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Additive manufacturing is a rapidly growing industrial technology. Still, there is a lack of knowledge regarding
the fine particle emission and new particle formation during the processes and their consequences on the per-
formance of the operation and the operator’s health as well. Therefore, we studied the properties of the emitted
particles during the 3D printing process using the Inconel 718 (Ni-based) superalloy. The number and the mass
concentrations were measured with a Scanning Mobility Particle Counter and Sizer. Size-fractionated samples
were collected by a cascade impactor, and the elemental composition of the particles was determined by total-
reflection X-ray fluorescence analysis, Scanning Electron Microscopy, Energy Dispersive Spectroscopy, and
microscopic X-ray fluorescence analysis in the different size fractions. The oxidation states of the metals (Cr, Mn,
Fe, Ni) in the samples were determined with the X-ray absorption near-edge structure (XANES) method. Most of
the particles were found in the ultrafine region with a size below 100 nm, and the mass size distribution had the
maximum at 85 nm. In the original powder, Ni was dominating with appr. 52 wt%, and the proportion of Cr was
around 20 wt%, and Mn was below 1 wt%. In the released particles, the Ni content decreased to appr. 26 wt%,
the Cr content increased to appr. 47 wt% and Mn increased to around 10 wt% for particles with a size between
0.07 and 10 pm. According to the XANES results, Cr, Mn and Fe were found to be oxidized significantly, whereas
Ni remained in the metallic form in the total emitted aerosol containing mostly ultrafine particles. The enrich-
ment and oxidation of metals were correlated with each other.

1. Introduction

Laser-based additive manufacturing (AM) is a set of new technolo-
gies where special machines build new parts using high-power lasers to
melt metallic particles to form new objects layer by layer. The so-called
3D metal printing technology can be effectively used in the production
of different parts for the aerospace, healthcare, energy, automotive, and
other industries. There are many different AM techniques, like binder
jetting, powder bed fusion, or directed energy deposition [1]. All of them
have their advantages and disadvantages in various applications. The
directed energy deposition method can be used to create a protective
coating on a surface, to repair parts, or to build new objects, too [2]. In
this technique, the intense laser beam locally melts the surface of the

workpiece, where the metal particles are deposited, thus adding a new
layer onto the previously deposited ones.

Many studies have been published about the effects of the process
parameters on the macro- and microstructure of the created new objects,
on their mechanical properties, porosity, surface quality, residual stress,
etc. [1] [2-5]. However, a relatively small amount of information is
available on the particle emissions during 3D metal printing processes.
Concerning the indoor application of desktop 3D printers using, for
example, polylactic acid (PLA), acrylonitrile butadiene styrene (ABS)
thermoplastic, or polycarbonate (PC) feedstocks, people are aware of
their ultrafine particle emission [6-8]. Nevertheless, laser-based AM
machines are likely to generate airborne, nanoscale metal particles that
may cause lung or cardiovascular diseases [9,10]. The health effects of
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metal exposure of the lung are known to be a major concern, for
example, in the case of hard metal workers [11] or welders [12,13]. New
particle formation and the chemical composition of the plume were
studied for welding processes (e.g., [14,15]). Furthermore, the fraction
of the inhaled aerosol particles, which deposits in the lung, steeply in-
creases with decreasing size in the ultrafine region [16]. Besides the
health issues, the particle emission may influence the building process as
well by absorbing and scattering a considerable amount of energy from
the process [15,17-19], and may distort the results of the on-line optical
measurements that aim to monitor the processes [20-22]. Therefore, it
is of crucial importance to characterize the particle emission of AM
processes and to explore its effects on the process itself and the health of
the operators.

In the present study, we have characterized the emitted aerosol
particles with respect to their dominating diameter range, morphology,
elemental composition and oxidation state of selected metals (Cr, Mn, Fe
and Ni) aiming to describe their enrichment/depletion and oxidation
compared to the original feedstock powder. The number and volume
distribution of the newly formed aerosol particles were determined by
scanning mobility particle counter and sizer (SMPS). Simultaneously,
total and size-fractionated aerosol samples were collected by a filter
pack and a cascade impactor, respectively. Morphology and elemental
composition of the particles were investigated by scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS). Collective
elemental analysis of the aerosol particles was performed by total-
reflection and microscopic X-ray fluorescence methods (TXRF, pXRF).
The oxidation state of selected metals in the aerosol particles were
studied non-destructively using X-ray absorption near-edge structure
method (XANES). The importance of the present study is that AM ma-
chines can generate hazardous particles which can raise occupational
health issues for the operators of the machines. Furthermore, the
nanoparticles can influence the efficiency of the laser during operation.
We used an open-table additive manufacturing machine for the experi-
ments based on the directed energy deposition method, and the Inconel
718 nickel-based superalloy as feedstock powder.

2. Materials and methods
2.1. The additive manufacturing machine

We used the LRS EVO-Diodeline 450 based open table additive
manufacturing machine from the O.R. Lasertechnologie GmbH (Die-
burg, Germany) [23]. Table 1 summarizes the main features of the
system.

The applied additive manufacturing machine consists of a fiber laser
which emits infrared radiation at 1070 nm, a powder nozzle that de-
livers the shielding gas and the metallic powder to the workpiece, a four-
axis motorized stage to move the piece along pre-programmed trajec-
tories, a powder feeder, and the controller unit connected to a computer.

The laser source is a single-mode randomly polarized diode-pumped
Ytterbium YLM fiber laser (IPG Photonics, Oxford, USA) with 450 W
maximum mean output power. The laser power at the surface of the
workpiece is controllable between 10 and 100%. Although the fiber

Table 1
Technical data of the LRS EVO-Diodeline 450 laser welding machine.

Laser type Diode-pumped Ytterbium (Yb) Fiber Laser
Wavelength 1070 nm

Max. mean power (CW) 450 W

Max. pulse energy 45J

Pulse peak power 4.5 kW

Pulse duration 0.5-50 ms

Pulse frequency 0.1-100 Hz

Focus diameter 0.05-2.0 mm

Operating mode continuous wave or pulsed
Shielding/carrier gas argon
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laser can operate in pulsed mode, we used it only in continuous wave
mode in our experiments. While the beam diameter of the YLM fiber
laser can be as small as 50 pm in the focal plane, the spot size on the
surface of the sample is adjustable from 0.48 to 3 mm, with the help of a
lens of 200 mm focal length, by a motorized beam expander. A low-
power visible diode laser marks the position of the infrared laser. In
the experiments, the laser’s measured output power was 361 W, and the
spot diameter was 1.04 mm.

The powder nozzle developed and manufactured by OR Laser (Die-
burg, Germany), in collaboration with the Fraunhofer Institute (Munich,
Germany), is in a coaxial configuration with the laser beam, and it is
mounted in a fixed vertical position. The nozzle for introducing the
shielding gas is in the powder nozzle after the glass window that protects
the focusing lens from contamination.

A GTV PF2/1 LC powder feeder with a 3.5 x 0.3 mm? disk groove
and argon as the carrier gas fed the system with metal powder. We set
the powder focal plane to the surface of the substrate with a working
distance of 7 mm. The nominal mass flow rate of the metal powder
delivered by the powder feeder was 5.3 g/min. The measured carrier gas
flow rate was 3.8 L/min, and the shielding argon flow rate was 10 L/min
(at atmospheric pressure and room temperature). The substrate material
was a rolled 304L stainless steel plate with 10 mm thickness and a 100 x
100 mm? surface.

The substrate with the workpiece was moved along the pre-
programmed trajectory under the powder nozzle using a 3D motorized
stage with a scan rate of 10 mm/s.

The device is controlled by a microcomputer, which monitors and
controls the laser functions, the movements of the motorized stage, and
the powder feeder. With the ORLAS SUITE application, one can design
simple geometric shapes or import 3D objects created with a CAD soft-
ware. After setting the laser and the trajectory parameters, it generates
G-code defining 2D and 3D processing paths in three or four axes. The
software transfers the G-code to the microcomputer, and the system
starts building the new part. Fig. 1 shows the schematic diagram of the
LRS EVO-Diodeline 450 laser welding machine equipped with the
powder nozzle and the powder feeder. While many industrial grade
additive manufacturing machines (3D metal printers) arrive fully
enclosed to the customers, open table systems provide more flexibility to
researchers, university laboratories, small/medium sized enterprises or
system integrators.

2.2. Feedstock powder and substrate

Superalloys are the workhorse material in the aerospace, petro-
chemical, and nuclear industries where creep, corrosion, and heat
resistance are needed. Inconel 718 is a nickel-based superalloy. It is a
high-rupturing-strength material which offers toughness, corrosion

CARRIERGAS
e POWDER

="

ARGON

POWDER
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Fig. 1. Schematic diagram of the LRS EVO-Diodeline 450 based open table
additive manufacturing machine.
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resistance at elevated temperatures, and possesses outstanding weld-
ability [24,25]. It can be used in a wide temperature range from —204 to
704 °C [26]. Table 2 shows the composition of Inconel 718.

In our experiments, we used the MetcoAdd 718G alloy from Oerli-
kon. This metal powder has a size range from 45 to 90 pm, a spherical
form, and produced by the gas atomization manufacturing process.

Table 3 shows the composition of 304L stainless steel, which was
used as the substrate to build demo rectangles on it. It is important to
highlight the Ni, Cr and Mn content of the 304L.

2.3. Description of the experiments

The experiments took place in a small closed room of 26 m3, where
no extraction device was in operation during the measurements. The
LRS EVO-Diodeline 450 based additive manufacturing machine was
used to build demo rectangles of 15 x 15 x 5 mm> (width x length x
height) on a 304L stainless steel substrate (for details, see Sections 2.1
and 2.2). The production time of one rectangle was approximately 16
min. The powder feeder fed the machine with the MetcoAdd 718G metal
powder. The released particles spread in the room, mainly by Brownian
diffusion, which was locally influenced by thermally generated flows
around the hot metal. There was no ventilation in operation except the
fans of the laser machine below the motorized table where the work-
piece was built.

An SMPS (for details, see Section 2.4) was used to measure the
number concentration of the released aerosol particles. The SMPS’s
sampling point was 15 cm from the wall of the room and 80 cm from the
aerosol source. The length of the sampling line was 90 cm, and the
residence time of the particles in the sampling tube was 5 s.

During the building process, size-fractionated aerosol samples were
also collected on 20 x 20 mm? Si wafers and adhesive carbon substrates
with a 9-stage May-type cascade impactor (for details, see Section 2.5)
for 10 and 40 min sampling time for further morphological and chemical
analysis.

Furthermore, we used Teflon membrane filters (47 mm diameter and
1 pm pore-size) to sample the total suspended particles to determine
their elemental composition and oxidation state of the selected metals.
Two samples were taken with 40 and 90 min sampling time and with a
flow rate of 16.7 L/min.

2.4. Scanning mobility particle counter and sizer

While the diameter of the MetcoAdd 718G grains is between 45 and
90 pm, the 3D printing process forms particles dissimilar in size to the
original ones, falling mainly in the ultrafine size range (below 100 nm).
We used a scanning mobility particle sizer (SMPS) to measure the size
distribution and the concentration of these particles. The Model 5416

Table 2
Nominal composition of Inconel 718 [59].

Inconel 718

Element Minimum wt% Maximum wt%
Nickel (Ni) 50 55
Chromium (Cr) 17 21
Iron (Fe) balance

Niobium (Nb) 4.75 5.5
Molybdenum (Mo) 2.8 3.3
Titanium (Ti) 0.65 1.15
Cobalt (Co) N/A 1
Aluminum (Al) 0.2 0.8
Manganese (Mn) N/A 0.35
Silicon (Si) N/A 0.35
Copper (Cu) N/A 0.3
Carbon (C) N/A 0.08
Phosphorus (P) N/A 0.015
Sulfur (S) N/A 0.015
Boron (B) N/A 0.006
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Table 3
Composition of 304L stainless steel.
304L

Element Minimum wt% Maximum wt%
Nickel (Ni) 8 12
Chromium (Cr) 18 20
Aluminum (Al) N/A 0.1
Carbon (C) N/A 0.03
Manganese (Mn) N/A 2
Silicon (Si) N/A 0.75
Phosphorus (P) N/A 0.045
Sulfur (S) N/A 0.03

SMPS+C system, which was manufactured by the Grimm Aero-
soltechnik Ltd. (Ainring, Germany), uses a Vienna-type differential
mobility analyzer (DMA) [27] to classify particles according to their
mobility diameter, and a condensation particle counter (CPC) as a de-
tector to count them in each size bin. The size range, which is covered by
this instrument, spans from 10 to 1094 nm. The aerosol sample flow rate
is 0.3 L/min, and the sheath air flow rate is 3 L/min. The CPC uses n-
butanol as a working fluid and can measure concentrations up to 1.5 x
10% particles/cm® in single count mode and 107 particles/cm® in
photometric mode. The size resolution of the instrument is 64 channels
per decade in scanning mode. The size distribution is determined by
scanning the DMA voltage and counting the particles with the CPC in
each size bin. The length of one scan was 4 min, which means that faster
processes may distort the measured size distribution.

The instrument’s native output data is the number size distribution
based on the electrical mobility diameter. Its software calculates the
surface, volume, and mass size distributions from the number concen-
trations in each size bin. Some assumptions apply for the calculations
like the particles are homogenous and spherical, and the user provides
the average density value.

2.5. Cascade impactor sampling

New particles form from the metal vapor above the high-temperature
melt pool with a size mainly below 100 nm during the building of new
objects with the AM machine. Size-fractioned aerosol sampling was
performed with a 9-stage in-house developed extension of the May-type
cascade impactor [28] to be able to study the chemical and morpho-
logical composition of particles not only in the fine but also in the ul-
trafine size fraction (Fig. 2). Cascade impactors separate the aerosol
particles based on their inertia by increasing the speed of the airflow by
means of jet nozzles. Particles that cannot follow the airstream are
collected on plates via impaction (see Fig. 2). The area of the nozzles
decreases stage by stage, hence allowing the collection of particles of
consecutively decreasing diameters. The May-impactor has aero-
dynamic cut-off diameters of 17.9, 8.9, 4.5, 2.25,1.13, 0.57, 0.29, 0.18,
and 0.07 pm, for stages 1 to 9, respectively, at a flow rate of 16.7 L/min.
Samples were collected on 20 x 20 mm? Si wafers at stages 3 to 9 and on
adhesive carbon substrates at all stages except stage 1. The deposition
pattern of aerosol particles is a thin stripe with a 50 mm length and
widths decreasing with increasing stage number from 0.1 mm (stage 9)
to 1.8 mm (stage 2). Because of the high concentrations measured in the
laboratory during the AM process, the sampling time was short, 10 min
for Si substrates, and 40 min for carbon substrates. It should be noted
that the cascade impactor separates particles based on the aerodynamic
diameter that can differ from the electrical mobility diameter based on
the shape and density of the particles [29].

2.6. Total-reflection X-ray fluorescence analysis
The elemental composition of size-fractionated aerosol samples

collected on Si substrates was determined by total-reflection X-ray
fluorescence analysis (TXRF). A compact laboratory TXRF system [30]
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Fig. 2. Schematic diagram of the May-type cascade impactor.

was applied for the present study. A 50-W microfocus Mo-anode X-ray
tube (Petrick, Bad Blankenburg, Germany) was operated at 50 kV and 1
mA, and Mo-Ka X-rays were selected for excitation using a Mo/Si
multilayer monochromator (AXO, Dresden, Germany). Si wafer squares
were analyzed with aerosol deposit stripes horizontally, perpendicular
to the beam direction. X-ray spectra were recorded using a 7 mm? silicon
drift detector (KETEK, Munich, Germany) with a round Zr collimator
and an analog signal processing unit (PGT, Princeton, USA). Measure-
ments were performed in air. Counting time was set to 1600 s for stage 9
and 3000 s for the remaining stages. The AXIL software [31] was used to
evaluate X-ray spectra. Since aerosol particles are deposited as a stripe,
the usual internal standardization is not straightforward; thus, the
quantification of elemental content was performed using calibration
based on external standards (Merck IV, 23 elements). The elemental
concentrations were calculated for each size fraction considering the
total length of deposited stripes (50 mm for each impactor stage) and the
collected air volume. Detection limits of 100 pg/m® at each impactor
stage were reached using the system for transition metals in ambient
aerosol particles [32], assuring a reliable determination of elemental
size distributions in the present study.

2.7. Scanning electron microscope and Energy Dispersive Spectroscopy

The size-fractionated samples on the impactor plates were analyzed
by a scanning electron microscope (SEM) to determine the morphology
and composition of the particles. We used a Tescan MIRA3 scanning
electron microscope for this study. We analyzed the elemental compo-
sition of the particles with Energy Dispersive Spectroscopy (EDS) pro-
duced by EDAX Inc. and used the APEX™ Software for EDS for data
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processing. Secondary electron images were recorded for studying the
particle morphology. The EDS analysis proved to be reliable by using an
acceleration voltage of 20 kV.

2.8. Microscopic X-ray fluorescence analysis

Measurements of the original feedstock powder and the collected
aerosol particles were performed on an in-house developed laboratory
pXREF setup [33], allowing point analysis and recording of 2D elemental
maps. Since the X-ray source cannot be moved, scanning is performed
through the movement of the sample across a stationary X-ray micro-
beam. A low-power rhodium-anode X-ray source (iMOXS, IfG, Berlin,
Germany) [34] coupled with a polycapillary minilens (IfG, Berlin, Ger-
many) was used to form a 20 pm microbeam [35]. Between the X-ray
tube and the polycapillary, a 25-pm Rh beam filter was used in order to
enhance Rh K characteristic lines in the excitation spectrum. In order to
detect the emitted characteristic X-rays, a Peltier-cooled Si drift detector
(SDD) with an active area of 30 mm?> (KETEK, Munich, Germany) was
used. The measurement process is computer-controlled by an in-house
developed LabView-based software specifically designed for the sys-
tem [33]. It controls the sample stage, the spectrum acquisition process,
and displays the optical image of the sample.

2D elemental maps were recorded using a 10 pm step-size, and 3 s
dwell time per pixel on individual grains of the original metallic feed-
stock powder. X-ray spectra were collected in the center positions of
individual grains, for 600 s. Longer measurement time was necessary for
the deposited aerosol particles. The recorded X-ray spectra were eval-
uated by the AXIL software [31]. The system was calibrated using
metallic foils in the range of titanium to molybdenum.

2.9. X-ray absorption near-edge structure

In order to determine the oxidation state of selected metals in the
total and size-fractionated (stages 9 and 8) aerosol samples, X-ray ab-
sorption near-edge structure (XANES) spectra were collected at the
Elettra synchrotron radiation facility (Trieste, Italy). Measurements
were performed at the K absorption edges of Cr, Mn, Fe, and Ni, both at
the XAFS [36] and the XRF [37,38] beamlines.

Spectra were collected using Si (111) monochromator in both
beamlines. At the XRF beamline, the monochromator was calibrated
before the measurements and spectra from size-fractionated aerosol
particles deposited on Si wafers were measured in TXRF geometry, using
an XFlash 5030 SDD (Bruker, Berlin, Germany).

At the XAFS beamline, the energy calibration was accomplished by
collecting simultaneously a reference metal foil placed in a second
experimental chamber after the sample and after the I; ionization
chamber. In this case, the geometry for fluorescence mode measure-
ments on filter samples was standard 45°/45°, using an AXAS-M SDD
(KETEK GmbH, Munich, Germany) detector. XANES spectra were
collected also in transmission mode (sample at 90° with respect to the
beam) on pure Cr, Mn, Fe and Ni metallic foils, stainless steel foils (301
and 316L) and reference compounds (Cr03, Fe;03 and NiO) in the form
of pressed pellets. Stainless steel foils contain 16-19 wt% Cr, 6.0-13 wt
% Ni and 65-75 wt% Fe.

All spectra were collected at room temperature both in air (XAFS
beamline) and in high vacuum (XRF beamline) conditions, using a
variable energy step as a function of the energy: Large step (5 eV) in the
first 200 eV of the spectrum, smaller step (0.2 eV) in the near-edge re-
gion and a k-constant step of 0.03 A1 (up to 1.8 eV) further above the
absorption edge. The time per step was 5 s for fluorescence and 2 s for
transmission mode measurements.

For each sample, multiple spectra have been collected and merged in
order to increase the signal to noise ratio. The oxidation state of metals
in the aerosol samples was determined using least-squares Linear
Combination Fitting (LCF) based on reference spectra collected for
model compounds of known oxidation state. Background removal,
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normalization of XANES spectra as well as LCF were performed using the
Athena software package [39].

3. Results

3.1. Number and mass concentrations of the aerosol particles released
during laser cladding with metal powder

The SMPS (for details see Section 2.4) was detecting the number size
distribution of the newly formed aerosol particles using 4 min sampling
time with downward scanning mode. The results are shown in Fig. 3,
together with the calculated volume size distribution assuming spherical
particles.

Based on the measured data, the vast majority of the formed particles
are below 100 nm, and more than 70% of the corresponding volume or
mass falls below 100 nm. The peak of the number size distribution is at
53 nm, the total concentration is 9.3 x 10° particles/cm3, and the mode
of the volume size distribution is at 85 nm (Table 4). We have to note
here that the particle concentration above the melt pool was beyond the
limit of the SMPS (107 particles/cm®). For the representative sampling
above the melt pool, we placed the probe to a 15 mm distance from the
source of the particles. Considering the high concentrations, the size
distribution of the particles near the melt pool is definitely different
from the one measured at 80 cm distance, i.e. particles are smaller and
the number concentration is higher.

3.2. Elemental mass concentrations in the aerosol released during laser
cladding with metal powder

SEM (for details see Section 2.7) was applied to determine the
morphology and the size distribution of the original MetcoAdd 718G
powder. Fig. 4 shows a typical SEM image for particles weakly attached
to an adhesive carbon tape. The measured size values agreed well with
the specifications of the feedstock powder, and most of the grains had a
spherical, and some of them had an elongated form. As a result of the gas
atomization manufacturing process, one can observe smaller satellite
grains stuck to the larger spherules with the size of a couple of microns.

The elemental composition of the original MetcoAdd 718G powder
was determined with SEM/EDS and also using the pXRF technique (for
details see Sections 2.7 and 2.8). Fig. 5 shows the results of the two
different methods. The three most dominating elements are Ni appr. 52
wt%, Cr 20 wt%, and the Fe 18 wt%. The detected composition agrees
well with the nominal elemental composition of the Inconel 718 su-
peralloy (see Table 2).

Two samples were collected on Teflon membrane filters for the
whole size range of the particles [40] and were analyzed with the pXRF
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Table 4
Statistical data of the size distribution based on SMPS measurements.
Mean Mode Median Geometric Total
(nm) (nm) (nm) standard
deviation
Number 42.44 53.28 43.42 1.68 930,000 (1/
cm®)
Volume 89.74 85.05 81.92 1.86 110.30
(pm?/cm?)

Fig. 4. Secondary electron image of the MetcoAdd 718G grains.

technique. Fig. 6 shows the elemental composition of the sampled
particles.

Fig. 6 presents a different elemental ratio compared to the feedstock
material. The newly formed particles contain 42% of Cr, 29% of Ni, and
18% of Fe, which is significantly different from the original material.

The measured morphology of the newly formed aerosol is shown in
Fig. 7. In the figure one can observe primary spherical particles with a
size in the order of 10 nm, and aggregates formed by these small

T
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Fig. 3. Number and volume size distributions during cladding with powder measured in the fine fraction (below 1 pm).
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Fig. 5. Elemental composition of the original MetcoAdd 718G powder determined by SEM/EDS and pXRF. The error bars are the calculated standard deviation

values of 3 measurements.
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Fig. 6. Elemental composition of the aerosol particles released during the intensive laser-matter interaction (samples collected on Teflon membrane filters).

particles. These aggregates have similar morphology to soot [41] and
flame-generated zirconia [42] aggregates. There are also self-standing
particles on the impactor plate with a diameter much below the size
range to which the impactor stage was rated. These particles are likely to
be formed as the debris of the larger ones that disintegrated upon the
collision with the impactor plate. Hence, the impacting conditions and
the diameter of the particles later observed on the collection substrate
surface cannot be correlated.

Table 5 shows the measured mass concentrations of the selected el-
ements in the different size fractions in terms of aerodynamic diameter
using the total-reflection X-ray fluorescence method.

The TXRF analysis shows that 92% of the particles were between 70
and 180 nm in the size range covered by the cascade impactor, and the
mass concentration on this stage was 66.0 pg/m°>. Based on calculations
provided for soot aggregates [41], the effective density was found to be
0.19 (uncompacted soot) to 0.30 (compacted soot) times the nominal
bulk density. Considering the nominal density of Inconel 718 alloy as
8.2 g/cm®, the effective density of the aggregates can be estimated as

1.6-2.5 g/cm® supporting that the majority of particles of 85 nm mass
median mobility diameter (see Fig. 3 and Table 4) are collected on the
smallest size class. The total mass concentration was 71.7 pg/m° in the
whole covered size range (between 0.07 and 10 pm). The Ni-to-Cr ratio
changed from approximately 2 (original metal powder) to around 0.67
(new aerosol particles). 95% of the Cr and 89% of the Ni was in particles
between 70 and 180 nm. The Mn content was below 1 wt% in the
original powder, we measured 10 wt% for the particles of diameter
between 70 and 180 nm in the released aerosol.

Fig. 8 shows the mass concentration of the elements measured with
different detection techniques between 70 and 180 nm size range. Both
methods show quite similar results. The oxygen is detected only with
SEM/EDS since the TXRF method was not performed under vacuum
conditions.

3.3. Oxidation state of metals by XANES

Cr, Mn, Fe and Ni K-edge XANES spectra collected for aerosol
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Fig. 7. Secondary electron image of the MetcoAdd 718G particles collected for
the size range from 70 to 180 nm Si wafers.

Table 5
Elemental mass concentrations in the aerosol released during laser cladding with
the MetcoAdd 718G metal powder.

Mass concentration (ug/m>)

Element 70-180 nm 180-300 nm 0.3-10 pm Total 0.07-10 pm
Ni 17.30 0.40 1.60 19.30
Cr 29.00 0.60 1.00 30.60
Fe 11.90 0.30 0.70 12.90
Mn 6.90 0.10 0.10 7.10
S 0.15 0.10 0.49 0.74
Cu 0.27 0.01 0.02 0.30
Zn 0.03 0.00 0.00 0.03
Other 0.44 0.00 0.24 0.68
Total 66.0 1.5 4.2 71.7
30+
25
T
> 20
=3
=
5
= 154
®©
=
c
3
c 10
o
(@]
54
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O Cr Mn
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particles and metals (stainless steel) are summarized in Fig. 9. In order to
compare the spectra collected around K-edges of different metals, the
energy scale is displayed as relative to the respective K-edges (i.e. 5989
eV for Cr, 6539 eV for Mn, 7112 eV for Fe and 8333 eV for Ni). The
oxidation state can be derived from the chemical shift of the absorption
edge towards positive energies for oxidized chemical forms. Peaks and
oscillations near the absorption edges can also be used as fingerprints for
specific chemical states, e.g. a specific sharp and narrow peak at 4.4 eV
relative energy is characteristic for Cr®* compounds [43].

In general, XANES spectra of total aerosol on filter (XAFS beamline),
70-180 nm and 180-300 nm fractions (XRF beamline) look similar for
all selected metals. Because of the structural difference between pure
metals and alloys, [44-46] oscillations with smaller amplitude are
observed in the XANES spectra of metals in alloys. For this reason, Cr, Fe
and Ni K-edge XANES spectra collected on stainless steel 301 (contain-
ing around 16-19 wt% Cr and 6-9 wt% Ni) were used for comparison
and further evaluation.

Since the edge features (at around O eV relative) are smaller with
respect to the metallic spectra for Cr, Mn and Fe, the presence of
oxidized metals is significant in the aerosol samples (see Fig. 9). For Mn,
only a small step is visible at the nominal absorption edge energy of Mn
metal (0 eV relative), indicating that Mn is highly oxidized. For Cr, the
presence of Cr®" could be excluded due to the absence of characteristic
pre-edge peak.

Quantitative information on the oxidation state of Cr, Mn, Fe and Ni
was obtained by LCF performed using the standard spectra for Cr, Fe and
Ni in stainless steel (301), Mn metal and reference compounds of higher
oxidation states like Cr®Tand Cr®*, Mn** and Mn>*, Fe?* and Fe* as
well as Ni2*. The fitting results are summarized in Table 6.

Among the four studied metals, Cr, Mn and Fe were found to be
oxidized significantly, whereas Ni remained in the metallic form in the
total aerosol. The order of metals based on oxidation degree was found
as Mn > Cr > Fe > Ni (see Table 6). Size-fractionated samples in the
70-180 nm and 180-300 nm diameter range contained metallic Cr and
Fe at the 79% and 77% level, respectively, significantly higher than in
the total aerosol samples. Taking into account the SMPS results as well,
the total aerosol collected by the filter is dominated by ultrafine particles
representing more than 70% of the total mass (see Fig. 3). It means that
the ultrafine aerosol particles contain the highest fraction of oxidized
Mn, Cr and Fe, so oxidation occurs despite the presence of the shielding
gas.

I TXRF
Il EDs

Fe Ni Cu Zn

Element

Fig. 8. Mass concentrations of the elements in size range from 70 to 180 nm measured with TXRF and SEM/EDS.
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Fig. 9. Comparison of Cr, Mn, Fe and Ni normalized XANES spectra of total aerosol collected on filter and metals.

Table 6
LCF results for Cr, Mn, Fe and Ni K-edge XANES of aerosol particles, using
reference spectra of known oxidation states.

Sample Total aerosol on filter 70-180 nm 180-300 nm
(mostly ultrafine fraction fraction
particles)

cr? fraction 0.67 + 0.01 0.79 £+ 0.01 0.79 £ 0.05

Cr*t fraction 0.33 +0.02 0.21 + 0.03 0.21 + 0.03

Cr®* fraction - - -

Cr mean +0.97 + 0.05 +0.63 + +0.64 + 0.10

oxidation 0.10
number

Mn° fraction 0.10 £+ 0.02 n.a. n.a.

Mn?* fraction 0.44 £+ 0.02 n.a. n.a.

Mn>" fraction 0.46 + 0.02 n.a. n.a.

Mn mean +2.26 + 0.10 n.a. n.a.

oxidation
number

Fe® fraction 0.74 +£ 0.01 0.77 £ 0.01 0.77 £ 0.01

Fe?" fraction 0.04 + 0.01 0.10£0.01  0.12=+0.01

Fe3* fraction 0.22 + 0.01 0.13 + 0.01 0.11 + 0.01

Fe mean +0.73 + 0.02 +0.59 + +0.57 + 0.05

oxidation 0.05
number

Ni® fraction 0.96 + 0.01 0.93 £+ 0.01 0.93 + 0.01

Ni%* fraction 0.04 +0.01 0.07 + 0.01 0.07 + 0.01

Ni mean +0.08 + 0.02 +0.14 + +0.14 + 0.02

oxidation 0.02
number

4. Discussion

During the intense laser-metal interaction in the studied additive
manufacturing process, the evaporated atoms of the metallic parts mix
with the ambient gas, and the subsequent expansion of this mixture
leads to its cooling and supersaturation. As a result, new particles form
by nucleation and subsequent growth of the condensed-phase clusters
becomes possible.

4.1. Elemental composition and oxidation states of selected metals in the
emitted particles

The possible explanation for the enrichment of metals in the aerosol
compared to the original feedstock powder is that Cr has one order of
magnitude higher, and Mn has five orders of magnitudes higher vapor

pressure than Ni at 1200 °C temperature. As the intense laser beam melts
the workpiece and the metal particles, first the Mn, then Cr and at last Ni
evaporate, the newly formed ultrafine particles contain Mn and Cr in
higher concentrations accordingly than in the original material. The
high apparent enrichment ratio makes it necessary to look for a sec-
ondary source of the Mn besides the feedstock powder. One should note
that the substrate material contains Fe, Cr and small amount of Mn, that
can also play a role in enrichment when the first layer is built during the
AM process. The origin of the Mn can be the feedstock or the substrate
304L as well. The Inconel 718 contains only 0.35% and the substrate a
maximum of 2% of Mn.

The trend of enrichment in the ultrafine aerosol fraction is the same
as that of oxidation, i.e. Mn > Cr > Fe > Ni (Fig. 10). There is a hidden

Fig. 10. Comparison of enrichment factor, mean oxidation number, volatility
and oxidation heat of metals in ultrafine aerosol at 1200 °C.
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causality relationship between these trends. The more volatile a
component is, the more it can enrich in the re-precipitated fraction of the
aerosol. And at the same time, the larger is its atomization ratio due to
the volatility, which provides an effective reactivity with the sur-
rounding gases. Oxidation is due to the effective atomization, which is
the consequence of the volatility. This is an indirect evidence for that the
small particles do not form by the simple removal of the excess material
from large particles but an evaporation—precipitation mechanism is
effective.

4.2. Occupational health effects of the released aerosol particles

The chemical composition of the released aerosol particles can be
characterized by significant amounts of Fe, Cr, Mn, and Ni, where Ni, Cr,
and Mn are toxic metals [47-49]. An important feature of the ultrafine
metal oxide particles is the Mn enrichment, which, together with their
large amount, increase their toxic potential as a function of decreasing
particle size. The measured value of the Mn concentration was between
26 and 50 pg/m?, which reaches the occupational health limit value for
the respirable fraction (50 pg/m®) of this element in the European
Community [50]. Some countries, for example Germany has even a
more severe limit value for this fraction, namely 20 pg/m>.This metal
can damage the central nervous system and cause neuropsychiatric
disturbances [47]. According to several studies [51,52] Ni in metal form
is not considered as potentially carcinogenic component. Since 96% of
Ni was found in metallic form, serious health effects can be excluded
from the Ni. Some European countries have regulations for the occu-
pational exposure limit values for Ni, but there is no uniform legislation.
For example, in some countries the current limit value for the inhalable
fraction is 30 pg/m>, which is exceeded by the Ni concentrations
measured in the released aerosol.

Fortunately, no Cr®t was detected, which is the most toxic and
carcinogenic form of this metal. The total Cr concentration varied from
134 to 179 pg/m°. The occupational health limit value for this compo-
nent is 2 mg/m3 for 8 h in the inhalable fraction [53]. Although the
measured concentration is one order of magnitude lower than the limit
value, one should consider that the vast majority of the released parti-
cles was found to be in the respirable fraction for which the limit values
are generally stricter if available. The Ni concentrations exceeded
whereas the Cr and Mn concentrations were close to or below the
currently valid limit values; therefore it is highly recommended for the
operators of the machine to wear suitable protective equipment and to
use extraction device. There are new recommendations for the European
Community to lower or set occupational health limit values for poten-
tially toxic metal compounds in the respirable aerosol fraction [54].

4.3. Effects of the released ultrafine particles on the quality of the AM
process

The power stability of the energy source is an important factor in
additive manufacturing processes. The main contributions to the
attenuation of the laser power that reaches the surface of the substrate in
laser-based energy deposition processes are attributed to the reflection
from the substrate surface and the reflection and absorption by the
powder stream [55]. However, the power stability is influenced by the
generated ultrafine particles as well. While, in our study, the size of the
new particles was mainly below 100 nm, their measured number con-
centration was in the order of 10° particles/cm? at 80 cm, and above 107
particles/cm® at 15 mm distance from the particle formation. Since these
nanoscale metal particles can absorb or scatter laser radiation, it affects
the quality of the beam focusing and the temporal power stability of the
laser radiation that reaches the surface. In the case of high power fiber
laser welding it was shown that the amplitude of the fluctuations of the
beam attenuation value could be higher than 10% when the beam
propagates through the generated aerosol-cloud above the melt pool
[18]. This effect can negatively influence the quality of the building
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process. In the case of laser-based powder bed fusion of pure Zn powder,
the low densification of the created parts was attributed to the fluctu-
ation of the laser energy deposited on the powder bed due to the
attenuation of the laser beam by small particles inside the evaporation
fume [56-58].

5. Conclusions

We characterized aerosol particles formed by vapor phase nucleation
during the interaction of intense laser beam and metallic alloys in laser
cladding processes. The size distribution, number and elemental mass
concentrations, the size-fractionated elemental composition and oxida-
tion state of the metallic parts of the released ultrafine aerosol particles
were measured when an additive manufacturing machine was building
demo objects from nickel-based metal alloy powder.

The SMPS measurements show that the majority of the particles were
in the ultrafine region with a size below 100 nm, and the mass size
distribution of the released particles shows a pronounced peak at 85 nm.
The Ni-to-Cr ratio changed from approximately 2 (original metal pow-
der) to around 0.67 (aerosol particles). Although the amount of Mn was
around or below the detection limit in the original feedstock powder, a
significant amount was released during laser cladding. 97% of Mn, 95%
of Cr and 89% of Ni were in particles in 70 to180 nm size range.

The elemental compositions of the sampled aerosol particles were
determined through energy dispersive spectroscopy, total-reflection and
pX-ray fluorescence techniques, and the results were in good agreement.

XANES results revealed that Mn, which metal was the most enriched
in the ultrafine aerosol fraction, was the most oxidized in the smallest
particulate fraction. Cr was also oxidized significantly, but the presence
of Cr®" could be excluded. The order of metals based on formal oxida-
tion number was found as Mn > Cr > Fe > Ni, and this order is also
relevant for the volatility of these metals.

The newly formed nanoscale metallic particles are potentially toxic
and/or carcinogenic to humans, which indicates the necessity of
applying proper extraction devices and/or personal protection
equipment.

The new metal and metal oxide particles formed during the process
can cause considerable extinction of a fiber laser beam during cladding.
Therefore, the metal vapor condensation effect should be taken into
account and monitored during the processes.
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