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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Increased deoxidation at high energy 
input & carbon content. 

• Deoxidation at high carbon content 
driven by C/O interaction at elevated 
temperature. 

• High avalanche energy, break energy & 
D10 induce lack of fusion at low energy 
input.  
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A B S T R A C T   

This work examined the influence of powder properties on deoxidation and densification of carbon steels during 
powder bed fusion-laser beam (PBF-LB) at compositions between 0.06 and 1.1 wt% C. Analysis revealed that 
deoxidation was greatest in alloys with high carbon content, reaching losses of up to 440–600 ppm at compo-
sitions of 0.75 and 1.1 wt% C. This behavior was not due to enhanced oxygen removal by spatter, as spatter in 
high carbon alloys had less oxygen pickup (~4% vs. ~27%) and formed smaller oxide layers (~42 nm vs. ~82 
nm). Instead, it was due to the high oxygen affinity of carbon at elevated temperature, which resulted in for-
mation of gaseous carbon oxides that were subsequently removed by the process atmosphere. Regarding 
densification, powders with high avalanche energy (>7.75 mJ/kg), break energy (>4.75 mJ/kg), and particle 
size distribution (D10 > 25 μm) were more likely to form lack of fusion porosity at low energy input.   

1. Introduction 

Powder bed fusion – laser beam (PBF-LB) is a novel additive 
manufacturing technique that uses thermal energy to selectively fuse 
regions of a powder bed. As PBF-LB develops, the introduction of new 

alloys is required to support its broader industrial implementation. 
Recently there has been push for the development of load-bearing ma-
terials like carbon steels, as they provide a combination of strength, 
toughness, and wear resistance that makes them suitable for structural 
applications [1]. This would help expand the materials portfolio of PBF- 
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LB in construction engineering, as materials in said industry remain 
limited [2]. 

Despite this interest, carbon steels are not readily available for PBF- 
LB as their high carbon content leads to a brittle martensitic micro-
structure that induces cracking defects. In order to make these alloys 
industrially viable, detailed process development is required to deter-
mine the conditions that produce high density and crack-free parts. As 
the presence of defects will deteriorate both final part quality, as well as 
mechanical properties [3–5]. 

Previous work by the authors [6] was able to define processing 
conditions (e.g., scan speed, laser power, hatch spacing) that produced 
crack-free carbon steels by PBF-LB. However, to continue the develop-
ment of these alloys it is important to identify how other process inputs 
of PBF-LB affect final part quality. 

While there are many inputs to consider for PBF-LB, one of the most 
prominent are the properties of the powder feedstock, which are known 
to affect process robustness [7–9]. Still, it is difficult to make clear 
correlations between the powder feedstock and part quality as there are 
many properties to consider. To date, most work has focused on the 
effect of the particle morphology and size distribution [10–13], with 
substantially less work focusing on the impact of other properties such as 
the bulk alloy chemistry or the rheological powder behavior. 

Regarding the bulk alloy chemistry, past works have found that 
impurity elements like oxygen can have a deleterious effect on part 
quality, as more oxygen can increase part porosity [10,14] and decrease 
mechanical properties [14–17]. Typically, the oxygen content of parts 
produced by PBF-LB is high due to oxygen uptake during powder pro-
duction, in addition to oxygen pick-up that occurs during powder re-use. 
The oxygen pick-up during re-use is primarily driven by the accumula-
tion of spatter powder particles [18,19] which are typically oxidized 
[20] and agglomerated or spherical in shape [21–23]. Even though the 
amount of spatter can be controlled by adjusting the stability of the melt 
pool, they are still an unavoidable aspect of the process. Therefore, it is 
important to understand the mechanisms by which oxygen is reduced 
during PBF-LB to help mitigate this issue. Despite this, few studies have 
examined the various mechanisms of oxygen pick-up and removal dur-
ing PBF-LB [24,25] and no such work has been conducted for carbon 
steels. This is important as carbon is a known reducing agent during 
sintering [26–28] and could enhance oxygen removal during PBF-LB. 

As for the rheological powder behavior, past works have focused on 
its connection with powder flowability [29–31], as a high flowability 
can improve part density and mechanical properties [32]. One of the 
challenges with this approach is defining powder flowability in the first 
place, as it is not a specific property and is instead an umbrella term that 
describes the behavior of powder when subjected to stress or movement. 
This makes it a function of many different properties such as the particle 
size distribution, powder morphology, powder density, and surface 
chemistry [8,9,33,34]. 

Another difficulty is that the ability to estimate the powder flow-
ability can be quite cumbersome, considering the required process set- 
up as new machine models and materials are developed. Solutions 
using a straight-forward rheological test like a Revolution Powder 
Analyzer (RPA) offer an interesting alternative to traditional powder 
flowability measurements, even though these RPA measurements might 
not represent the thin layer application in a powder bed fusion system 
[35]. Given the rotation of the drum when using a RPA, the analyzed 
powder is carried up the side causing it to collapse or avalanche by its 
own weight. This makes it possible to characterize the avalanche angle 
in a similar manner to the layer-based coating processes that were 
studied by Krantz et al. [36] that can subsequently be used to quanti-
tatively distinguish between good and poor powder flow behavior [37]. 
Despite this promise, studies that have examined the relationship be-
tween rheological powder behavior and part quality remain limited, 
especially for carbon steels. 

In the present study, the impact of bulk alloy chemistry and rheo-
logical powder behavior on the deoxidation and densification behavior 

of carbon steels during PBF-LB was studied at compositions between 
0.06 and 1.1 wt% C. Analysis of the powders and produced parts 
involved a variety of characterization techniques including X-ray 
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), 
optical microscopy (OM), chemical analysis and a Revolution Powder 
Analyzer (RPA). The relationship between the bulk alloy chemistry and 
deoxidation behavior was determined using chemical analysis and 
correlated to results from XPS. While the relationship between powder 
properties and densification behavior was determined using part density 
measurements, in combination with rheological powder behavior mea-
surements that were collected using a RPA. 

2. Materials and methods 

Six pre-alloyed, gas-atomized, carbon steel powders (supplied by 
Höganäs AB, Sweden) were examined during this study. The nominal 
composition of each powder is listed in Table 1. Measurement of the 
particle size distribution was conducted via laser diffraction using a 
Malvern Mastersizer 3000 (Malvern, UK). Prior to each measurement 
the powder was homogenized for 20 to 30 min, and each measurement 
was repeated five times. 

The flow behavior of each powder grade was studied using a RPA 
(Mercury Scientific Inc., Newtown, CT). The test was carried out using a 
rotating and transparent drum filled with powder attached to an image 
acquisition system. The parameters were obtained from image analysis 
of the powder avalanches. A tapped powder sample of 29 cm3 was used, 
where five measurements were made for each alloy composition and 
150 avalanches were detected for each measurement. A drum insert with 
diameter of 50 mm was used at a rotation rate of 0.6 RPM, an image rate 
of 15 FPS and a preparation time of 30 s. As suggested by Spierings et al. 
[37], a fluidization treatment for conditioning of the powder was con-
ducted prior to testing. The parameters obtained from this testing were 
the avalanche energy, break energy, cohesion, and avalanche angle. The 
avalanche energy is equivalent to the energy released during an 
avalanche, whereas the break energy gives an indication of the resis-
tance of the powder to flow. This second parameter is closely related to 
the cohesion which is calculated from the shear stress created by the 
powder layer and provides an indication of whether the powder flows as 
individual particles or as agglomerates. The avalanche angle is 
measured from the powder free surface prior to the maximum potential 
energy with respect to the horizontal plane. In general, small avalanche 
energy, break energy, cohesion and avalanche angle are indications of 
good powder flow behavior [38,39]. The relative dynamic density was 
calculated by dividing the dynamic density by the theoretical density. 

Using these powders, specimens with dimensions 5 × 5 × 5 mm3 

were produced using an EOS M100 machine (EOS GmbH, Germany). 
Said machine was equipped with Yb-fiber laser that had a maximum 
laser power of 200 W and a beam diameter of ~40 μm. During pro-
cessing, an oxygen level of ~0.1% was maintained within the building 
chamber using Ar as the shielding gas. Additionally, no preheating of the 
building platform was applied. With regards to the scanning strategy, a 
stripe scan pattern was employed, along with a scan rotation angle of 
67◦. Specimens were produced at volumetric energy densities of 60, 80, 
110, 150 and 200 J/mm3 using a set hatch spacing (70 μm), layer 
thickness (20 μm) and laser power (110 W), see Table 2. These values 
were chosen based on a previous study by the authors on Fe-C steels 

Table 1 
Chemical composition of each carbon steel powder as provided by Höganäs AB.   

Fe- 
0.06C 

Fe- 
0.12C 

Fe- 
0.2C 

Fe- 
0.45C 

Fe- 
0.75C 

Fe- 
1.1C 

Fe (wt%) Bal. Bal. Bal. Bal. Bal. Bal. 
C (wt%) 0.06 0.12 0.20 0.45 0.75 1.10 
Si (wt%) 0.10 0.09 0.10 0.18 0.18 0.16 
Mn (wt%) 0.06 0.09 0.09 0.15 0.08 0.08  

W. Hearn et al.                                                                                                                                                                                                                                  



Powder Technology 431 (2024) 119046

3

produced by PBF-LB [40]. 
Metallography of the produced specimens involved sectioning along 

the XZ direction, where the Z-direction related to the building direction 
while the X-direction related to the direction of gas flow. These speci-
mens, along with powder particles, were further mounted and polished 
down to 1 μm using a Struers TegraPol machine (Struers, Denmark). 
After polishing, imaging of these specimens and powders was carried out 
using a Zeiss Axiovision 7 light optical microscope (Carl Zeiss AG, 
Germany), where images of the cross-sections were used to measure the 
density of the produced specimens with ImageJ software [41]. Analysis 
of the powders was also carried out using a Leo Gemini 1550 high- 
resolution scanning electron microscope (Carl Zeiss AG, Germany). 

Further analysis of the powders was conducted via X-ray photo-
electron spectroscopy (XPS) using an ULVAC-PHI 5500 machine 
(ULVAC-PHI Inc., Japan). For this study, a monochromatic Al Kα X-ray 
source was employed, where the analysis area was 300 × 300 m2 and 
powder samples were mounted on an Indium plate template. The XPS 
data indicates a statistical average of 20 to 30 particles due to the vast 
measuring area. To determine the oxide layer thickness, Ar + ion 
etching was performed at a rate of around 5.2 nm/min. Ta2O5 foil was 
used to calibrate the etch rate. The pass energies used to collect the 
survey spectra and high-resolution narrow scans were 280 eV and 26 eV, 
respectively. Physical Electronics' MultiPak software was then used to 
conduct the spectrum analysis. 

Lastly, the carbon content of the produced specimens and powders 
was measured via infrared absorption after combustion in an induction 
furnace using a LECO CS844 elemental analyzer (LECO Corporation, 
USA), in accordance with the EN ISO 15350 standard. While the oxygen 
content was measured by means of inert gas fusion using a LECO ON836 
elemental analyzer (LECO Corporation, USA), in accordance with the EN 
10276–2 standard. Due to the limited number of produced specimens, 
only a single measurement was conducted for the carbon and oxygen 
content respectively. 

3. Results and discussion 

3.1. Powder Properties & Bulk Alloy Chemistry 

The particle morphology of the carbon steel powders was charac-
terized using scanning electron microscopy (SEM). Said analysis 
revealed that each powder grade had a spherical morphology and con-
tained limited satellite particles, see Fig. 1. Generally, this morphology 
is preferred for PBF-LB as it can improve powder flowability [12]. 
However, it is difficult to make general statements regarding the impact 
of powder morphology, as spherical powders can be beneficial for 
powder flow when dealing with coarse particles, while the opposite is 
true when dealing with finer particles [42]. Regardless, no noticeable 
difference in the morphology was observed when comparing the various 
carbon steel powders. 

The particle size distribution (PSD), which can affect the bulk pow-
der behavior [43,44], powder absorptivity [45], and properties of 
printed parts [13,46,47] revealed a somewhat similar size distribution 
for each carbon steel that ranged from ~20 to 65 μm, see Table 3. Some 
deviations in the PSD were observed at compositions of 0.12 wt% C and 
1.1 wt% C, as these powders had an elevated D10 and D50, see Table 3, 
and contained fewer fine particles. This ultimately led to a right shift of 
the PSD to coarser sizes, see Fig. 2. 

Chemical analysis of the powders was carried out to measure the 
carbon and oxygen content in the virgin state. Generally, these 

Table 2 
PBF-LB parameter sets used to produce the carbon steel specimens.   

Laser Power (W) Layer Thickness (mm) Hatch Spacing (mm) Scan Speed (mm/s) VED (J/mm3) 

1 

110 0.02 0.07 

1310 60 
2 982 80 
3 714 110 
4 524 150 
5 393 200  

Fig. 1. SE SEM images of: a) Fe-0.06C powders, b) Fe-0.12C powders, c) Fe-0.2C powders, d) Fe-0.45C powders, e) Fe-0.75C powders and f) Fe-1.1C powders.  

Table 3 
Particle size distribution for the examined carbon steel powders.   

Fe-0.06C Fe-0.12C Fe-0.2C Fe-0.45C Fe-0.75C Fe-1.1C 

D10 (μm) 21.9 25.4 21.9 23.1 21.7 25.8 
D50 (μm) 39.7 42.1 40.5 40.2 40.0 41.6 
D90 (μm) 65.0 66.3 66.3 65.0 65.4 64.8  
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measurements found that powders with higher carbon content had 
lower oxygen content, see Table 4. However, the 0.75 wt% C powder 
had an elevated oxygen content that exceeded most of the other alloys. 

Overall, the presented results show that changes in the bulk alloy 
chemistry did not noticeably alter the morphology of the produced 
powders. However, the carbon content does influence the oxygen level 
of the powder, as generally more carbon leads to less oxygen. 

3.2. Rheological powder behavior 

Fig. 3 shows the values obtained from testing of the carbon steel 
powders using a RPA. The avalanche energy, break energy and cohesion 
are represented in Fig. 3a. In general, all powders exhibited similar 
values for these parameters indicating the limited impact of alloy 
composition. At a composition of 0.12 wt% C a relatively high avalanche 
and break energy was measured, indicating that this powder grade had a 
worse powder flow behavior and required more energy to break the 
avalanche. In terms of the avalanche angle, see Fig. 3b, some differences 
were observed as there was a tendency for the avalanche angle to reduce 
by up to 2.75◦ as the carbon content increased, indicating an improve-
ment in powder flow behavior [30]. Additionally, it was found that 
powders with finer particle size distributions (e.g. Fe-0.06 wt% C, Fe- 
0.2 wt% C and Fe-0.75 wt% C) had slightly larger avalanche angles than 
the alloys with similar carbon content. The largest values for the relative 
dynamic energy were observed for powders with 0.12 wt% C and 0.45C 
wt% C, see Fig. 3c, which is positive for a homogenous powder bed. 
However, the ability of the powder to spread as a thin layer will deter-
mine the packing density on the building platform. In addition, the 
difference in the relative dynamic energy was limited when comparing 

Fig. 2. Frequency and cumulative frequency of the particle size for the examined carbon steel powders.  

Table 4 
Carbon and oxygen content for each carbon steel powder as measured by 
combustion and inert gas fusion analysis.   

Fe- 
0.06C 

Fe- 
0.12C 

Fe- 
0.2C 

Fe- 
0.45C 

Fe- 
0.75C 

Fe- 
1.1C 

C in Powder 
(ppm) 650 1310 2090 4640 7660 11,700 

O in Powder 
(ppm) 

880 590 570 480 700 480  

Fig. 3. Rheological properties of the studied carbon steel powders: (a) avalanche energy, break energy and cohesion, (b) avalanche angle, (c) relative dynamic 
density, (d) morphology of the powder avalanche slope. In figure (d) the powder avalanche is the black region, while the area inside the of drum without powder is 
the white region. 
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the different carbon steel alloys. Lastly, Fig. 3d shows a snapshot of the 
powder layer prior to an avalanche. These pictures reveal low cohe-
siveness attributed to the particle morphology and size distribution as 
was discussed by Chavez Montes et al. [48]. Overall, despite a slight 
reduction in the avalanche angle with increasing carbon content and a 
slightly larger avalanche angle at finer PSD, the rheological behavior of 
the powders was not noticably different when comparing the various 
alloy compositions. 

3.3. Deoxidation during PBF-LB 

Although PBF-LB is considered an inert process due to the constant 
flow of shielding gas, there is still a residual oxygen level of ~0.1% 
within the building chamber, in addition to oxygen that can originate 
from the powder feedstock. These factors combined with the high 
temperatures of PBF-LB can lead to alloying elements with high oxygen 
affinity reacting to form oxides during the process [24,25,42]. 

To examine this potential formation of oxides, as well as the change 
in bulk alloy chemistry, the difference in carbon and oxygen from 
powder to part was measured for each carbon steel, see Fig. 4. For all 
alloys, decarburization from powder to part was observed regardless of 
the initial carbon content or the applied VED, with the relative carbon 
loss ranging from ~1 to 50%. The total carbon loss generally increased 
as the VED increased and exceeded the total oxygen loss at compositions 
≤0.2 wt% C but was than the total oxygen loss at compositions ≥0.45 wt 
% C, see Table 5. Despite this, it was difficult to make clear correlations 
between the carbon loss and the initial carbon content, as the greatest 
loss of 300 to 440 ppm occurred at a composition of 0.75 wt% C, while 
the lowest loss of 100 to 200 ppm occurred at a composition of 1.1 wt% 
C. 

There was also oxygen loss in all specimens from powder to part 
except for the 0.06 wt% C alloy produced at 60 J/mm3, see Fig. 4. Just as 
with carbon, the degree of oxygen loss generally increased as the VED 
increased. However, unlike carbon, the oxygen loss was also influenced 
by the carbon content, as alloys with more carbon typically experienced 
greater oxygen loss, regardless of the applied VED. Additionally, the 
final oxygen content of the produced parts would decrease with 
increasing carbon content, even if the initial oxygen content of the 
powder was higher, see Table 6. Work by Haines et al. [24] hypothesized 
that the dominant mechanism of oxygen removal during PBF-LB was the 
formation of spatter particles. This can partially explain the enhanced 
loss of oxygen with increasing VED, as larger energy inputs typically 
induce the formation of more spatter [49]. However, it is unclear if this 
can describe the increased loss of oxygen as the carbon content 
increased. 

To see if this tendency was due to greater oxygen removal by indi-
vidual spatter particles, additional analysis was carried out on virgin and 
spatter particles from the 0.06 wt% C and 0.75 wt% C alloys. The 
variation between the spatter and virgin powders is illustrated in Fig. 5. 
Fig. 5a shows the morphology of virgin 0.06 wt% C powder. In 

comparison, the spatter particles from the 0.06 wt% C and 0.75 wt% C 
alloys indicate the presence of many bright particles. Higher magnifi-
cation images of this spatter, see Fig. 5d, indicate the formation of fine 
oxide particulates that cover the particle surface. The number of highly 
oxidized particles from the sampled spatter was greater at a composition 
of 0.06 wt% C than at a composition of 0.75 wt% C, see Fig. 5b and 
Fig. 5c. This provides an indication that spatter within the higher carbon 
alloy was less likely to oxidize. 

XPS survey spectra can provide information regarding the surface 
chemistry of the powder samples and was measured for selected virgin 
and spatter particles from the 0.06 wt% C and 0.75 wt% C alloys, see 
Fig. 6. Here, iron peaks from Fe2p and Fe3p, along with carbon (C1s) 
and oxygen (O1s) peaks are observed. All samples apparently show a 
similar spectra without any sign of contamination. 

Next, a thorough depth profile analysis was carried out on relevant 
narrow spectra to reveal the nature and thickness of oxides within the 
powders. Depth profile analysis from the Fe2p narrow spectra is pre-
sented in Fig. 7. The virgin 0.06 wt% C powder shows no metal peak at 
~707 eV on the as-received surface, with it starting to appear after 15 
nm of etching, see Fig. 7a. At an etched depth of 30 nm the Fe2p3/2(0) 

Fig. 4. Carbon loss (left) and oxygen loss (right) from the powder to part for the examined carbon steels.  

Table 5 
Carbon content in ppm for the powder feedstock and specimens produced at 
VEDs of 60, 80, 110, 150 and 200 J/mm3.   

Fe- 
0.06C 

Fe- 
0.12C 

Fe- 
0.2C 

Fe- 
0.45C 

Fe- 
0.75C 

Fe- 
1.1C 

Powder 650 1310 2090 4640 7660 11,700 
60 J/mm3 540 1140 1910 4490 7360 11,600 
80 J/mm3 470 1060 1810 4360 7320 11,600 

110 J/ 
mm3 450 1040 1720 4350 7280 11,600 

150 J/ 
mm3 400 970 1690 4330 7230 11,500 

200 J/ 
mm3 310 890 1660 4380 7220 11,500  

Table 6 
Oxygen content in ppm for the powder feedstock and specimens produced at 
VEDs of 60, 80, 110, 150 and 200 J/mm3.   

Fe- 
0.06C 

Fe- 
0.12C 

Fe- 
0.2C 

Fe- 
0.45C 

Fe- 
0.75C 

Fe- 
1.1C 

Powder 880 590 570 480 700 480 
60 J/mm3 920 470 400 250 290 280 
80 J/mm3 870 400 410 190 250 120 

110 J/ 
mm3 830 330 280 130 290 90 

150 J/ 
mm3 790 380 250 170 280 100 

200 J/ 
mm3 710 250 190 120 100 50  
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peak, corresponding to metal state, dominated the oxide peak that was 
composed by Fe2p3/2(II) at ~710 eV and Fe2p3/2(III) at ~711.1 eV. In 
comparison, the narrow spectra from the 0.06 wt% C spatter found that 
the Fe2p3/2(0) peak appeared after an etched depth of 50 nm and 
dominated the oxide peak after an etched depth of 85 nm, see Fig. 7b. 

This highlights the high surface oxidation of spatter when compared to 
virgin powder. 

Comparing the two virgin powders also showed an interesting 
contrast, as the Fe2p3/2(0) peak appeared at smaller etched depths for 
the 0.75 wt% C alloy, see Fig. 7c, indicating a smaller oxide layer. 

Fig. 5. SE SEM images comparing of the morphology of virgin Fe-0.06C sample (a) with the spatter samples from Fe-0.06C (b) and Fe-0.75C (c). Image (d) is a high 
magnification image of a spatter particle shown in (b) from the Fe-0.06C spatter sample. 

Fig. 6. Survey scan of the as-received surface from virgin (Fe-0.06-V & Fe-0.75C-V) and spatter powders (Fe-0.06C & Fe-0.75C) from the Fe-0.06C and Fe- 
0.75C alloys. 
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Moreover, evaluation of the 0.75 wt% C spatter revealed an increase in 
the oxide layer thickness when compared to the virgin powder, see 
Fig. 7d, as the Fe2p3/2(0) peak appeared at larger etched depths. How-
ever, a comparison of spatters from the 0.06 wt% C and 0.75 wt% C 
alloys showed that the Fe2p3/2(0) peak appeared again at smaller etch 
depths for the 0.75 wt% C alloy, indicating a smaller oxide layer. This 
reaffirms the observations from SEM where a great number of oxidized 
particles were found from the collected spatter of the 0.06 wt% C alloy. 

The effect of spatter formation on carbon loss, oxygen pick up and 
increase in oxide layer thickness is presented in Fig. 8. Fig. 8a, shows a 
comparison of the carbon content for virgin and spatter particles. Results 
found that the carbon content is similar for the virgin and spatter par-
ticles from the 0.06 wt% C alloy, which indicates that carbon couldn't 
play a role in reducing the extent of oxidation due to its minute con-
centration. In contrast, a ~ 4% drop was observed in the carbon content 
of the 0.75 wt% C spatter, which presumably occurred due to the carbon 
loss assisted by the oxidation of the spatter particles. 

The effect of carbon loss on oxygen pick-up of the spatters is shown in 
Fig. 8b. Spatter from the 0.06 wt% C alloy, which showed no carbon loss, 
displayed a ~ 27% increase in oxygen. While the spatter from the 0.75 
wt% C alloy displayed a mere ~4% increase in oxygen. This verifies that 
carbon within the 0.75 wt% C alloy reacted with oxygen during spatter 
oxidation, resulting in formation of gaseous carbon oxides (CO and CO2) 
that were subsequently removed by the process gas. This allows for a 
decrease in surface oxidation of the spatter particles, as was observed 
during PBF-LB of more sensitive carbon-free alloys [18,23]. 

Lastly, the oxide layer thickness was measured using the intensity of 
Fe2p3/2(0) peak, as was reported by Raza et al. [18] and Gruber et al. 
[50]. The oxide layer thickness of virgin powder from the 0.06 wt% C 

alloy was substantially larger (~25 nm) than the 0.75 wt% C alloy (~15 
nm). Spatters from both alloys showed a similar trend, as the oxide layer 
thickness was again larger for the 0.06 wt% C alloy (~82 nm) than the 
0.75 wt% C alloy (~42 nm). These results also indicated that there was 
an approximate 3-fold increase in the oxide layer thickness from virgin 
to spatter particles, which is not as significant in the oxygen pickup 
measurement as not all the powders from the sampled spatter were 
heavily oxidized. 

These results from XPS indicate that the increased loss of oxygen 
with increasing carbon content was not due to improved oxygen 
removal by individual spatter particles. In fact, the results showed the 
opposite as increasing the carbon content not only decreased the amount 
of oxygen within the spatter particles but also made them less oxidized. 
This means that a different mechanism is inducing this change during 
the process. 

An important oxygen removal mechanism during PBF-LB is the 
reduction of oxygen at the surface of the melt pool. Here, oxygen can 
react with other elements at high temperatures to form constituents that 
will be removed by the flow of the shielding gas. In the examined carbon 
steels, the major alloying elements were carbon, manganese, and silicon. 
Out of these elements, carbon has the highest activity to react with ox-
ygen at high temperature, where the driving force for the reaction of 
carbon and oxygen will become progressively more favoured as the 
temperature increases [51]. Above the Boudouard equilibrium 
(~720 ◦C) the expected product of this reaction will be carbon monoxide 
(CO) as it has a larger thermodynamic driving force to from when 
compared to carbon dioxide (CO2) due to its more negative free energy 
change [26]. This preferential formation of CO during PBF-LB of carbon 
steel was observed by Hilzenthaler et al. [52] as the CO content within 

Fig. 7. A comparison of XPS narrow spectra of Fe2p3/2 of virgin a) Fe-0.06C and b) Fe-0.75C with spatter samples of c) Fe-0.06C and d) Fe-0.75C.  
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the build chamber experienced a step-like growth during the process, 
while the CO2 content remained unchanged. 

The reduction of oxygen by carbon remains relatively unexplored for 
PBF-LB. However, its effect is more thoroughly understood from clas-
sical powder metallurgy where carbon is known to act as a strong 
reducing agent during sintering. During sintering under inert atmo-
spheres, the reduction of oxygen by carbon takes place in two stages. 
First, the reduction of powder surface oxides occurs, leading to the 
pronounced formation of CO at temperatures between 640 and 730 ◦C 
[53]. This is then followed by the reduction of internal oxides at higher 
temperatures, as these oxides must first diffuse to the surface prior to 
reacting with carbon [54]. Despite the substantially faster kinetics and 
higher peak temperatures of PBF-LB, this deoxidation is still likely to 
occur and become more prominent as the carbon content increases. 

The enhanced reduction of oxygen by carbon is a positive finding, as 
it removes a harmful impurity element and can be used to mitigate 
relatively high oxygen content within the powder. Additionally, it seems 
that increasing the carbon content can reduce the oxidation of spatter 
particles which can alleviate oxygen pick-up during powder re-use, a 
known issue for the recycling of low-alloy steels during PBF-LB [19]. At 

the same time, the noticeable loss of carbon during PBF-LB must be 
accounted for to ensure that the produced part has the desired compo-
sition after processing. 

3.4. Densification 

The percentage of porosity was measured and plotted for each of the 
produced specimens, see Fig. 9. At the lowest VED of 60 J/mm3 the 
specimens had the highest percentage of porosity (up to ~8%) that 
related to large and irregular lack of fusion pores, see Fig. 10. Generally, 
the amount of lack of fusion decreased as the carbon content increased, 
as previous work by the authors [6] found that this would reduce the 
liquid viscosity and surface tension, enhancing the melt pool wettability 
and flow. Similar improvements in melt pool wettability were reported 
by Nakamoto et al. [55]. An additional benefit with increasing carbon 
content was the enhanced reduction of oxygen, see Table 6, as this in-
dicates a reduced presence of oxides within the melt pool improving its 
wettability, as a liquid will not wet surface oxide films [56]. 

Despite this, the presence of lack of fusion porosity was most prev-
alent at a composition of 0.12 wt% C, even when compared to the 0.06 
wt% C composition that had a lower carbon content and a higher oxygen 
content, see Table 4. Looking at the bulk behavior of the 0.12 wt% C 
alloy, it had an elevated avalanche and break energy when compared to 
the other carbon steels, see Fig. 3a, indicating a reduced powder flow 
behavior. Additionally, the 0.12 wt% C alloy had a coarser PSD espe-
cially when examining the D10, see Fig. 2 and Table 3. It is likely that 
these factors enhanced the formation of lack of fusion porosity during 
PBF-LB, as the reduced powder flow behavior limited its ability to form a 
cohesive layer. While the coarser PSD meant that there were fewer fine 
particles to fill in the voids between coarser particles. Similar findings 
were reported by Simchi [10,11] and Haferkamp et al. [12] where 
coarser PSDs led to an increase in part porosity at high scan speeds. It 
should be noted that a similarly coarse PSD was observed at a compo-
sition of 1.1 wt% C. However, the lower avalanche energy, break energy 
and enhanced melt pool wettability helped mitigate this issue, allowing 
this alloy to avoid the widespread formation of lack of fusion porosity. 

The porosity found in specimens produced at 80 and 110 J/mm3 was 
limited (< 1%) and primarily related to small circular pores, see Fig. 10. 
These porosities are considered to originate from metallurgical pores or 
from entrapped gas porosity that is transferred from the powder feed-
stock [57]. Analysis of powder cross-sections revealed limited internal 
porosity for each of the powder grades, see Fig. 11. In addition, 
noticeable differences in the number of these small pores could not be 
distinguished when comparing the carbon steels, see Fig. 9. These results 
indicate that the alloy composition had a negligible effect on the for-
mation of these small porosities during PBF-LB. 

At compositions of 0.06 wt% C and 0.12 wt% C, some larger pores 
related to lack of fusion porosity were still observed in specimens pro-
duced at 80 J/mm3, see Fig. 10. However, no noticeable difference in the 

Fig. 8. Comparisons between bulk chemistry of virgin and spatter powders 
showing a) carbon content, b) oxygen content and c) oxide layer thickness 
determined by XPS. 

Fig. 9. Change in part porosity with VED for the examined carbon steels.  
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Fig. 10. Characteristics specimen cross-sections outlining the observed porosity for the carbon steels produced at VEDs of 60, 80, 110, 150 and 200 J/mm3.  

Fig. 11. Polished powder cross-sections for: a) Fe-0.06C powders, b) Fe-0.12C powders, c) Fe-0.2C powders, d) Fe-0.45C powders, e) Fe-0.75C powders, and f) Fe- 
1.1C powders. 
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amount of said porosity was observed when comparing the two alloys, 
see Fig. 9, which is in contrast to the trend observed at 60 J/mm3. This 
indicates that once sufficiently large VEDs are applied, issues related to 
reduced powder flow behavior and fewer fine particles do not seem to 
drastically effect the formation of lack of fusion porosity. 

4. Conclusions 

The present study examined the impact of various powder properties 
on the deoxidation and densification behavior of carbon steels during 
PBF-LB at compositions between 0.06 and 1.1 wt% C and at VEDs be-
tween 60 and 200 J/mm3. The main findings can be summarized as 
follows:  

- The composition of the carbon steels did not noticeably influence 
either the morphology or the PSD of the powder feedstock. However, 
it did affect the initial oxygen content, as increasing the carbon 
content would decrease the oxygen content by up to 400 ppm.  

- The rheological powder behavior was relatively unaffected by 
changes in alloy composition or PSD. Except for the avalanche angle, 
which decreased by up to 2.75◦ as the carbon content increased and 
was generally larger for powders with finer PSD at similar carbon 
content. This indicates a slight improvement in powder flow 
behavior as the carbon content increases or when using coarser PSD.  

- In terms of part processing, the loss of carbon and oxygen was 
observed during PBF-LB for most specimens. Typically, the loss of 
both elements increased as the VED increased, with the carbon loss 
reaching up to 200 to 440 ppm and the oxygen loss reaching up to 
170 to 600 ppm at the highest VED of 200 J/mm3.  

- The oxygen loss during PBF-LB also increased as the carbon content 
increased, reaching losses of up to 440 to 600 ppm at compositions of 
0.75 and 1.1 wt% C. This increased deoxidation was not due to 
enhanced oxygen removal by individual spatter particles, as spatter 
from higher carbon alloys had less oxygen pick-up, formed smaller 
oxide layers (~42 nm vs. ~82 nm) and was less likely to oxidize. 
Instead, it was connected to the reaction between oxygen and carbon 
at elevated temperature, which resulted in the formation of gaseous 
carbon oxides that were subsequently removed by the process 
atmosphere.  

- In terms of densification, the properties and rheological behavior of 
the powder feedstock were found to influence the formation of lack 
of fusion porosity. As powders with high avalanche energy (> 7.75 
mJ/kg), break energy (> 4.75 mJ/kg) and PSD (D10 > 25 μm), were 
more likely to form said defects at low VED. It was possible to 
mitigate these issues related to poor powder flow behavior and 
coarse PSD but only after VEDs ≥80 J/mm3 were applied. 
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