-LB/M-process, so that a 

reproducible reflectance measurement is guaranteed. Three spectra from each of the four samples were 

recorded to check the reproducibility of the measurement. The wavenumber of 9398 cm
-1

 (reciprocal 

value of the wavelength) corresponds to a wavelength of λ = 1064 nm which equals the wavelength of 

Nd:YAG laser utilized in a PBF-LB/M system. 

2.2. Processing 

2.2.1. PBF-LB/M-system 

The metallic samples were manufactured using the PBF-LB/M-system TruPrint 1000 of Trumpf 

GmbH & Co. KG (Germany). The TruPrint 1000 is equipped with an Nd:YAG fiber laser (wavelength 

of λ = 1064 nm) with a maximum laser power of 200 W and focal diameter of 30 µm. An F-theta lens 

ensures that the focal point of the laser beam is positioned in the working plane. The system enables a 

maximum build size of 100 mm (diameter) and a height of 100 mm. Furthermore, the components and 

the powder inside of the build chamber are protected against oxidation by a nitrogen atmosphere. The 

recoating mechanism consists of a rubber x-profile and distributes a thin layer of metal powder from 

the feed region over the build platform. Afterwards, the applied layer is selectively molten according 

to the cross-sections of the parts and metallurgically bonded to the underlying layer. As soon as this 
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step is completed, the build platform is lowered and a new layer of powder is applied. These steps are 

repeated until the parts are finished. 

2.2.2. Standardized build process 

A standardized build process with three test specimens (cf. Figure 2) was designed and manufactured. 

In order to investigate the influence of the component height on the temperature development, the first 

specimen represents a cylinder with a diameter of 8 mm and a height of 16 mm. In order to be able to 

observe up- and downskin effects, two cones were designed, which differ in the build-up process by a 

180° rotation. The cones also measure 16 mm in height and have a conically reduced diameter from 

8 mm to 2 mm. By choosing these dimensions, the cones can be manufactured without support 

structures, as the critical angle of 45° is not reached. In order to achieve comparability of the 

processed materials, these were manufactured with the same process parameters (cf. Table 3). 

 

Figure 2: a) Specimen arrangement on the build plate (top view) b)  3D model of the standardized  build job with an 

i llustrat ion of the applied scan strategy  

Table 3.  PBF-LB/M nominal process parameters and environm ent applied on 1.4404, SiC/1.4404  and FLG/1.4404  

Laser power P L  130 W 

Hatch distance h d 80 µm 

Layer thickness DS  30 µm 

Scan speed v S  700 mm/s 

Volume energy density E V  77,38 J/mm³ 

Scan strategy  90° alternating 

Focal diameter  30 µm 

Inert  gas atmosphere  N2  

Gas f low rate  3 m/s 

Recoating speed  80 mm/s 

Coater type Rubber x-profi le  

2.2.3. Infrared camera 

The infrared camera PI 640 from Optris GmbH (Germany) is utilized, which covers a temperature 

range from -20 to 900 °C and exhibits an accuracy of ± 2 %. The specific temperature range of the 

camera must be selected before each measurement. The three temperature ranges -20 to 100 °C, 0 to 

250 °C and 150 to 900 °C are available. The spectral range of the camera extends between 7.5 –

 13 µm and the refresh rate up to 32 Hz. The camera has a resolution of 640 x 480 pixels. It measures 

the infrared radiation emitted by objects and calculates the surface temperature on this basis. The two-

dimensional detector measures the surface area and displays it as a thermographic image using 

standardized color scales. The radiometric processing of the image data allows a subsequent detailed 

image analysis with the comfortable software PIX Connect. The calibration of the camera is performed 

Layer n

Layer n+1

90 

Coater direction
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e
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outside the PBF-LB/M system. A highly-resistant reference sample with a constant, defined emissivity 

is applied to a heating plate. Afterwards, the corresponding powder is deposited on the heating plate 

with a defined layer thickness and heated up to the maximum temperature of 500 °C. The emissivity is 

now adjusted in temperature increments, whereby saturation is reached after a short period of time (cf. 

Figure 3a). When determining the emissivity, the surface and the degree of oxidation is attested to be a 

significant influencing factor [38]. Since the surface of the deposited powder layer does not show any 

noticeable differences for the infrared camera used in this work and since no significant oxidation 

effects occur at room temperature, almost identical emissivity values are measured. As the temperature 

increases, the affinity for oxidation becomes visible and leads to a change in the emissivity. 

Corresponding to the emissivity values, the increased SiC content of SiC/1.4404 (4 vol.%) has a 

different influence on the oxidation behavior and thus also on the emissivity with increasing 

temperature. The camera was attached to the inside of the protective glass inside of the PBF-LB/M-

process chamber using a mounting stand. A digital inclinometer from HOLEX (Germany) was used to 

set a consistent viewing angle of the of 57.1° relative to build plate to ensure the reproducibility of the 

measurements (cf. Figure 3b).  

 

Figure 3: a) Emissivity of 1.4404 and i ts coatings under varying temperatures b) Posit ioning and mounting of the 

infrared camera inside of the TruPrint  1000  machine  

In total, 533 layers were applied by the coater to manufacture the specimens. During the 

manufacturing process, the infrared camera is permanently pointed at the build plate, but the camera is 

only activated within certain layer ranges due to the immense volume of data. Since only one 

temperature spectrum can be selected for each measurement, the procedure shown in Table 4 was 

applied. 

Table 4: Recorded temperature spectrums  in dependence of the camera act ive layer ranges  

2.3. Relative density 

The Keyence VHX 6000 digital microscope of Keyence Corporation (Japan) was used to analyze the 

cross section and to quantify the relative density of the samples. The entire cross-section of the infill 

 Recorded temperature spectrum 

Layer ranges 0 –  250 °C 150 –  900 °C 

0 –  30 X  

60 –  90  X 

125 –  150 X  

200 –  230  X 

280 –  310 X  

360 –  390  X 

400 –  430 X  

460 –  490  X 

500 –  530 X  
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section of a sample is recorded to evaluate and compare the relative density. The accumulated area of 

all pores can be recorded with the aid of particle/contamination analysis.  

3. Results 

3.1. Additive production and metal powder characteristics 

The stirred media milling of SiC particles results in a median particle size of 99.3 nm (cf. Table 5). 

Zeta potential measurements of the suspension exhibit a value of 37.8 mV, indicating that the 

suspension is preserved against agglomeration. The produced FLG suspension exhibit a median 

particle size of 568.3 nm (cf. Table 5) and a zeta potential of -23.4 mV, which is a sufficient 

electrostatic barrier to prevent agglomeration [39].    

As depicted in Figure 4 not the full surface is covered with SiC-particles, because of the loss of some 

material in the process and a slightly agglomeration of SiC particles. To investigate the influence of a 

complete covered surface on reflectance behavior of the laser light, flowability and heat conduction in 

the powder bed, the coating amount has been increased fourfold to ensure a complete coverage (cf. 

Figure 4). The relatively low coating amount of 0.75 vol.% of FLG was selected in order to ensure a 

thin layer of FLG flakes on the host particle surfaces and prevent agglomeration of the FLG’s. In 

Figure 5 an occurred effect is depicted, where ring-like shapes are apparent. Most likely these shapes 

occur due to drying effects on the particle’s surface at the presence of high volume fractions [40]. This 

effect is known as coffee-ring effect and are common wherever drops containing dispersed solids 

evaporate on a surface The accumulation of particles on the edges of the droplet is thereby mainly 

caused by an outward flow of the liquid carrying solid particles due to faster evaporation of suspension 

in the peripheral area of the droplet [41–44]. 

A theoretically consideration of the carbon content in the alloy after PBF-LB/M results in 0.23 wt.% 

for 1.4404/FLG, for 1.4404/SiC (1 vol.%) 0.15 wt.%, for 1.4404/SiC (4 vol.%) 0.51 wt%. The 

calculation is based on the content of FLG or SiC added on the metal particles weighted with the 

molecular carbon content plus 0.03 wt% of the feedstock carbon content. In further investigations the 

actual carbon content will be determined for instance by thermal analysis or ICP OES. 

 

Figure 4: SEM-Images with different  magnificat ion of uncoated a) 1.4404 b) Graphene (0.75 vol.%, part icle size 

100 nm) and SiC surface coated coverages c) 1 vol.% d) 4 vol.%  
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Figure 5: SEM-Image of coated 1.4404 (4 vol% SiC)  

Table 5: Part icle sizes of used suspensions,  feedstock part icles and coated part icles  

 SiC  FLG  1.4404  SiC/1.4404 (1 vol.%) SiC/1.4404  (4 vol.%) FLG/1.4404 (0,75 vol.%) 

 Suspension [nm] Dry particles [µm] 

Particle size  

X10,3 

X50,3 

X90,3 

 

65.2 
99.3 

160.8 

 

363.8 
568.3 

890.3 

 

28.3 
41.3 

60.1 

 

29.2 
42.3 

61.2 

 

29.9 
43.6 

63.5 

 

27.3 
40.4 

60.2 

 

3.2. Reflectance measurement 

The results of the reflectance measurements are illustrated in Figure 6. Three measurements were 

taken for each material. It becomes clear that the alloy 1.4404 with an average value of approx. 11 % 

has the highest reflectance compared to the aluminum mirror. This is followed by the material 

SiC/1.4404 (1 vol.%) with approx. 9.4 % and the material FLG/1.4404 with 8.0 %. The material with 

the lowest reflectance of 6.4 % is represented by SiC/1.4404 (4 vol.%). It is shown that an increased 

amount of SiC leads to a decreased reflectance. The reflectance values are measured against an 

aluminum mirror as a reference material. However, since all four samples were measured against the 

same reference material, statements can still be made about the different reflectance behavior.  
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Figure 6:  Reflectance  measurements of stainless steel  1.4404 powder and i ts coatings;  Reflectance  was measured  

with respect  to the wavenumber;  wavenumber of 9398  cm - 1  correspond to a wavelength of λ  = 1064 nm.  

3.3. Temperature Distribution 

The images illustrated in Table 6 were taken in the indicated layer ranges one frame after laser 

exposure (1/32 s at 32 Hz) and thus before the subsequent powder distribution. The direction of 

movement of the laser was from top right to bottom left as seen in the images. When comparing the 

images of the different powder materials in the initial layer ranges 0 – 10 and 125 – 150, it is 

noticeable that the SiC-coated metal powders cause a high heat distribution in the powder bed. 

Furthermore, it strikes that the surface area with temperatures above 250 °C is significantly more 

intense in both SiC/1.4404 (1 vol.%) and SiC/1.4404 (4 vol.%) powder materials. This difference is no 

longer clearly visible in the subsequent layers. In the images of FLG/1.4404, the high thermal 

conductivity of this material is visible. In Table 7 the quantification of the area percentage of a 

temperature level above 225 °C is illustrated. Here, an increase of the area percentage simultaneously 

to an increasing volume fraction of SiC and furthermore, decreased area percentage at the FLG-

coating is clearly noticeable. Due to the established state of the process after 125 layers and increased 

information value, the layers 0 – 10 were excluded in this table. Due to the high thermal conductivity, 

the generated heat seems to dissipate rapidly into the build plate, so that the heat distribution in the 

powder bed is significantly less compared to the other alloys. Since the heat in the powder bed does 

not disperse so far with the FLG-coating, there are significant differences in the thermal conductivity 

of powder materials and solids possible. In case of FLG/1.4404 a more stable process is guaranteed. In 

addition, the downskin geometry (located in the upper right corner) is the first exposed geometry by 

the laser. Assuming this, it should have the lowest temperatures due to the longest cooling time. In 

fact, however, the downskin cone of FLG/1.4404 exhibits increased temperatures in the layer range 
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400 – 430 compared to the cylinder and upskin cone. Another difference is the increased amount of 

spatters at SiC/1.4404 (4 vol.%) which can clearly be seen on the powder bed surface.  

Table 6: Temperature distribution in the powder bed of stainless steel 1.4404 a nd i ts coatings  

Layer 

ranges 

1.4404 SiC/1.4404 

(1 vol .%) 

SiC/1.4404 

(4 vol .%) 

FLG/1.4404 Color 

scale 

0 

–  
10 

 

 

  

 

125 

–  

150 

    

280 
–  

310 

    

400 

–  
430 

    

 

Table 7 : Temperature distribution in the powder bed of sta inless  steel 1.4404 and i ts coatings with highlighted 

surfaces above 225  °C for two different  layer ranges  

 Material 

1.4404 
SiC/1.4404 

(1 vol .%) 

SiC/1.4404 

(4 vol .%) 
FLG/1.4404 

Layer range 
125 –  150 

    

Area percentage  
> 225 °C 

9.43 % 13.08 % 13.65 % 0 % 

Layer range 

280 - 310 

    

Area percentage  

> 225 °C 
12.72 % 17.94 % 18.96 % 0 % 
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3.4. Temperature development in dependence on the component height 

Within the layer ranges 60 – 90, 200 – 230, 360 – 390 and 460 – 490 a temperature spectrum of 150 –

 900 °C was set in the infrared camera system. The obtained information allows statements to be made 

about the temperature development as a function of the component height for the individual materials. 

In order to be able to systematically observe the measured temperature values of the different alloys, 

geometries and powder layers, the ten highest temperature values per powder layer were determined 

for each alloy and geometry and the arithmetic mean value was calculated (cf. Figure 7). 

It is noticeable that the measured temperatures for the alloy SiC/1.4404 (4 vol.%) are significantly 

higher than those for the other alloys. This is particularly evident in the layer ranges 60 – 90 and 200 –

 230. In particular, the cylinder and the downskin cone are characterized by the maximum detectable 

temperature of 925 °C. The maximum temperature difference between the upskin cones of 

SiC/1.4404 (4 vol.%) and FLG/1.4404 exists in the layer range 460 – 490 (882.61 °C to 402.64 °C). In 

addition, the downskin cones of all four alloys show a temperature increase with increasing 

component height. Thus, the average maximum temperature of the downskin cone of the feedstock 

1.4404 increases from 505.2 °C (layer 69 – 90) to 925 °C (layer 460 – 490). The temperature drop of 

the upskin cones of all alloys is equally noticeable with increasing heights. Thus, the average 

maximum temperature of the upskin cone of 1.4404 decreases from 696.77 °C (layer range 60 – 90) to 

542.91 °C (layer range 460 – 490). Furthermore, the average maximum temperature of the cylinder 

varies at least over the height of the component. Considering the alloys 1.4404 and 

SiC/1.4404 (1 vol.%), there is only a temperature increase of 37.17 °C and 109.89 °C respectively 

over the entire height of the component. For the alloy FLG/1.4404 the corresponding value results in 

21.26 °C. 

Layer range 

400 –  430 

    

Area percentage  

> 225 °C 
20.17 % 20.98 % 22.53 % 4.74 % 

Color sca le  

 
0  C 125  C >250  C
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Figure 7: Average max. temperature development in dependence on component height   

3.5. Optical Evaluation 

A comparison of the geometries manufactured from the different powder material combinations 

reveals significant optical differences in the component surfaces (cf. Figure 8). The component of the 

original feedstock 1.4404 exhibits an apparently dense homogeneous surface without any detectable 

cracks and pores. Only a few weld spatters are visible. However, the annealing colors of the cylinder 

and the downskin cone can be seen. The annealing colors are visible on the cylinder from about half 

the height of the component and on the cone over the entire height. A highly homogeneous surface 

structure can be seen in components made of the alloy SiC/1.4404 (1 vol.%). In contrast to the original 

feedstock, no annealing colors and only a few powder agglomerations are visible. The components 

made of alloy SiC/1.4404 (4 vol.%) are characterized by an inhomogeneous surface quality and 

significant cracks and potential pores are visible as indicated by the red arrows (cf. Figure 8). These 

extend over the entire height of the component. Annealing colors, however, are not visible. 

FLG/1.4404 in turn shows a homogeneous surface. Compared to 1.4404, fewer weld spatters are 

visible, especially on the cylinder. The downskin cone is characterized by annealing colors in the 

upper half, due to a system failure at layer 500.  

 

   Figure 8: Manufactured components of  a) stainless  steel 1.4404  powders and i ts coatings  b) SiC/1.4404 (1  vol.%) 

c) SiC/1.4404 (4 vol.%) and d) FLG/1.4404; red arrows indicate  potential  cracks and  pores at  the surface of the 

specimen  
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3.6. Relative density 

The results of the relative density measurement are shown in Figure 9. Slight defects are noticeable at 

the upskin cone of the 1.4404 alloy. This involves predominantly the pore formation as illustrated in 

Table 8. Considering the size of the resulting pores, it is noticeable that most pores are micropores 

with a size of 10 – 50 µm and located in the upper third of the upskin specimen. Nevertheless, the 

increased standard deviation is prominent. With increasing component height, the length of the scan 

vectors decreases. This leads to a consistently changing thermal behavior. This assumption is 

supported by Figure 7.  This results in a non-reproducible and error-prone melting of the material. As 

illustrated in Table 8, only a decreased amount of inhomogeneities can be detected at the FLG/1.4404 

and SiC/1.4404 (1 vol.%) that show almost identical values at all specimens. SiC/1.4404 (4 vol.%), on 

the contrary, is characterized by an increased amount of defects in the cross-section. In particular, the 

lack of fusion seems to be a predominant factor as illustrated in Table 8. This is confirmed by the 

values of relative density. The upskin cone in particular exhibits a relative density of approx. 94 %.  

  

Figure 9: Relat ive density of manufactured specimens  

 

Table 8: Cross section of manufactured specimens  

Specimen Cross section 

SiC/1.4404 (1 vol.%)  
-  

Cylinder 
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SiC/1.4404 (4 vol.%) 
-  

Cylinder 

 

1.4404 
-  

Upskin 

 

 

 

4. Discussion 

4.1 Correlation between powder material and temperature 

The particle size distribution, morphology and especially the surface roughness of powder particles 

have a great influence on the degree of reflectance of a material [22,24,25]. Due to multiple scattering 

of laser radiation, there is a decrease in reflectance with increasing surface roughness. The degree of 

reflectance of the utilized powder particles is determined by the surface condition resulting from the 

applied nanoparticle coatings. Thus, the laser radiation is reflected between adjacent powder particles 

in the powder bed and consequently absorbed in its way as stated by Laumer et al. [45]. Considering 

Figure 1, it is noticeable that all powder materials exhibit increased sphericity with only a few 

satellites. This was calculated according to DIN ISO 9276-6:2012-01 [46] and corresponds to a 

sphericity of 0.974 ± 0.028. The results show a decreased reflectance simultaneously to an increasing 

volume content of SiC. Consequently, an increased surface roughness at SiC/1.4404 (4 vol.%) is 

expected. In first experiments the surface roughness was determined by atomic force microscopy 

(AFM) (Nanowizard 3, JPK Instruments). In principle, the statement made here was confirmed. 

However, an analysis of a large number of particles is necessary to be able to make a reliable 

statement. In addition, only a small area on the particle is considered in the measurement, which 

includes the surface modification as well as the original surface structure of the feedstock material. 

Furthermore, especially the alloys SiC/1.4404 (4 vol.%) and FLG/1.4404, the additional layers cause 

local discoloration of the powder particles.  These discolorations can already be perceived when 

viewed macroscopically, as the latter materials appear much darker as illustrated in Figure 10. The 

discoloration may have an additional influence on the reflectance considering the wavelength of the 

laser used, since the color gradation from a lighter to darker gray corresponds to the order of the 

reflectance measurement. 

500 µm

100 µm

500 µm

200 µm
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Figure 10: Images of feedstock material  a) 1.4404 b) FLG (0.75 vol.%)  and SiC surface coated coverages c) 1 

vol.% d) 4  vol.% highlighting the discolorat ion of the powder part icles  

The SiC coating with an increased volume fraction shows accumulations of particles forming a ring-

like shape. This behavior is likely to occur due to drying effects at these relatively high volume 

fraction. In contrast, the FLG layer deposited on the original feedstock exhibit an island-like shape. 

Considering the reflectance and temperature values, alloy SiC/1.4404 (4 vol.%), which is 

characterized by the lowest reflectance values, exhibits the highest temperatures within all layer ranges 

(cf. Figure 7). Since the same process parameters were used in all build processes, SiC coating has a 

significant influence on the temperatures occurring in the component, especially with an increased 

volume fraction. FLG/1.4404, which also shows decreased reflectance behavior, exhibits decreased 

temperatures in the component and in the surrounding powder bed due to its high thermal conductivity 

(cf. Table 7). The thermal conductivity of graphene is not constant but increases with the length of a 

graphene layer at room temperature [47].  The FLG-coated material promotes the formation of a 

narrow heat-affected zone, as the heat can be rapidly dissipated through the solidified powder material 

into the build plate. The rapid heat dissipation allows good processability by PBF-LB/M, which is also 

confirmed by the relative density (cf. Figure 9). A possible concern that rapid heat dissipation could 

lead to the formation of internal stress and resulting cracks could not be observed.  

4.2 Correlation between component geometry and temperature 

For each component geometry, a systematic temperature change over the component height is 

noticeable. While the temperatures within the cylinders remain rather constant, the upskin geometries 

are characterized by a significant temperature decrease and the downskin geometries by a significant 

temperature increase. Since the downskin geometry was manufactured without any support structures, 

the heat generated in the process can be dissipated less effectively into the build plate. The inferior 

thermal conductivity into the surrounding powder instead of into the underlying solidified layers 

promotes the formation of increasing temperatures. Körperich et. al. [29] investigated, for example, 

the temperature change over the height of the component for the hot-working steel 1.2344. They 

noticed a decrease in temperature in the manufactured cuboid with a constant cross-section. This is in 

contrast to the constant temperatures within the cylinders manufactured in this work, which also shows 

no change in cross-section. The dimensions of the cuboid by Körperich et al. result in a surface to 

volume ratio of 0.422, while the cylinders exhibit a ratio of 0.625. A decreased surface area at a 

simultaneously large volume of the cuboids is ensured. Since the heat conduction via the surface of the 

cuboid into the loose powder is lower than the heat conduction via the volume of the already solidified 

powder material into the build plate, an increased amount of heat can thus be dissipated. The cylinders 

of this work, on the other hand, have a comparatively large surface but a smaller volume. This results 

in the opposite case and less heat can be dissipated through the solidified powder material into the 

build plate. In addition, the material 1.2344 has a thermal conductivity of λ = 25 W/m*K (at 20 °C) 

which is approx. 67 % higher than the thermal conductivity of 1.4404 (λ = 15 W/m*K at 20 °C). The 

build process in this work consisted of a total of 533 layers. Accordingly, half of the component height 

is located at layer 267, where the cross-sectional areas of the upskin and downskin geometries are 

exactly the same. For both geometries in the layer range 200 – 230, immediately before reaching the 

center of the component, an intersection of the measured temperature can be observed for all material 

combinations. This confirms that homogeneous temperatures are obtained for similar-sized cross-

sectional areas.  

a) b) c) d)

2 cm 2 cm 2 cm 2 cm
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4.3 Correlation between relative density and temperature 

The decreased relative density of SiC/1.4404 (4 vol.%) is noticeable. A possible explanation for the 

formation of large pores could be the formation of so-called incomplete fusion or lack of fusion. The 

incomplete fusion defects are insufficient fusions of adjacent melt pools, which occur after cooling in 

form of areas that have not been melted. This type of defect is represented by a cavity containing 

unmelted or only partially melted powder particles as illustrated at the SiC/1.4404 (4 vol.%) in 

Table 8. [48,49] This phenomenon occurs mainly horizontally within a layer or vertically over several 

layers. Although SiC/1.4404 (4 vol.%) is characterized by the highest measured temperatures (cf. 

Figure 7), the reason might be the irregular process performance. Due to the increased amount of weld 

spatters that are deposited on the powder bed, a pronounced welding fume can be assumed (cf. 

Table 6). During the PBF-LB/M-process, this leads to a beam attenuation, beam deflection or focus 

shift. All powder materials were processed with the same process parameters to ensure comparability. 

Due to the significantly different melting behavior, an adaption of an individual exposure strategy and 

process parameters could promote an optimized processing. 

5. Conclusion 

In this work, the commercially available powder material 1.4404 was coated with the nanoparticles 

SiC and FLG. After analyzing the reflectance behavior of the powder materials, a standardized build 

process was performed. The build process was recorded by a systematically calibrated infrared camera 

to the individual material in order to reveal an in-situ temperature distribution in the powder bed in 

dependence on the component height. The optical evaluation of the component quality completes the 

work. Consequently, the following main findings can be derived: 

1. The reflectance of modified powder materials could be increased. The main influencing 

variables are surface roughness and the discoloration of individual powder particles. 

2. The degree of reflectance of an alloy is not the only decisive factor for the prevailing 

temperatures in the powder bed and in the melting zone. The thermal conductivity of the 

respective materials is attested to have a significant influence on process parameter selection. 

3. An increased relative density was achieved by FLG/1.4404 and SiC/1.4404 (1 vol.%). The 

alloys exhibit less defects than the original feedstock 1.4404 and annealing colors could not be 

detected. 

4. The material SiC/1.4404 (4 vol.%) was difficult to process on the equipment currently in use. 

The high proportion of hard ceramic particles led to an increased amount of weld spatters 

during the process and significant bonding defects with the set exposure parameters. 

6. Outlook 

At first, the surface roughness of coated particles will be analyzed by AFM to validate the effect on the 

reflectance behavior. Furthermore, according to the Schaeffler diagram [50], the increased carbon 

content results in an increased Ni-equivalent and thus, in an area that could no longer be weldable due 

to a possible hot cracking tendency. In this context, the SiC/1.4404 (4 vol.%) material combination is 

of particular interest. Consequently, in connection with an individual parameter characterization for 

the modified stainless steel 1.4404 powder materials, a comprehensive microstructural analysis 

including the investigation of the element distribution (EDX) will be conducted in future studies. In 

addition, the investigations carried out will be extended with regard to component quality by hardness 

testing and tensile tests. Statements about further advantages and disadvantages of the coatings 

concerning the corrosion consequences and thus further possible areas of application will be obtained. 
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Graphical abstract 

Highlights 

 Stainless steel powder 1.4404 is successfully coated with silicon carbide and few-layer graphene. 

 The developed silicon carbide and few-layer graphene coated 1.4404 powder exhibits a decreased 

reflectance. 

 Silicon carbide (1 vol.%) and few-layer graphene (0.75 vol.%) coatings improve the relative 

density of upskin specimens to 99.9 %.  

 The addition of silicon carbide (4 vol.%) leads to a decrease in relative density of approx. 93.9 %. 

 The few-layer graphene coating leads to a rapid heat dissipation into the already solidified 

underlying layers during the melting process. 
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