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ABSTRACT

High layer thicknesses for laser powder bed fusion are promising for productivity increase.
However, these are associated with increased process instability, spatter generation and
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powder degradation, crucial for alloys sensitive to oxygen. The effect of increasing layer

thickness from 30 to 60 um is studied focusing on Ti-6Al-4V spatter formation during LPBF
and its characterisation, with scanning and transmission electron microscopy, combustion
analysis and X-ray photoelectron spectroscopy. Results indicate that spatters are covered
with a uniform Ti-Al-based oxide layer and Al-rich oxide particulates, the thickness of which
is about twice that present on virgin powder. The oxygen content was about 60% higher in
spatters compared to the virgin powder. The study highlights that increasing the layer
thickness to 60 pm permits to reduce the total generation of spatters by ~40%, while
maintaining similar spatter characteristics and static tensile properties. Hence, this allows to
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increase build rate without compromising process robustness.

Highlights

e Increased layer thickness from 30 to 60 pm resulted
in ~40% lower amount of spatter generated per
build

 Increased layer thickness from 30 to 60 pm resulted
in ~17% higher amount of generated spatter per
scanned layer

e Increase in bulk oxygen content by >60% was regis-
tered for spatter compared to the virgin powder in
both cases

e The oxide layer is about twice thicker on the spatter
particles compared to virgin powder

1. Introduction

Spatters are byproducts of the laser powder bed fusion
(LPBF) process originating from the instability of the
melt pool and vaporisation effects induced by the
laser scanning of the micrometre-sized metallic pow-
der. Depending on the generation mechanisms, spat-
ters can be distinguished between rather cold
entrained particles and hotter spatter particles which
have undergone partial to full re-melting or which
are direct ejections from the melt pool [1]. These

spatters experience high temperatures during their
formation leading to enhanced oxidation [2]. As
these tend to redeposit on the powder bed and be
incorporated in the feedstock supply, spatters have
been identified as a bottleneck for powder bed reusa-
bility, affecting sustainability of the technology [3].
Ti-6Al-4V is particularly sensitive to the presence of
residual oxygen in the LPBF process atmosphere
because of the high affinity of Al and Ti for oxygen
and the high temperatures associated with the laser-
based additive manufacturing (AM). Despite being
one of the most used alloys by the AM community, it
was demonstrated only recently that accurate control
of the processing atmosphere purity is necessary to
limit oxygen pick-up [4] and ensure consistent material
properties during LPBF [5]. Virgin Ti-6Al-4V powder
is typically passivated by an homogeneous surface oxide
layer of a few nanometres in thickness [6]. However,
very limited investigations of the surface oxide state
of Ti-6Al-4V spatters have been conducted for LPBF.
In the field of electron beam melting, Cao et al. [7]
studied Ti-6Al-4V powder degradation and high-
lighted that recycled powders exhibit Al loss at the sur-
face connected to evaporation, as well as localised Al-
rich oxidation explained by the high affinity of Al
with oxygen, even under low vacuum of the process.
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Recent studies have revealed that increasing layer
thickness during LPBF leads to an amplified instability
of the melt pool flow, mainly driven by the Marangoni
flow and the recoil pressure. With high speed imaging
of the process, Qiu et al. [8] showed that the inter-
action of the laser with the powder bed led to more
generation of incandescent spatters when the layer
thickness was increased from 20 to 100 um. In
addition, their thermal fluid flow modelling allowed
to explain these results considering a more important
melt surface leading to an increased evaporation and
Marangoni forces. Finally, the authors emphasised
that the more important volume of particles exposed
to the laser radiation also leads to more gas expansion
in the region between powder particles, which contrib-
utes to the instabilities observed.

Results of several studies concord to the fact that
increased layer thickness is usually at the expense of
part dimensional accuracy, roughness and density [8-
10]. Still, Shi et al. [11] demonstrated that Ti-6A1-4V
parts with density above 99.9% can be achieved for
layers of up to 200 um with optimised beam properties
and scanning parameters. With a more traditional and
industrial system, Brika et al. [12] compared the use of
commercial laser parameters for 30 and 60 um for Ti-
6Al-4V and showed that resulting tensile properties
were similar. Such an increase of layer thickness rep-
resents already an important reduction of scanned
layers and thus of the overall built time. Therefore,
increased layer thicknesses are promising to enhance
the productivity of LPBF.

Limited effort has been put into studying the prop-
erties of the spatters resulting from the process
instability for increased layer thicknesses. Such work
is necessary to address if layer thickness increase is a
sustainable approach to boost productivity, or if it
will lead to premature degradation of the powder
and hence increase the risk of defect formation and
impair part quality. In the present study, analysis of
Ti-6Al-4V spatters generated during builds with

Figure 1. Layout of the conducted build jobs with 30 and
60 um layer thicknesses in the EOS M290 machine.

two different layer thicknesses, 30 and 60 pm, was
conducted. Mechanical tensile testing of build samples
completes the work and gives a full understanding of
the effect of layer thickness increase for this material.
Characterisation of spatter morphology by high resol-
ution scanning and transmission electron microscopy,
combined with combustion analysis for determination
of impurity concentration and surface composition by
means of X-ray photoelectron spectroscopy, bring
new insights on properties of Ti-6Al-4V spatters
and the effect of layer thickness.

2. Materials and methods

Virgin plasma atomised Ti-6Al-4V powder supplied
by AP&C (GE Additive) was used as feedstock
material. An EOS M290 (EOS GmbH) LPBF machine
equipped with a Yb-fibre laser of 400W nominal maxi-
mum power and a building volume of 250 x 250 x
325 mm® was employed. The powder feedstock par-
ticle size distribution measured by laser diffraction
with a Mastersizer 3000 (Malvern Panalytical) was
characterised by a Dyq of 23 um, D5y of 33 pm and
Dgy of 48 um, average values obtained from 5
measurements. Standard laser parameters were used
to process this powder with a 30 and 60 pm layer
thickness under the respective user licenses Ti64_Per-
formanceM291 1.10 and Ti64_SpeedM291 1.10.

The build job was kept identical for the two layer
thicknesses with a total built height of 86 mm, for a
total built time of approximately 30 and 15 h for the
30 and 60 um thicknesses, respectively. The present
prints were performed under high purity Argon 5.0,
with less than 10 ppm impurities. At the beginning of
the build jobs, an O, content around 1000 ppm was
measured. The humidity was measured with a dew-
point sensor and was approximately —19°C for both
prints. The builds consisted of several components, as
presented in Figure 1. Among these, three vertical ten-
sile specimens of geometry according to ISO 6892-1
[13] and a gauge section diameter of 5mm were
machined and tested for both builds, after a stress-relief
heat treatment performed at 650°C for 3 h.

After both build jobs were completed, spatters were
carefully collected at different positions in the build
chamber, namely, on top of the gas inlet, on top of
the gas outlet and in the gas outlet. The gas inlet and
outlet are the apertures placed symmetrically on
both sides of the build area, through which the process
gas recirculates. It has been shown in previous work
[1], that the deposits accumulating at these positions
are consisting of process spatters, and are indicators
of powder degradation during LPBF.

The collected samples were weighted with a high
precision scale. The oxygen, nitrogen and hydrogen
content of the virgin powder and samples were then
measured by combustion analysis using a LECO



ONHS835. The built parts composition was measured
for 3 samples at 5 positions on the baseplate for each
build job and the average and standard deviation is
given in the results section. Samples were also cut,
mounted in resin, ground and polished for porosity
measurement by light optical microscopy (LOM)
with a ZEISS Axioscope 7. The production parameters
optimised by the machine manufacturer yielded high
density, above 99.9% for the 30 and 60 um layer thick-
nesses. A field emission gun scanning electron micro-
scope LEO Gemini 1550 (SEM) was used to analyse
the morphology of the virgin powder and of the col-
lected spatter particles.

The cross-section of selected spatter particles was
made using a dual-beam FEI Versa 3D focused ion
beam (FIB) milling system. The cross-section was lifted
out following a conventional Transmission electron
microscopy (TEM) lamella preparation method given
in [14] and was further thinned down to approximately
200 nm for investigations. The FEI TITAN 80-300 keV
equipped with Oxford X-sight energy dispersive X-ray
(EDX) detector was operated in a Scanning TEM
(STEM) mode at 300 keV and investigations were per-
formed on the FIB prepared thin lamella of spatter par-
ticle. The thin oxide scale was imaged using a high-
angle angular dark field (HAADF) detector and analyti-
cal STEM-EDX investigations were performed to ident-
ify the chemical compositions.

Finally X-ray photoelectron spectroscopy (XPS) was
conducted using ULVAC-PHI 5500 equipped with
AlKa X-ray source. Powder samples for XPS analysis
were mounted on 3M adhesive tape, and the dimen-
sions of the analysis area were 300 x 300 um’. To
avoid the charging effect, continuous neutralisation of
the sample with Ar" ions was applied. Owing to the
large measurement area, XPS results represent a statisti-
cal average of about 20-30 particles and therefore give a
representative overview of the analysed powder sample.
To estimate the oxide layer thickness, Ar" ion etching
was done with an etch rate of ~5.2 nm/min. The etch
rate was calibrated using TaO, foil. The survey spectra
and high-resolution narrow scans were acquired using
a pass energy of 280 eV and 26 eV, respectively. The
peak shift was adjusted carbon peak from advantageous
hydrocarbons at 284.8 eV.

The tensile specimens were tested at room tempera-
ture according to the ISO 6892-1 standard [13], on a
Instron 5582 machine with a 100 kN load cell, at a
constant strain rate of 2.107> s™".

3. Results and discussions

3.1. Amount and morphology of generated
spatters

Spatters were collected on the gas inlet, on the gas out-
let and inside the gas outlet for the build jobs
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completed with the two layer thicknesses, see Figure
2(a). As depicted in a previous study focusing on
Alloy 718 spatter characterisation [1], a larger amount
of spatters are collected inside the gas outlet. In
addition, it appears that more spatters were collected
and thus generated for the reduced layer thickness.
This is expected to be related to the number of layers
as powder bed was exposed to the laser scanning twice
as many times at 30 um layer thickness compared to
60 um. From the total collected amount of spatters
reported in Figure 2(a), it is inferred that the higher
layer thickness, i.e. combination of slightly higher
energy input with higher amount of entrained par-
ticles, only resulted in an increase of about 17% of
spatter generation by layer scanned.

The qualified laser parameters are in both cases a
complex combination of so-called hatch, contour
and edge parameters defining the pattern followed
by the laser scan vectors, the laser power and speed
followed to scan the build volume. Without revealing
the intellectual property of the machine manufacturer
developing these parameters, one can mention that the
linear energy input, i.e. laser power divided by scan-
ning speed, is about 15% higher for the 60 um par-
ameters compared to the 30 um. Several in situ
monitoring studies have highlighted the increase of
spatter generation for increasing laser energy input.
For example, Yin et al. [15] demonstrated a gradual
increase in the amount of spatter generated during
processing of Inconel 718 with increasing laser
power, which was associated with higher instability
of the melt pool. In the present work, the increase of
energy input from the 30 to 60 um parameters is
rather minor.

Brika et al. [12] used the same process parameters
for Ti-6A1-4V and layer thicknesses on a EOS M280
as employed currently, to study the powder bed den-
sities for three powder lots produced by gas and
plasma atomisation. They showed that regardless of
the powder manufacturing route and exact compo-
sition, the powder beds achieved with the 60 pm
layer thickness were always just slightly less dense
than the 30 um ones. For the 60 um layer thickness,
one can assume that about twice the volume of par-
ticles is exposed to the laser radiation compared to
the 30 pm. It is thus suspected that more particles
can be entrained by the vaporisation occurring close
to the melt pool for the higher layer thickness.

Consistent with these findings, the work of Schwerz
et al. [16] on Hastelloy X processed on a EOS M290
equipped with Exposure OT monitoring system
revealed that increasing layer thickness from 80 to
150 um leads to a less efficient spatter removal and
their redeposition affects a greater part of the manu-
facturing space. The extent to which these spatters
redeposit on the powder bed and can overlap on the
processing area of other components was also put in
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Figure 2. (a) Amount of collected spatters for the 30 and 60 um layer thickness build jobs. (b) Oxygen, nitrogen and hydrogen
contents measured in the Ti-6Al-4V virgin powder, the built parts and in the spatter collected in the outlet after the 30 and 60 um
layer thickness build jobs. For interpretation of the references to colour in this figure, the reader is referred to the online version of

this article.

evidence using the Exposure OT monitoring of this
machine for IN718° alloy and cellular structures
[17]. Another predominant factor to powder degra-
dation during LPBF lifted by Chen et al. [18], also
thanks to OT monitoring, is the components design
and in particular the surface-to-volume ratio as well
as its orientation in the build space and the presence
of large overhanging areas.

Figure 3 displays micrographs of the virgin Ti-6Al-
4V powder employed and of the spatter collected in
the gas outlet of the machine after the 30 and 60 um
build jobs. Oxide particulates with bright contrast
can be distinguished on the surface of the collected
spatters. Overall, the particle size distribution of the
collected spatter samples is very similar to that of
the feedstock powder, as can be seen from the low
magnification images. This highlights that the mech-
anism by which these spatters are produced is rather
unaffected by the change in laser parameters between
the 30 and 60 pm sets. More importantly, the gener-
ated spatters that are depositing on the powder bed
are likely to be retained in the process loop upon siev-
ing and powder reloading in the machine.

3.2. Composition of the parts and spatters

It is interesting to note that similarly as found in [4, 5,
19], the oxygen content measured in the produced
part is higher than that of the feedstock powder.
Herein, a 7% increase of oxygen concentration from
powder to part is recorded for both layer thicknesses.
Likewise, an increase in the other impurities
measured, namely nitrogen and hydrogen, is
measured in the built parts compared to the powder.
In terms of oxygen, nitrogen and hydrogen concen-
trations, the parts built with the 30 and 60 um layer
thickness are very similar.

Regardless of the layer thickness, the collected spat-
ter particles are characterised by a high oxygen and

nitrogen content compared to the virgin powder
used, see Figure 2(b). An increase of about 60% of
the oxygen content is measured for the spatters col-
lected in the outlet compared to the virgin state. The
nitrogen content is about 3 times higher in the spatter
samples compared to the virgin powder. This impor-
tant increase in oxygen and nitrogen pick-up is con-
nected to the high oxygen and nitrogen affinities of
the main alloying elements of the processed alloy,
namely Ti and Al Phase diagrams of Ti-6Al-4V
with oxygen and nitrogen are simulated with the soft-
ware Thermo-Calc 2021a using the TCTI2 database
for Ti alloys v2.2. As depicted in Figure 4, high solubi-
lities of oxygen and nitrogen are predicted in compari-
son to the levels measured in the spatters, reaching up
to about 4 wt.% of N and 5 wt.% of O at 1000°C. As the
spatters are generated in the vicinity of the laser-pow-
der bed interaction area, these are likely to experience
high temperatures further enhancing the kinetics of
oxidation, oxygen and nitrogen dissolution. From
Figure 2(b), it is also noted that the spatters collected
with the higher layer thickness exhibit similar pick-up
of oxygen and slightly less nitrogen impurities com-
pared to the 30 um ones.

In the present work, similarly as for oxygen and
nitrogen, the hydrogen content in the collected spat-
ters increased compared to that of the virgin powder.
The increase of hydrogen in the spatter samples may
be connected to adsorption of moisture. The similar
dewpoint of about -19°C measured for the process
atmosphere of both prints is consistent with the iden-
tical hydrogen uptake by spatters.

3.3. Surface chemistry of the spatters

Changes in surface chemistry and nature of surface
oxide layer from virgin to spatter powder particles
are assessed by XPS analysis. A comparison of XPS
survey spectra of virgin powder with samples collected
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Figure 3. Scanning electron micrographs of (a—c) the virgin Ti-6AI-4V powder used, (d-f) the collected spatter in the outlet fol-

lowing the 30 um layer thickness build job, (g-i) the 60 um one.

from the gas outlet after the prints with 30 and 60 pm
layer thicknesses are presented in the Figure 5. Figure
5(a) compares the spectra from as-received surfaces
where distinctive peaks of titanium (Ti2p), oxygen
(O1s) aluminium (Al2s) and carbon (Cls) can be
observed. Compared to the virgin sample, an
additional peak of nitrogen (N1s) can be observed
on the as-received surface of spatter particles indicat-
ing nitrogen pick-up during spatter generation. In
general, there is no significant difference in the surface
composition of the top surface oxide layer between
virgin and spatter powders, only slight difference in
the peak intensities can be seen. The analysis of the
survey spectra at 50 nm etched depth displayed in
Figure 5(b) shows that all previously mentioned
peaks are persisting with slight variations in relative
intensities. The Al2s peak for virgin powder disap-
peared at 50 nm etch depth. This highlights the surface
enrichment in Al-oxide on the as-received surface of
the virgin powder, and its disappearance after etching
owing to a small thickness of this oxide. However, for
spatter samples, the Al2s peak is still present at 50 nm
etch depth, thereby indicating the presence of thicker
Al-based oxide on spatters. Moreover, the N1s peak is
also present at the depth of 50 nm for spatters. The
appearance of the Cls peak at 50 nm etch depth is
from the template tape used for sample preparation.
The XPS survey spectra do not allow to accurately
estimate the difference in the intensity between the
peaks of different elements from as-received to

50 nm etched surface. Therefore, depth profiles of
individual elements using narrow scan over the bind-
ing energy of the elements of interest were used to
evaluate the changes in the state of elements from
oxides to metals. A comparison of depth profile of
Ti2p, Al2p, and Ols from virgin powder (Figure 6
(a)) and spatter samples obtained from the build
with layer thickness of 30 and 60 pm are shown in
Figure 6(b,c), respectively.

The peak position of the spectra were adjusted by
using the internal XPS standards developed for Ti
and its alloys presented in detail elsewhere [6]. The
Ti2p spectra obtained near the as-received surface
shows the presence of Ti2p3j, peak at ~459.15 eV,
without distinguishable Ti2p5)5' peak. With etch
depth, a metal peak of Ti2p%s appeared at
~454.10 eV, and the Ti2p3; peak merged with the
Ti2p})s' peak. The transition from the Ti2p3/; to the
Ti2p3)s' peak was significant at 7.5 nm etched depth
in the virgin sample, indicating that the oxide layer
thickness in case of virgin powder is relatively small.
However, for the spatter samples, this transition hap-
pened near the etched depth of 30 nm, highlighting
the increase in Ti-based oxide layer thickness in spat-
ters compared to virgin particles. It is important to
note that number of particles are measured at the
same time, meaning this increase is most probably
connected to the presence of some heavily oxidised
spatter particles, contributing to the total increase in
the average oxide layer thickness, as described in detail
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in [3]. Moreover, there was no significant change
observed in the Ti2p spectra of spatters generated
with different layer thicknesses, suggesting similar
degradation mechanism, i.e. spatter type.
Additionally, the Al2p spectra are showing a com-
parable tendency to the Ti2p ones, with a coarsening
of Al2p* oxide on spatter samples. At the 1 nm etched
surface in virgin and spatter samples, Al2p>* appeared
at ~74.80 eV, with a transition to Al2p™' peak with
further etching of the samples. However, this tran-
sition was swifter for the virgin powder sample
where oxide peak disappeared after ~60 nm etching
(on Ta,Os calibration scale) compared to spatters
where oxide peak disappeared only after ~150 nm
etching (on Ta,Os calibration scale), owing to a
lower oxide layer thickness on virgin particles.

Another interesting aspect of the Al2p depth profile
is the change in relative intensities. For example,
near the surface, the virgin powder has a significantly
higher intensity of the Al2p>* peak which was absent
at 60 nm etch depth where presence of solely Al2p™*
peak was observed. However, the intensity of Al2p™
peak at this depth is substantially low, which increased
with further etching. This could be connected to an Al
depletion zone below the oxide layer, owing to Al
diffusion towards the surface during powder solidifi-
cation during atomisation. A similar trend can be
seen in the Al spectra from the spatter powder
samples. The presence of Al in the surface oxide
layer of the powder particles can be expected from
previous study by Hryha et al. [6], where it was pro-
posed that fine Al oxide precipitates (<50 nm) are
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Figure 6. Depth profile comparison of Ti2p, Al2p and O1s narrow spectra of (a) virgin powder with spatters collected following
the. (b) 30 um and (c) 60 pm layer thickness build jobs. For interpretation of the references to colour in this figure, the reader is

referred to the online version of this article.

expected to be present in the inter-dendritic areas on
the Ti-6Al-4V powder surface.

For the Ols depth profiles, a slight variation in
spectra from as-received to 1 nm etched surface is
observed. This probably stems from the presence of
absorbed water species on the as-received surface
which was removed after slight etching. The change
in the peak intensity with etched depth is an additional
aspect which is linked to the thickness of the oxide
layer. The intensity of the O1s peak dropped substan-
tially at 50 nm etched depth in the virgin powder com-
pared to spatter samples, reaffirming the presence of
thicker oxide layer on spatter particles.

Considering the results shown in Figure 6, it is
important to estimate and compare the average
oxide layer thickness of virgin and spatter powders,
see Figure 7(a). The average oxide layer thickness is
estimated using normalised intensities of oxygen
from the Ols spectra [20, 21]. The determined oxide
layer thicknesses are in the Ta,Os thickness units
which was used to determine the etch rate during
depth profiling. However, as investigated by Baer
et al.[22], the etch rate of Ta,Os is significantly higher
than the etch rate of TiO, and AL, O; by a factor of
~1.6, thus the actual values of oxide layer thickness

will be substantially lower than the estimated values
above. By readjusting the measured oxide layer thick-
ness following the comparison done by Baer et al., the
actual oxide layer thickness will be ~7.5, ~13.75 and
~15nm for the virgin powder, the 30 um spatters,
and the 60 pm spatters, respectively. Therefore, the
oxide layer thickness of spatters obtained from two
varying powder layer thicknesses are not particularly
different.

To get better understanding of the oxide layer
thickness, distribution and homogeneity, TEM sample
from the surface of spatter particles of the 30 um build
job was prepared using FIB technique. Figure 7(b)
shows a high-angle annular dark-field (HAADF)
image of the thin lamella taken at a cross-section of
the spatter particle close to the surface. The oxide
scale enriched in both Ti and Al with a thickness of
about 12 nm appears homogeneous with a dark con-
trast (Figure 7(b)) and its chemical composition was
confirmed using STEM-EDX point analysis and line
scan (Figure 7(c)). Despite the difficulty to analyse
many particles in TEM, the performed measurement
indicate that the thickness of the oxide layer is in the
proximity to the estimation based on the Ols spectra
of the XPS measurement.
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3.4. Tensile properties

The tensile performances of the vertical machined
specimens of the 60 um layer thickness print appear
similar to that of the 30 um one, both with the UTS
in the range of ~1257 MPa, YS of ~1200 MPa and
elongation of about 13-14%, with a scatter in values
less than 14 MPa for strength and 0.7% for elongation,
see Figure 8. This steady mechanical response is con-
sistent with the comparable compositions measured in
the bulk of the built specimens, see Figure 2(b). The
reported yield strength (YS), ultimate tensile strength
(UTS) and elongation (A) are slightly superior to what

1400
1197 1202 1256 1258
1200 -
1000 =30 um
m60
800 - p
600 -
400
200 -
13 14
0 .
YS [MPa] UTS [MPa] A [%]

Figure 8. Tensile properties of stress-relieved samples built
with standard laser parameters using a 30 and 60 um layer
thickness. For interpretation of the references to colour in
this figure, the reader is referred to the online version of
this article.

reported by Dietrich et al.[5] for samples printed with
30 pm thickness, powder from the same manufacturer
(but different batch), the same machine (EOS M290)
and the same stress-relief treatment (650°C/3 h). The
YS and UTS are about 50 MPa higher and the
elongation up to 6% improved. This could be owing
to the different sample orientations, with horizontal
specimens in the work of Dietrich et al. [5], as
expected from the material datasheet provided by
the manufacturer [23]. Further work will focus on
the evaluation of dynamic response of similar samples.
The work of Brika et al. [12] suggests that depending
on the powder atomisation process and PSD, increas-
ing the layer thickness from 30 to 60 um could have
negligible to some impact on the surface roughness,
which is mostly connected to the powder bed density.
Still, the presented results on static properties are very
promising for increasing the process productivity and
regarding the steady spatter oxidation, for increasing
process sustainability.

4. Conclusions

The present work highlights that increasing the layer
thickness from 30 to 60 um leads to lower amount of
spatter generated by 40% for the total built height,
despite a slight increase of generated spatters per
scanned layer by ~17%. In both cases, these spatter
particles are characterised by higher oxygen content
owing to the spatter oxidation and hence larger Ti-



based oxide layer thickness, covering spatter particles,
with additional enrichment in Al-rich oxide features
observed on top. The thickness of the oxide layer is
almost twice thicker than that present on the virgin
powder. The analysis of spatter morphology and
chemistry indicate the same characteristics of spatter
particles and hence suggests that spatter generation
process for the 30 and 60 pm layer thickness is the
same. The bulk analysis of spatter composition
revealed a dramatic increase of the oxygen by more
than 1000 ppm (~60%), and of the nitrogen by more
than 200 ppm in comparison to the virgin powder.
In addition, the spatter particles size being very similar
to the virgin ones would directly be responsible for a
conservation of these degraded particles within the
processing chain and hence in the printed com-
ponents, resulting in oxygen and nitrogen pick-up as
well bringing risk for increased content of non-met-
allic inclusions. The measurement of oxygen, nitrogen
and hydrogen impurities in the produced parts is very
similar for both layer thicknesses and a 7% increase of
oxygen from the feedstock powder composition is
reported, highlighting the well-known sensitivity of
Ti-6Al-4V to oxygen pick-up during LPBF processing
from process atmosphere impurities and spatters. It is
also important to note that the increase in layer thick-
ness did not result in a change in static tensile proper-
ties with the UTS in the range of ~1257 MPa, YS of
~1200 MPa and elongation of about 13-14% with a
low scatter in values for both layer thicknesses.

The present study suggests that the higher layer
thickness is promising not only from the productivity
standpoint but also having positive impact on powder
reusability, with no paramount degradation of tensile
properties, and thereby overall positive for the sustain-
ability of LPBF processing of Ti-6Al-4V.

Acknowledgement

Special thanks are addressed to RISE Research Institutes of
Sweden (Molndal) for the particle size measurements with
the Mastersizer 3000 (Malvern Panalytical).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was conducted in the framework of the Centre for
Additive Manufacturing - Metal (CAM2) supported by the
Swedish Governmental Agency of Innovation Systems
(Vinnova).

Notes on contributors

Camille Pauzon is a postdoctoral researcher at the SIMaP
laboratory in Grenoble, which she joined after completing

POWDER METALLURGY e 9

her PhD on process atmosphere for laser powder bed fusion
at Chalmers University of Technology in 2021. Her research
focuses on the processing and metallurgy of conventional
and new alloys for laser powder bed fusion.

Dr. Ahmad Raza is a CAM2 center researcher at the Chal-
mers University of Technology, specializing in powder bed
fusion-based additive manufacturing processes. His
research focuses on characterizing powders using advanced
surface analysis tools such as X-ray photoelectron spec-
troscopy (XPS) and Auger electron spectroscopy (AES).

Imran Hanif’s main research has been focused on the ex-
situ and in-situ TEM and SEM investigations. He has been
working on the advanced microstructural characterization
of metallic materials/coatings, nanomaterials and energy
materials. His recent publications are related to the high
temperature corrosion of metallic materials and coatings.

Sophie Dubiez-Le Goff is an expert in Powder Metallurgy for
Additive Manufacturing at Linde in Germany. She holds an
PhD in Materials Science from MINES ParisTech.

Professor Johan Moverare’s main research focus is the
relationship between microstructure and mechanical prop-
erties, especially fatigue and creep properties of advanced
metallic materials for demanding applications. His experi-
ence covers test methods, modelling aspects as well as
characterization of deformation and failure mechanisms
during fatigue. Many of the resent studies has been on addi-
tively manufactured metals.

Professor Eduard Hryha is a researcher in powder metal-
lurgy and metal additive manufacturing. His research
focuses on powder metallurgy, powder-based metal additive
manufacturing, surface analysis using advanced surface-
sensitive techniques, as well as thermal analysis. He is also
a director of CAM2 competence centre focusing on pow-
der-based metal additive manufacturing.

ORCID

Camille Pauzon © http://orcid.org/0000-0003-1171-7683

Ahmad Raza © http://orcid.org/0000-0003-4450-2451
Eduard Hryha © http://orcid.org/0000-0002-4579-1710
References

[1] Pauzon C, Raza A, Hryha E, et al. Oxygen balance
during laser powder bed fusion of Alloy 718. Mater
Des. 2021;201; doi:10.1016/j.matdes.2021.109511.

[2] Raza A, Pauzon C, Hryha E, et al. Spatter oxidation
during laser powder bed fusion of Alloy 718: depen-
dence on oxygen content in the process atmosphere.
Addit Manuf. 2021;48; doi:10.1016/j.addma.2021.
102369.

[3] Raza A, Fiegl T, Hanif I, et al. Degradation of
AlSi10Mg powder during laser based powder bed
fusion processing. Mater Des. 2021;198:109358,
doi:10.1016/j.matdes.2020.109358.

[4] Pauzon C, Dietrich K, Forét P, et al. Control of
residual oxygen of the process atmosphere during
laser-powder bed fusion processing of Ti-6Al-4V.
Addit Manuf. 2021;38; doi:10.1016/j.addma.2020.
101765.

[5] Dietrich K, Diller J, Dubiez-le Goff S, et al. The influ-
ence of oxygen on the chemical composition and
mechanical properties of Ti-6Al-4 V during laser


http://orcid.org/0000-0003-1171-7683
http://orcid.org/0000-0003-4450-2451
http://orcid.org/0000-0002-4579-1710
https://doi.org/10.1016/j.matdes.2021.109511
https://doi.org/10.1016/j.addma.2021.102369
https://doi.org/10.1016/j.addma.2021.102369
https://doi.org/10.1016/j.matdes.2020.109358
https://doi.org/10.1016/j.addma.2020.101765
https://doi.org/10.1016/j.addma.2020.101765

10 (&) C.PAUZONETAL.

[10]

[11]

[12]

powder bed fusion (L-PBF). Addit Manuf.
2020;32:100980. doi:10.1016/j.addma.2019.100980.
Hryha E, Shvab R, Bram M, et al. Surface chemical
state of Ti powders and its alloys: effect of storage
conditions and alloy composition. Appl Surf Sci.
2016;388:294-303. doi:10.1016/j.apsusc.2016.01.046.
Cao Y, Delin M, Kullenberg F, et al. Surface modifi-
cation of Ti-6Al-4V powder during recycling in
EBM process. Surf Interface Anal. 2020;52:1066-
1070. doi:10.1002/sia.6847.

Qiu C, Panwisawas C, Ward M, et al. On the role of
melt flow into the surface structure and porosity devel-
opment during selective laser melting. Acta Mater.
2015;96:72-79. doi:10.1016/j.actamat.2015.06.004.
Leicht A, Fischer M, Klement U, et al. Increasing the
productivity of laser powder bed fusion for stainless
steel 316L through increased layer thickness. ] Mater
Eng Perform. 2021;30:575-584. doi:10.1007/s11665-
020-05334-3.

de Formanoir C, Paggi U, Colebrants T, et al.
Increasing the productivity of laser powder bed fusion:
influence of the hull-bulk strategy on part quality,
microstructure and mechanical performance of Ti-
6Al-4 V. Addit. Manuf. 2020;33:101129, doi:10.1016/
j.addma.2020.101129.

Shi X, Ma §, Liu C, et al. Performance of high layer
thickness in selective laser melting of Ti6Al4V.
Materials  (Basel).  2016;9:1-15.  doi:10.3390/
ma9120975.

Brika SE, Letenneur M, Dion CA, et al. Influence of
particle morphology and size distribution on the pow-
der flowability and laser powder bed fusion manufac-
turability of Ti-6Al-4V  alloy. Addit Manuf
2020;31:100929, doi:10.1016/j.addma.2019.100929.
DIN EN ISO 6892-1:2016. - Metallic materials -
Tensile testing — Part 1: Method of test at room temp-
erature, 2017.

Phother-Simon J, Hanif I, Liske J, et al. The influence
of a KCl-rich environment on the corrosion attack of
304 L: 3D FIB/SEM and TEM investigations. Corros

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Sci. 2021;183:109315,
109315.

YinJ, Yang LL, Yang X, et al. High-power laser-matter
interaction during laser powder bed fusion. Addit
Manuf. 2019;29:100778, doi:10.1016/j.addma.2019.
100778.

Schwerz C, Raza A, Lei X, et al. In-situ detection of
redeposited spatter and its influence on the formation
of internal flaws in laser powder bed fusion. Addit
Manuf. 2021;47:102370, doi:10.1016/j.addma.2021.
102370.

Pauzon C, Mishurova T, Fischer M, et al. Impact of
contour scanning and helium-rich process gas on per-
formances of Alloy 718 lattices produced by laser pow-
der bed fusion. Mater Des. 2022;215:110501, doi:10.
1016/j.matdes.2022.110501.

Chen Z, Raza A, Hryha E. Influence of part geometry
on spatter formation in laser powder bed fusion of
Inconel 718 alloy revealed by optical tomography. J
Manuf Process. 2022;81:680-695. doi:10.1016/j.
jmapro.2022.07.031.

Pauzon C, Dietrich K, Forét P, et al. Mitigating oxygen
pick-up during laser powder bed fusion of Ti-6Al-4 V
by limiting heat accumulation. Mater Lett.
2021;288:129365, doi:10.1016/j.matlet.2021.129365.
Nyborg L, Nylund A, Olefjord I. Thickness determi-
nation of oxide layers on spherically-shaped metal
powders by ESCA. Surf Interface Anal. 1988;12:110-
114. doi:10.1002/sia.740120209.

Oikonomou C, Nikas D, Hryha E, et al. Evaluation of
the thickness and roughness of homogeneous surface
layers on spherical and irregular powder particles.
Surf Interface Anal. 2014;46:1028-1032. doi:10.1002/
sia.5439.

Baer DR, Engelhard MH, Lea AS, et al. Comparison of
the sputter rates of oxide films relative to the sputter
rate of SiO2, ] Vac Sci technol A. 2010;28:1060-
1072. doi:10.1116/1.3456123.

EOS GmbH, Material data sheet EOS Titanium Ti64
Material data sheet Technical data, 49 (2014) 1-5.

doi:10.1016/j.corsci.2021.


https://doi.org/10.1016/j.addma.2019.100980
https://doi.org/10.1016/j.apsusc.2016.01.046
https://doi.org/10.1002/sia.6847
https://doi.org/10.1016/j.actamat.2015.06.004
https://doi.org/10.1007/s11665-020-05334-3
https://doi.org/10.1007/s11665-020-05334-3
https://doi.org/10.1016/j.addma.2020.101129
https://doi.org/10.1016/j.addma.2020.101129
https://doi.org/10.3390/ma9120975
https://doi.org/10.3390/ma9120975
https://doi.org/10.1016/j.addma.2019.100929
https://doi.org/10.1016/j.corsci.2021.109315
https://doi.org/10.1016/j.corsci.2021.109315
https://doi.org/10.1016/j.addma.2019.100778
https://doi.org/10.1016/j.addma.2019.100778
https://doi.org/10.1016/j.addma.2021.102370
https://doi.org/10.1016/j.addma.2021.102370
https://doi.org/10.1016/j.matdes.2022.110501
https://doi.org/10.1016/j.matdes.2022.110501
https://doi.org/10.1016/j.jmapro.2022.07.031
https://doi.org/10.1016/j.jmapro.2022.07.031
https://doi.org/10.1016/j.matlet.2021.129365
https://doi.org/10.1002/sia.740120209
https://doi.org/10.1002/sia.5439
https://doi.org/10.1002/sia.5439
https://doi.org/10.1116/1.3456123

	Abstract
	Highlights
	1. Introduction
	2. Materials and methods
	3. Results and discussions
	3.1. Amount and morphology of generated spatters
	3.2. Composition of the parts and spatters
	3.3. Surface chemistry of the spatters
	3.4. Tensile properties

	4. Conclusions
	Acknowledgement
	Disclosure statement
	Notes on contributors
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


