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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  

• The OT analysis showed an increase in 
the number of spatters signals with the 
increase in powder layer thickness. 

• The number of redeposited spatters on 
the powder bed also increased with the 
increase in powder layer thickness. 

• The morphology analysis showed that 
not all spatters oxidize in a similar 
fashion. 

• The chemistry of oxides on the spatter 
surface varied by the changes in the 
morphology of the spatters. 

• Spatters from 150 μm powder layer 
thickness showed the highest oxide 
particulate thickness.  
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A B S T R A C T   

This study investigates the impact of powder layer thickness on spatter generation and oxidation behavior during 
the processing of Hastelloy X. In-situ monitoring using optical tomography reveals that thicker powder layers 
result in a higher number of hot spatters generated during laser-melt-powder interaction. Scanning electron 
microscopy and Auger electron spectroscopy analysis demonstrate the presence of different types of spatters that 
oxidize differently depending on their origin. X-ray photoelectron spectroscopy analysis further shows that the 
surface enrichment of oxide-forming elements such as Al, Ti, Cr, and Fe varies with the type of spatter particle. 
Additionally, depth profile analysis using X-ray photoelectron spectroscopy indicates that the average oxide layer 
thickness increases from ~2.5 nm in virgin to ~68 nm in spatters generated at 150 μm powder layer thickness. 
The findings suggest that powder layer thickness is a crucial factor in controlling spatter generation and 
oxidation behavior during powder bed fusion-laser beam processing.   

1. Introduction 

As an emerging technology in production, additive manufacturing 
still faces multiple challenges for wide adaption in the industry. One of 

these challenges is the low productivity of the AM techniques, particu
larly powder bed fusion-laser beam (PBF-LB), which makes the process 
expensive and less viable manufacturing route compared to conven
tional processes [1]. To increase productivity, multidimensional 
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Fig. 1. Morphology of virgin powder at different magnifications observed through HR-SEM.  

Table 1 
Composition of HX alloy provided by the manufacturer.  

Element Ni Cr Fe Mo W Co Si Al Ti 

Wt% Balance 20.88 17.35 8.68 0.81 1.44 0.2 0.05 0.07  

Fig. 2. Contour plots of the signal intensity registered via OT of a single representative layer of builds performed with nominal layer thicknesses 80 μm, 120 μm, and 
150 μm. 

Fig. 3. Isometric and top view 3D reconstruction of the builds performed at nominal layer thicknesses 80 μm, 120 μm, and 150 μm. The intensity is represented 
according to the colormap indicated and the opacity is proportional to the intensity in the volume rendering. The direction of gas flow is indicated by black arrows. 
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research has been conducted where many modifications have been 
implemented in machines’ hardware and process parameters. 

Among process parameters, hatch distance, scan speed, and layer 
thickness are the parameters that can be modified to increase the build 
rate of the process [2,3]. The hatch distance and scan speed have a 
rational function with the build rate where the functions asymptote 
horizontally suggesting that the build rate cannot be indefinitely 
increased using these parameters [4]. However, the layer thickness has a 
linear function with the build rate which provides more space to in
crease the build rate and productivity [7]. Several researchers have 
investigated the effect of layer thickness on the tensile properties of the 
parts and found a minimal effect of an increase in layer thickness on the 
static mechanical strength [2,5,6]. Whereas a few researchers have re
ported that the increase in powder layer thickness leads to melt pool 
flow instability by affecting the recoil pressure and Marangoni flow [7]. 
Such melt pool instability can cause defect formation and spatters gen
eration, which can affect both the quality of parts and the state of un
consumed powder. 

Spatters are unwanted by-products of powder bed fusion techniques 
generated by the laser-melt-powder interaction [8,9]. Depending upon 
their temperature, the spatters interact with the residual oxygen present 
in the build chamber and oxidize [10]. The resultant extent of oxidation 
depends upon the residual oxygen content, alloying constituents, build 
chamber atmosphere, and temperature of spatter particles [11]. The 
conservation upon recycling of such oxidized spatter particles in the 
powder bed or redeposition over the subsequent parts can cause defect 
formation which can affect the reproducibility of the parts. One such 
study was conducted by Schwerz et al. [12] on Hastelloy X alloy, where 
the effect of spatter redeposition on the subsequent parts was investi
gated. The results showed the formation of a lack of fusion defect on the 
site of spatters deposition. Such defects occurred due to the presence of 
thick oxide on the surface of spatter particles and the relatively larger 
size of spatters compared to feedstock powder which led to low laser 
absorption, higher melting temperature, and a larger volume to melt. 
Furthermore, the study also correlated the effect of the number of 
generated spatters with the layer thickness of the powder and showed 

Fig. 4. Sample representative OT images of builds performed with nominal layer thicknesses 80 μm, 120 μm, and 150 μm overlayed with spatter detections encircled 
in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Morphology comparison of a) virgin powder with spatter samples obtained at a layer thickness of b) 80 μm, c) 120 μm, and d) 150 μm.  
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that the number of generated spatters increased with an increase in the 
powder layer thickness. This increase in spatter generation relates to the 
increase in melt-pool instability with the increment of powder layer 
thickness [7]. 

This study aims to analyze spatter particles and investigate the effect 
of varying powder layer thickness (80 μm, 120 μm, and 150 μm) on the 
number of spatters, their oxidation behavior, nature, and thickness of 
oxides during the processing of Hastelloy X alloy. The characterization 
of spatter morphology was performed using high-resolution scanning 
and transmission electron microscopy. Additionally, the surface 
composition was determined using Auger electron spectroscopy and X- 
ray photoelectron spectroscopy. The findings reveal new insights into 
the properties of Hastelloy X spatters and the impact of layer thickness. 
The study aims to demonstrate the relationship between higher pro
ductivity and unconsumed powder health by investigating the variation 
in the nature and thickness of oxide layers with varying layer thickness. 

2. Materials and methods 

Gas atomized Hastelloy X (HX) powder with the particle size distri
bution of 19 μm (D10), 35 μm (D50), and 58 μm (D90), supplied by EOS 
GmbH (Electro-Optical System), is used as a feedstock material for this 
study. The powder has a spherical morphology with the presence of 
some satellites attached to the surface of the particles, see Fig. 1. The 

high magnification imaging in Fig. 1c shows a rather clean surface with 
some particulate nucleation and dendrites present on the surface. The 
composition of the alloy is listed in Table 1 where it can be observed that 
the content of elements susceptible to oxidation, e.g., Al, Ti, is very low 
except for Cr. 

The HX alloy powder was processed in an EOS M290 machine, and 
spatter samples were collected from a gas outlet. The collection of 
samples from the gas outlet and their identification as spatters was 
clarified in our previous work [10]. To investigate the role of powder 
layer thickness on spatter oxidation, three builds were done by using 
nominal layer thicknesses of 80 μm, 120 μm, and 150 μm. To get fully 
dense material, the process parameters were optimized according to the 
procedure described in [12], and consisted of laser power of 370 W, a 
scan speed of 900 mm/s, and hatch spacing of 100 μm. Micrographs of 
specimens manufactured in these conditions can be seen in Fig. 1 in the 
Appendix, where the measured defect content is also presented and does 
not exceed 0.05%. These results correspond to the cylindrical specimens 
located close to the gas inlet. Additionally, in previous work [12], it has 
been demonstrated that this set of parameters yield fully-dense HX when 
spatter redeposits are not detected. A stripe scan strategy was used, with 
67◦ rotation between adjacent stripes. The parts were exposed in an 
optimized manner in relation to the flow of inert gas, with the first parts 
exposed being furthest away from the gas inlet. The gas flow settings 
were kept constant in all three builds. After completion of the builds, 

Fig. 6. Comparison of surface morphology of different spatter particles.  
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spatter samples were carefully collected from the top of the gas outlet, 
which is the machine component from which the gas exits the build 
chamber, as described in previous work in detail [10]. 

The builds were monitored via the EOSTATE Exposure OT tool (EOS 
GmbH Electro Optical Systems). In this monitoring system, an sCMOS 
(scientific Complementary Metal–Oxide–Semiconductor) camera is used 
in conjunction with bypass filters that limit the acquisition to a narrow 
band of the near-infrared spectrum (900 nm ± 12.5 nm). The signal is 
acquired continuously with an exposure time of 0.1 s. During the 
manufacturing of a build layer, the registrations are combined to output 
the maximum signal registered in each 250 μm × 250 μm patch of the 

build area, which corresponds to a pixel in the output image (MAX 
output in EOSTATE Exposure OT). Distortion corrections and noise 
reduction are applied, and the output is one 2000 × 2000-pixel greyscale 
image of the entire powder bed area per manufactured layer. The images 
can be exported in 16-bit format, meaning each pixel assumes a value 
ranging from 0 to 65.535, according to its radiation emissions during 
signal acquisition. The pixel intensities are also called grey values (GV). 
In this study, the OT system was used for data acquisition only; data 
processing was performed in a Matlab R2019b environment. 

To compare the morphology of virgin powder with the spatter 
samples and navigate the different types of spatter morphologies, high- 

Fig. 7. A comparison of AES analysis of a) virgin and b), c), and d) spatter particles.  
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resolution scanning electron microscopy (HR-SEM) using LEO Gemini 
1550 was conducted. To observe the variation in surface chemistry, 
nature of oxides, and oxide layer thickness, X-ray photoelectron spec
troscopy (XPS) using a PHI 5500 instrument equipment equipped with a 
monochromatic Al Kα source was conducted. The powder samples for 
XPS analysis were mounted on 3 M scotch tape where samples were 
continuously neutralized using Ar+ ions. A large area of 300 μm × 300 
μm containing 20–30 particles was analyzed to obtain a statistical 
average measurement. The thickness of the oxide layer was examined by 
etching and depth profiling of the samples where Ar + ions were used to 
etch the powder surface. The etch rate of the instrument was calibrated 
against Ta2O5, therefore, all the oxide thicknesses given here are Ta2O5 
standard units. Auger electron spectroscopy (AES) using a PHI 700 AES 
from Physical Electronics was done to further investigate the surface 
chemistry. 

3. Results and discussion 

Fig. 2 shows filled contour plots containing arbitrary identical iso
lines of the maximum OT signal for a representative layer of each build. 
As shown in a previous study [12], the scan pattern and laser travel 
direction determine the direction of travel of spatters, and the amount of 
spatter ejections can be affected by the building height. Therefore, the 
layers represented are located at similar build heights with a similar scan 
pattern for a straightforward visual comparison of the spatter generated 
in each case. It is observed that, with increasing nominal layer thickness, 
larger extensions of the build area are affected by signals of the same 
intensity range (represented by the different colors in Fig. 2). Consid
ering that the gas flow, material, and processing conditions are invari
able among builds, and the mechanisms of spatter generation are not 
expected to vary, equivalent initial temperature, signal emissions, travel 
velocities, and cooling rates of the process byproducts among builds can 
be assumed. Consequently, signals of the same intensity range reaching 
further away indicates that the maximum travel distance is extended as 
the nominal layer thickness increases. In Fig. 2, it is also noticeable that 
the signals acquired outside part boundaries, i.e., on projected areas not 
directly affected by the laser beam, are more intense in equivalent lo
cations concerning distance from the laser exposed area and spatter 
travel direction. Considering there is an equivalent distribution of 
temperatures assumed by the spatter particles at any instant, as well as 
an equivalent distribution of travel speeds on all builds, the detection of 
signals of higher intensity in equivalent distances from the part 
boundaries on MAX images indicates that more spatters are generated 

on each layer, as this increases the probability of the maximum detected 
signal being one of higher intensity at any given spot. In conclusion, the 
OT data suggest that increases in the nominal layer thickness boost the 
spattering phenomenon on each processing layer. 

Fig. 3 shows 3D reconstructions of the three builds from the MAX OT 
images. The intensity is represented according to the color map indi
cated. The opacity is proportional to the intensity of the volume 
rendering. The direction of gas flow is indicated by arrows. All figures 
are generated with the same parameters. As the nominal layer thickness 
increases, signals of higher peak intensity are acquired outside part 
boundaries. Since the conditions for the generation, cooling and trav
eling of spatters are invariable among builds, this observation can be 
explained by the generation of a larger number of spatters per layer. As 
more spatter particles are generated per layer, there is a higher proba
bility to obtain signals of higher intensity at any given location. The 
MAX OT images highlight the peak intensities, and the three- 
dimensional reconstructions reveal a consistent scaling of spattering 
with nominal layer thickness throughout the build process. 

The consequence of layer-wise boosting spattering is an increase in 
the accumulation of detected spatter particles on the build area, pref
erentially close to the gas outlet. The deposited particles manifest in the 
OT monitoring system output as bright blobs, and their detection can be 
automated [12], as illustrated in Fig. 4, where each indication is 
encircled in red on one representative layer per build. The deposition of 
spatter particles on the build area has been shown to provoke the for
mation of a lack of fusion defects [12]. 

Fig. 5 shows the morphology comparison of virgin powder with the 
spatter particles collected at varying powder layer thicknesses. The 
comparison elucidates that the majority of spatter particles have a 
coarser size than D50 of virgin powder and there are particles with a size 
larger than D90. Moreover, the spatter particles have higher sphericity 
compared to the virgin powder and lack satellite particle attachment on 
the surface. The coarser size and higher sphericity of the spatter particle 
is an indication that spatters particles mainly consist of the molten/ 
partially molten ejecta by melt-laser-powder interaction where the 
particles solidified during time of flight. The size of spatter particles has 
a bimodal distribution in all the particle samples as shown in our pre
viously published work [12] and size distribution is not substantially 
different with changing layer thickness. Moreover, the morphology of 
spatter generated in different layer thicknesses is not varying greatly 
from each other and the main difference is the amount of spatter par
ticles detected through the OT system, which is the representation of hot 
spatters that are likely to oxidize more. 

SEM analysis shows that the spatter particles have different surface 
morphologies and can be divided into three main groups as shown in 
Fig. 6. Fig. 6a shows a particle where the surface of the particle is 
covered with fine oxide particulates. The size of this group of particles is 
rather small compared to other spatters, which is perhaps contributing 
to higher oxidation stemming from higher surface energy. The 
morphology of the second type of particles is shown in Fig. 6b, which is 
showing a web-like pattern of various regions. The surface contains 
bright and dark contrast regions highlighting the variation in the type of 
oxides forming on the surface of such particles. Moreover, the third type 
of particle is showing a different tendency where localized large par
ticulates are forming on the surface of particles, see Fig. 6c. This set of 
particles has a dendritic structure on the surface like virgin particles 
which were not present on the surface of other types of particles. To 
summarize, the nature of oxide morphology varies in spatter particles 
from fine oxide particulates and oxide patterns to large particulates 
showing that the surface of spatter particles is extremely oxidized 
compared to virgin powder. A general quantitative analysis of the 
spatter samples shows that the amount of second and third types of 
particles increased with an increase in layer thickness. 

AES analysis has been conducted on the surface of spatters to analyze 
the different types of spatter particles and identify the type of oxide. AES 
is an interesting technique to analyze the sample with higher axial 

Fig. 8. Comparison of XPS survey spectra from feedstock powder and the 
spatter samples gathered at 80 μm, 120 μm, and 150 μm layer thickness. 
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resolution up to ~10 nm. The default SEM in the system assists in 
identifying the point of interest and performing the spectroscopic 
analysis which is not possible with XPS analysis where the particles 
cannot be directly observed and the point of interest cannot be identi
fied. Fig. 7 is showing a comparison of AES analysis of virgin powder 
with different types of spatter particles. Fig. 7a is showing an AES survey 
spectrum from virgin powder samples where the peaks from Nickel (Ni), 
Iron (Fe), and Chromium (Cr), which are the main contributing elements 
in the HX alloy, can be observed along with oxygen and carbon. Taking 
the virgin spectrum as a reference, spatter samples are showing varying 
surface compositions. Fig. 7b is showing the first category of small 
spatter particles covered with particulates on the surface as shown in 
Fig. 6a. The AES analysis is showing the dominance of Fe alongside Cr on 

the surface, whereas the Ni peak has a minimal intensity. The enrich
ment of Fe and Cr on the surface is indicating the formation of Fe-Cr- 
based spinel oxide over the surface in the form of fine oxide particulates. 

Fig. 7c is showing a comparison of spectra obtained from the particle 
which has a pattern of oxides over the surface where an area analysis at 
three different locations on the surface of the particle has been done. The 
measurements are highlighted with black, blue, and red squares repre
senting areas on top of dark oxide particulate, next to oxide particulate, 
and white particulates respectively. The AES spectra from the black 
square is showing the enrichment of Aluminum (Al) and Titanium (Ti) 
along with Cr indicating that these oxide particulates mainly consist of 
Al, Ti, and Cr-based mixed oxide. Considering a very small concentra
tion of Al and Ti in HX alloy, this enrichment is signifying preferential 

Fig. 9. XPS depth profile comparison of Al2s, Ti2p, and Cr2p spectra of a) virgin powder with spatter samples collected from build-job with a layer thickness of b) 80 
μm, c) 120 μm, and d) 150 μm. 
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oxidation of the elements with high oxidation susceptibility and diffu
sivity. The measurement from the area highlighted with a blue square 
also shows enrichment of Ti and Cr but not as much of Al. Whereas, the 
spectrum from the red square is showing a composition similar to the 
one observed on a particle in Fig. 7b. 

Lastly, in Fig. 7d, the particle with large oxide particulates has been 
analyzed and an area analysis at three different locations on the surface 
of the particle has been done. The tendency is like in the particle shown 
in Fig. 7c, where the type of oxides varies from one region to the other. 
Such localized variation in the type of oxides and nature probably 
stemmed from the difference in temperature exposure and cooling rate 
locally. 

For obtaining a statistical average by analyzing a large number of 
particles, XPS is a very useful surface-sensitive technique that has been 
employed in this study. A comparison of XPS survey spectra from as 
received surface of virgin powder with the spatter samples gathered at 
different layer thicknesses is presented in Fig. 8. The spectra from 
feedstock powder is showing peaks from Ni, Cr, Fe, and Mo along with 
oxygen (O1s) peak, which is highlighting the presence of all the main 
alloy constituents on the surface of powder in the form of a thin stable 
oxide layer. Contrarily, in spatter samples, the relative intensity of the 
peaks from Mo and Ni is very diminished, and the relative intensity of 
the Cr peak is substantially increased. Moreover, the peaks for alloying 
elements with a minute concentration in the alloy (e.g., Al and Ti) have 
appeared in the survey spectra of spatter samples. An increase in the 
relative intensity of the Cr peak and the appearance of Al and Ti peaks 
over the surface is indicating surface oxidation of the spatter particles, 
which is driving the enrichment of oxidation susceptible elements over 
the surface of spatters. 

Enrichment of Al, Ti, and Cr on the surface of spatter samples is 
further investigated by XPS depth profile analysis to verify the state of 
these elements, and the thickness of oxides. XPS depth profile analysis is 
a useful technique of surface analysis where a layer-by-layer surface 
analysis is conducted by removing the top layer with ion etching. A 
comparison of narrow scans of Al2s, Ti2p, and Cr2p with varying etch 
depth from virgin and spatter samples is shown in Fig. 9. 

The Al2s spectra from virgin powder in Fig. 9a show a flat line even 
both in Al3+ (~119eV) and Almet (~117eV) states which represents the 
low alloying contribution of Al in HX alloy and lack of surface enrich
ment in virgin powder respectively. However, a peak with a small in
tensity of 119 eV representing the Al3+ state can be observed in the 
analysis of spatter samples. This is an indication of Al enrichment on the 
surface of particles and forming Al-based oxides. A similar trend can also 
be observed in Ti2p narrow spectra where no peak was observed both in 
oxide Ti4+ (~459 eV) and metal Timet (~454 eV) states in virgin powder. 

However, a surge in peak intensity was observed in the spatter samples 
at Ti4+ (~459 eV) highlighting the oxide enrichment on the surface of 
spatter particles. From the depth profile analysis of the spatter particles, 
the peaks of both Al3+ and Ti4+ can be observed at the depth of 40 nm 
with no sign of metallic peaks. This is a probable indication of their 
presence in the particulate form. 

Being one of the main alloying elements with the ability to form the 
stable oxide layer, the Cr2p spectra is showing the presence of Cr-based 
oxide through a Cr3+ peak at 476.5 eV on as received virgin powder. 
However, the oxide thickness is very low which is evidenced by the 
appearance of the Crmet peak at 474.5 eV after 2.5 nm etching of the as- 
received surface. Contrary to the virgin powder, the spatter samples are 
showing extensive surface oxidation as the Crmet peak is appearing after 
~40 nm etched depth. To summarize the data from the depth profile 
analysis, the spatter samples are extensively oxidized compared to the 
virgin powder, and the oxide particulates consist of Cr along with Al and 
Ti. The presence of Al and Ti is highlighting the enrichment of these 
elements from the core of the ejecta particles during solidification/ 
cooling after the ejection by laser-melt-powder interaction. 

XPS depth profile analysis can also assist in evaluating the distribu
tion of oxygen in the form of oxide from the surface of the particle to the 
core which can be used to determine the oxide layer thickness on the 
surface of the particle, see Fig. 10. Fig. 10a is showing the normalized 
oxygen intensity of the investigated samples with the etched depth 
which is estimated from the O1s spectra measured during the analysis. 
The comparison of spectra shows a sharp decline in normalized oxygen 
content in the virgin sample with a slight surface etching. However, the 
tendency is different in the case of spatter samples where the decline is 
not as sharp. A similar trend has been previously noted in Alloy 718 too 
where the oxygen persisted at a larger depth in the spatter particles 
[10,11,13,14]. This illustrates an increase in oxide layer thickness in 
spatter samples. The comparison of spatters collected from different 
layers is also showing a trend where an increase in oxygen content with 
the increase in the thickness of the powder layer. 

The oxide layer thickness of virgin powder and spatter samples is 
measured using O1s spectra, Fig. 10b. The oxide-metal interface is 
determined using the technique presented by other researchers [15,16]. 
The result shows a substantial increase from virgin (average oxide layer 
thickness ~2.5 nm) to spatter samples. The average oxide layer thickness 
increased with the increase in powder layer thickness in the build job. 
All the oxide thickness values presented here are calibrated against 
Ta2O5 standard foil; therefore, the layer thickness is represented in 
Ta2O5 units and actual thickness values may slightly vary depending on 
the etch rate of different oxides. 

To evaluate the possibility of the formation of different types of 

Fig. 10. A comparison of a) normalized oxygen intensity w.r.t. etched depth and b) oxide layer thickness of feedstock powder and the spatter samples gathered at 80 
μm, 120 μm, and 150 μm layer thickness. 
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Fig. 11. Thermodynamic calculations using Thermo-Calc 2021: (a) equilibrium phase fraction at 1500 ◦C with varying oxygen partial pressure, (b) composition of 
corundum 1 phase, and (c) composition of spinel phase. The dashed lines correspond to the elemental compositions in the metastable phase. 
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oxides, observed in spectroscopy analysis considering the thermody
namics, calculations were performed using Thermo-Calc software 
(2021a, CTOX10 database). The results from morphology analysis show 
that the oxidized spatters, particularly the first and the second type of 
spatters shown in Fig. 6, are missing virgin-like dendritic structure on 
the surface of the particles which is an indication of melting and re- 
solidification of the spatters ejected from the melt pool. Therefore, the 
calculations are done at 1500 ◦C which is substantially higher than the 
usual melting point for HX alloys (1316 ◦C). 

Fig. 11a shows the calculated phase composition of HX alloy at 
1500 ◦C with varying oxygen partial pressure. At lower oxygen partial 
pressure, a corundum phase forms. Fig. 11b illustrates the variation in 
the composition of the corundum phase where it is enriched with Al- 
based oxides at a lower partial pressure of oxygen. The Cr and Ti 
enrichment in the spinel phase occurs at higher oxygen partial pressure. 
The phase composition also shows a transition of phases from corundum 
to spinel with a slight increase in oxygen activity, where the spinel phase 
is dominantly enriched with Cr and Fe. Here, it is important to highlight 
that the printing and spatter generation process was done at an oxygen 
level of 1000 ppm (10− 3) where the formation of the corundum phase 
enriched with Al- and Ti-based oxides can be ruled out. However, the 
experimental results have shown the formation of the Al- and Ti-rich 
phases on the surface of spatter samples. This is probably linked to the 
non-equilibrium nature of spatters solidification and cooling, which is 
causing a localized depletion of oxygen and enrichment of Al- and Ti- 
based oxides. Therefore, the corundum phase, which only forms at 
extremely low oxygen partial pressure, is forming on the surface of the 
spatter particles. 

4. Conclusion 

In this work, a comprehensive surface analysis has been done to 
relate the effect of powder layer thickness on the extent of spatter 
oxidation. The in-situ monitoring system (OT system) was used to 
investigate the effect of powder layer thickness on the generation of 
spatter particles during the processing of HX alloy. The following con
clusions can be drawn from the findings of this paper:  

• In-situ monitoring revealed that as the nominal layer thickness 
increases:  
o The maximum travel distance of the spatter particles is extended;  
o A larger number of spatter particles is generated per each layer;  
o A larger number of spatter particles are deposited on the powder 

bed, leading to the formation of a lack of fusion defects.  
• As the monitoring was performed in a layer-wise manner, it was 

possible to observe the consistency of these observations throughout 
the build processes.  

• The SEM analysis of the spatters indicates that the spatter can be 
divided into three groups depending on the surface morphology of 
the particles. AES analysis elucidated that the nature and composi
tion of oxides on the surface of the spatter particles vary from each 
other where the surface of some spatter particles are enriched with Al 
and Ti-based oxides and others are forming Fe and Cr-based oxide 
spinel phase.  

• The XPS analysis highlighted that the surface enrichment of various 
oxide-forming elements varied with the layer thickness. The 
enrichment of Al- and Ti-based oxides was lowest in the spatters 
generated at 80 μm, and it scaled with the nominal powder layer 
thickness.  

• The average oxide layer thickness also increased with powder layer 
thickness from ~2.5 nm in virgin, ~45 nm in 80 μm, ~55 nm in 120 
μm, and ~68 nm in 150 μm powder layer thickness spatter sample. 

• Thermo-Calc calculations further supported the experimental find
ings, where Al and Ti-rich corundum and Fe and Cr-rich spinel for
mation was evident. 

The increase in the amount of spatters generated with powder layer 
thickness observed through the in-situ monitoring system is pointing 
towards an increase in the number of hot spatters (as the OT system 
detects heat signals). Such hot spatters have higher oxidation suscepti
bility, which is confirmed through surface analysis. Hence, the OT sys
tem can be a useful technique to qualitatively investigate the extent of 
powder degradation. 
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