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Zusammenfassungen

Guidelines concerning safety in additive manufacturing are not available yet (VDI [2], ISO [3], ASTM [4])
and the topic is not completely evaluated. Dust measurements for Laser beam melting of metals are
performed with an aerosol spectrometer, filter-based air samplers and a condensation particle counter
determining the occupational exposure along an exemplary process chain.

Bis heute sind keine Richtlinien zur Arbeitssicherheit in der Additiven Fertigung veréffentlicht (VDI, ISO,
ASTM) und das Thema ist noch nicht ausreichend evaluiert. In der vorliegenden Arbeit wurden
Feinstaubmessungen mit einem Aerosol-Spektrometer, filterbasierten Probensammlern und einem
Kondensations-Parikel-Zahler entlang einer beispielhaften Prozesskette fiir das Laserstrahl-Schmelzen von
Metallen durchgefiihrt.

1. Introduction

Laser beam melting of metals (LBM-M) [1] enables the manufacturing of complex parts, prototypes and
small batch series. A sandblasted metal building platform is mounted inside a sealed chamber and metal
powder is raked onto it. Then a laser melts the powder selectively according to a sliced CAD (computer aided
design) model [5]. After a layer is finished the build platform is lowered, recoated with metal powder and
the next layer is illuminated, densely connecting the neighboring layers [6]. Once the build job is completed,
excess powder is removed manually from both the build platform and the parts, before the platform is
extracted from the LBM machine. Depending on the material and the desired properties of the part a post
processing route is applied. Aside from the automated build-up of the parts the process chain is performed
manually.

Metal powders produced by inert gas atomization, contain alveolar as well as inhalable dust fractions [7]
and may contain hazardous alloying elements. As Graff et al. mentioned in [8], the exposition to elements
like cobalt and nickel [9] is assumed to be hazardous and carcinogenic [10] and nanoparticles or alveolar
fractions of dust are well-known hazards in all metal processing technologies like grinding or welding.
Possible disease patterns are pneumoconiosis and siderosis by regular inhalation or overload of iron
particles [11]. As mentioned in [32] air pollution is the single largest environmental health risk in Europe
and the disease burden resulting from air pollution is substantial. Heart disease and stroke, lung cancer,
respiratory and cardiovascular diseases with both long and short term health effects are reported in the
latest European Environmental Agency Report [31].



Therefore, a ventilation system is necessary in technologies with high particle or fine dust exposition rates
due to the slow sedimentation of airborne fine particles as shown in Table 1 [12].

In order to quantify the exposure at the different steps along an exemplary process chain in LBM-M,
measurements with optical particle counters (OPC) and filter based air samplers have been evaluated. The
metal powders used during these measurements are the alumina alloy AlSiioMg and the martensitic
stainless steel 1.4542/X5CrNiCuNb.

Table 1: Estimation of the dependence of fall velocity and time on particle size for dust
particles with a bulk density of 2 g/cm3 floating in air [12]

Fall velocity [ecm/s]||Fall time at 1 m height||Particle diameter [um]
0,00006 500 h 0,1

0,006 5h 1

0,6 3 min. 10

15 6 sec. 50

2. Occupational exposure limits and measurement regulations

Only a few measurements concerning the safety and occupational exposure limits in AM have been
published to date [33]. Graf et al. [8] showed filter-based measurements regarding the measured particle
mass and chemical composition along a process chain with different materials, but without sufficient
information about the technical ventilation system applied. Concerning the German technical rule for
hazardous substances TRGS 402 [13] only the measurements published in [14] contain a punctual
measurement for the build job removal.

We refer to the occupational exposure limits (OEL) listed in the technical rules for hazardous substances
(TRGS) 900 [15]. For the acceptable (AK) and tolerable concentrations (TK) for carcinogenic, mutagenic,
repro-toxic (CMR)-substances we refer to the TRGS 910 [16]. If there are no limits given yet, the German
threshold limit value (MAK) and German biological threshold value (BAT) listed by the German Research
Foundation (DFG) or other international limits (LIG) can be considered as required in TRGS 402 [13]. As
mentioned in the introduction, CMR substances like nickel, cobalt, and chromium as well as their
compounds are of special concern in LBM of metal powders. Exposure can result from direct contact to
metal powder as well as welding fume residue [17] when cleaning a LBM machine TRGS 528 [18], TRGS 561
[10].

3. Methods and experimental situation

Here we describe the experimental situation as well as the measurement equipment. Together with the
institute for occupational safety and health (IFA) of the German Social Accident Insurance (DGUV) we
conducted the measurements with the filter based air sampling, the condensation particle counter
measurements and the technical ventilation test. In a separate series of measurements with an aerosol
spectrometer we analyze the same process steps in real-time.

3.1. Process chain and technical ventilation



The LBM manufacturing area consists of two rooms. The processing room with an estimated volume of 1000
m3 contains both LBM machines, as well as powder sieving stations, a powder recycling station and a band
saw.

During preparation, the finished build platform is removed from the LBM machine. In order to prevent
powder spread during extraction, excess dust is first removed inside the attached glovebox, then the
building platform is wrapped in an antistatic bag. Afterwards, the glovebox and building chamber of the
LBM machine are cleaned prior to inserting a new building platform. Via a supply valve, fresh metal powder
is filled into the powder reservoir of the inert made LBM machine. Finally, the glovebox must be briefly
opened to correctly adjust the powder coating blade. Preparation of the powder sieving stations is included
into those measurements.

The main process is the laser beam melting of metal powder. During the post-processing, a powder recycling
station is used to remove excess metal dust from the previously extracted and finished parts. A band saw
containing a wet separator splits the finished parts from the building platform. Support structures are
removed in an adjacent 84 m3 room to prevent powder spread and reduce noise. A wet separator with a
movable focused nozzle accompanies manual procedures like clipping or grinding for a further reduction of
airborne particles.

Technical ventilation and air conditioning ensures that all workplace measurements are performed at a
constant room temperature of 23 °C. Furthermore, relative humidity is tracked and ranges from 64 to 74 %.
Filtered fresh air is supplied in the middle of the ceiling. Air is removed through intakes on one side of the
room near the bottom and under the ceiling. The LBM machines are 5 m away from the bottom intakes.
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Figure 1: Drawing of the room and the measurement points. 1: Process Machine 1; 2: Preparation Machine 1;
3: Preparation Machine 2; 4 Process Machine 2; 5: Powder Sieving Station, 6: Powder Analysis 1; 7: Powder
Analysis 2; 8: Powder Recycling & Heat Treatment; 9: Sawing; 10: Post-Processing Room; 11: Stationary
Measurement Processing Room; 12: Stationary Measurement Outside

3.2. Tracer gas decay method for the calculation of the air exchange rate

The tracer gas decay method as described in DIN EN ISO 12569 [19] and VDI 4300 page 7 [20] is used to
quantify the actual air exchange rate in multiples of the room volume. Sulfur hexafluoride (SF) is used as a

tracer gas which is evenly distributed inside both rooms. Air samples are taken regularly over time inside
both rooms as well as at the exhaust of the technical ventilation system for monitoring the decrease of the
SF¢ concentration. A gas-chromatograph calibrated to SF6 determines the concentration. Together with the



volume of the room containing the laser beam melting machines of about 1000 m3 and the room for the
post-processing of about 84 m3 a calculation has been performed following [21]. The technical ventilation
system changes the volumetric equivalent of the bigger room 5,1 times per hour and that one of the smaller
room 4,5 times per hour.

Size [um]||Grimm AS||CDC||GSP 10 (I)||FSP 10 (R)

Inhalable dust > 10 X - X -
Respirable / alveolar dust||< 10 X - - X
Ultrafine dust <0,1 - X - -

Table 2: Comparison of the used dust detectors and the measurable dust size fraction [22].

3.3. Filter based dust sampling

Commonly two types of measurement techniques for the quantification of occupational expositions are
differentiated. Those are discontinuous or collecting and continuous or real-time sampling methods. The
inhalable and alveolar size fractions of airborne dust are collected on different filters and analyzed
afterwards. Filter-based sampling enables the complete detection of all particles without upper limits due to
a maximum sampling rate. The particle composition can be determined by chemical analysis of the collected
dust [13].

For the following measurements, the SG10 Sampling Pump from GSA Messgeratebau GmbH is used in
conjunction with GSP10 and FSP10 filter mounts. GSP10 is selective for detection of the inhalable dust
fraction and the FSP10 is used for the alveolar dust fraction. This equipment allows for stationary as well as
carried measurements. The sampling time for every measurement point lasted for at least for two hours at a
flow rate of 10 L/min.

The metal-containing dusts were collected on cellulose nitrate filters with a pore width of 8.0 um and a
diameter of 37 mm. Depending on the substances the gravimetric determination of the alveolar and
inhalable fraction was carried out before or after the quantitative analysis of the metals and their
compounds. The metal concentrations contained in the deposited dust and their inorganic compounds were
quantified by ICP mass spectrometry (ICP-MS) or X-ray fluorescence spectrometry (TRFA) as multi-
element analyzes. Measurements below the determination limit were documented by their individual
determination limit. This is mainly dependent on the analytical method and sample volume (volume flow
and sampling time). The methods are suitable for measurements according to TRGS 402 [13] and meet the
requirements of DIN EN 482 [23] and DIN EN 13890 [24].

Sampling of chromium (VI) compounds was performed in the inhalable fraction on a 37 mm quartz fiber
filter. The chromium (VI) compounds are dissolved from the filter by means of an alkaline mixture. The UV
spectrometric determination was carried out after acidification with acid and derivatization with
diphenylcarbazide. The process is specific for chromium (VI) compounds.

3.4. Real-time dust sampling

The used optical particle counter (OPC) is produced by the Grimm Aerosol Technik GmbH & Co. KG,
Ainring, Germany. It uses light scattering by particles and a laser source at 780 nm to count the
concentration of dust particles with 15 size channels in the range of 0.3-20 pm.

Optical particle counters are used under several simplifications as mentioned in DIN 33899-1 & -2 [25] [26]:
The aerosol used for the calibration of the device has the same optical properties as the measured
substances. All detected particles are spherical and have the same density. The throughput of the used pump
is constant and well known. Due to the light scattering technique a maximum sampling rate is limiting the



number of measurable particles. Additionally, no chemical analysis is possible since the particles are not
collected. The detected absolute number of particles of the Grimm aerosol spectrometer is only an estimated
value and has a variance of up to 20 % at high particle concentrations, as shown in [27] and [28].

Advantages of real-time samplers are the time resolution and the possibility to detect sources of dust
emissions. This is beneficial in order to detect specific movements or process steps as possible sources of
dust emissions.

The probe of the aerosol spectrometer is 142 cm above the ground, which is equal to the height of filter
mounts during the filter-based measurements. Apart from the detection of the background exposure in the
middle of the processing room, the probe is located 50 cm away from the most likely metal powder source.
Prior to each measurement of a process step, the background exposure in the middle of the processing room
is detected. The background exposure varies daily in accordance with the airborne particulate matter of the
surrounding air outside of the processing room.

3.5. Ultrafine-Dust-Particle Measurement and condensation particle counters (CPC)

The condensation particle counter CPC 3007 from TSI is used for the detection of ultrafine particles during
selected process steps, covering a particle size range of 0.01-1 um. Up to 100000 particles/cm3 can be
detected. The measurements performed at last for at least 10 minutes and 50 cm away from the most likely
concentration of powder [29].

3.6. Metal Powders

During the measurements one LBM machine was processing the aluminum alloy AlSiioMg, and the other
was processing stainless steel 1.4542. The grain size distribution is measured by laser diffraction using a
Mastersizer 2000 of the company Malvern Instruments Ltd (see Table 3, Figure 2).

Table 3: d10o, d50 and d9o values for the cumulative volumetric fractions of the grain size
distributions of the used AlSi10Mg and the stainless steel powder.

Volumetric Fractions [%]||d10 ||d50 ||d9o

AlSitoMg [um] 14,48(27,91 (/49,29

1.4542 [um] 24,39|34,43|49,54
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Figure 2: Particle size distribution of the used powders, measured by laser diffraction.

The delivered powder was tested in an external laboratory and the stated composition of the supplier is
inside the range given in Table 4. Carcinogenic, mutagenic and reprotoxic (CMR-) substances are
highlighted. Table 4 includes the nickel-base alloy Inconel 718, the stainless steel 1.4404, and the tool-steel
1.2709 because of the high nickel-, chromium- or cobalt- content and the frequent usage of the materials in
the AM industry.

Table 4: Chemical composition of various metal powders commonly used in the LBM
process. The materials used during this study do not contain a high percentage of the
elements cobalt, nickel or chromium, known to be hazardous. For comparison the materials
1.2709 and IN718 are shown here since they are commonly used in metal AM.

Chemical Elements|[AlSiioMg |([1.4404 1.4542 1.2709 IN718

Aluminum Balance 0,2-0,8

Boron < 0,006




Carbon 0 — 0,05 0-0,03 |[0-0,07 |[£0,03 < 0,08
Chromium 16,5 — 18,5 [|15,0 — 17,5 ||< 0,25 17,0 — 21,0
Cobalt 8,50 —10,0||< 1,0
Copper 0-0,10 3,0 — 5,0 <0,3

Iron 0 — 0,55 Balance Balance Balance Balance
Lead 0 - 0,05

Magnesium 0,20 — 0,45

Manganese 0 - 0,45 0-2,0 0-1,0 < 0,15 < 0,35
Molybdenum 2,0 - 2,5 4,5-52 [2,8-3,3
Nickel 0 — 0,05 10,0 — 13,0(|3,0 — 5,0 ||17,0 — 19,0 {|50,0 — 55,0
Niobium 0,15 — 0,45 4,75 = 5,5
Phosphorus < 0,015
Platinum 0— 0,045 ||0-0,04 ||<0,010

Silicon 9,0 —11,0 |[0—1,0 0-—1,0 < 0,10 < 0,35
Sulfur 0-0,03 [[0-0,03 |<0,010 <0,015
Tantalum 0,15 - 0,45

Tin 0 — 0,05

Titanium 0— 0,15 0,80 — 1,20((0,65 — 1,15
Zinc 0 — 0,10

4. Results and Discussion




At first, the results of the filter-based measurements conducted in cooperation with the IFA are shown. The
results of the real-time measurement series were performed separately with the aerosol spectrometer.

4.1. Filter-based Measurements

Filter-based measurements are conducted with carried as well as stationary measurement equipment
described in 3.3. The filter mounts for carried measurements are located at shoulder height to collect air
near the breathing zone of the worker. The background exposure is determined by a stationary
measurement in the middle of the main processing room, about 4 m away from the gloveboxes of each LBM
machine and about 10 m away from the air intakes of the technical ventilation. To check the sealing of each
LBM machine, a stationary measurement is conducted in front of the LBM process chamber during printing
with the filter mounts located at shoulder height, 50 cm away from the LBM process chamber (see Figure 3:
Filter-based measurement in front of the process chamber. The stationary measurement is conducted with a
tripod at 1,42 m height and at a distance of 0,5 m in front of the process chamber of the Laser beam melting
machine during operation.).
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Figure 3: Filter-based measurement in front of the process chamber. The stationary measurement is
conducted with a tripod at 1,42 m height and at a distance of 0,5 m in front of the process chamber of the
Laser beam melting machine during operation.

At first, we show the stationary measurements inside the process room. Only those elements are shown, that
are above the limit of determination. The occupational exposure limits (OEL) are according to German



TRGS 900 [15], TRGS 910 [16] and TRGS 561 [10] (draft July 2017). When no official material specific OEL
is given for the corresponding dust size fraction, the cell in the following tables is left blank and the
measured values are assessed according to the German general dust limit (ASGW) with 10 mg/m3 for the
inhalable fraction and 1,25 mg/m3 for the alveolar fraction [15]. Next, the results of the measurements of the
stainless steel route are presented, followed by the aluminum route. The time needed for the different steps
are less than 3 hours for the preparation, less than 4 hours for the post process, and less than 3 hours for the
thorough cleaning of the whole LBM machine. For all measurements performed no chromium VI has been
detected.

4.1.1. Stationary measurements

At first, we show the results of the filter-based stationary measurements in the middle of the process room
in Table 5 compared to the occupational exposure limits described above. These results show the
background exposure in the processing room.

Chem. Elements |[Measured value [mg / m3]||OEL [mg / m3]

Aluminum a.i.c. (I) ||[0,0017

Chromium a.i.c. (I)||0,000096 2(D

Iron a.i.c. (I) 0,00062

Table 5: Results of the stationary measurement in the middle of the processing room compared to the
occupational exposure limits (OEL) TRGS 900 [15], TRGS 910 [16], TRGS 561 [10]

The background measurements show low concentrations of aluminum, chromium or iron particles in the
lower microgram regime.

4.1.2. Stainless Steel and AlSi1toMg processing

The results and comparisons for the stainless steel process route are shown in Table 6 and those for
AlSitoMg powder processing machine in Table 7. With the above stated duration of each process step, every
measured value is well within occupational exposure limits. The highest exposure was detected during the
cleaning of the stainless steel processing LBM machine, which is necessary when service tasks are due or the
type of metal powder is changed. With the given duration of the thorough cleaning process, such a cleaning
is limited to once daily, else the OEL is exceeded.

Pre-Process (carried) ||Measured value [mg / m3]||OEL [mg / m3]

Chromium a.i.c. (A/I) ||0,00061 / 0,011 2 (D
Iron a.i.c. (A/I) 0,0024 / 0,052
Copper a.i.c. (I) 0,0033

Nickel a.i.c. (A) 0,00073 0,006 (TK & AK)




Process (Stationary)

Copper a.i.c. (I) 0,00063

Post-Process (carried)

Chromium a.i.c. (A/I) ||0,00029 / 0,001 2
Iron a.i.c. (A/I) 0,0014 / 0,0053

Copper a.i.c. (A) 0,0061

Nickel a.i.c. (I) 0,00054

Cleaning (carried)

Inhalable dust 5,32 10 (ASGW)
Chromium a.i.c. (A/I) ||0,00031 / 0,28 2 (D

Iron a..c. (I) 1,3

Copper a.i.c. (I) 0,064

Nickel a.i.c. (I) 0,089

Table 6: Results of stainless steel route compared to the occupational exposure limits (OEL). A denotes the
alveolar and I the inhalable amount of the dust TRGS 900 [15], TRGS 910 [16], TRGS 561 [10]

Pre-Process (carried) ||[Measured value [mg / m3]||OEL [mg / m3]

Inhalable dust 0,92 10 (ASGW)

Aluminum a.i.c. (A/I)||0,049 / 0,470

Process (stationary)

Aluminum a.i.c. I) |[0,00078

Post-Process(carried)




Aluminum a.i.c. (A/I)|[0,0045 / 0,079

Cleaning (carried)

Inhalable dust 0,72 10 (ASGW)

Aluminum a.i.c. (A/I)|[0,018 / 0,490

Table 7: Results of the alumina alloy powder processing route compared to the occupational exposure limits
(OEL) extracted as described above. A denotes the alveolar and I the inhalable amount of the dust fraction.
TRGS 900 [15], TRGS 910 [16], TRGS 561 [10]

The aluminum pre-process shows a higher and measurable amount of inhalable dust. Due to the lower
density of aluminum powder (2,7 g/cm3) compared to the stainless steel powder (7,8 g/m3) a higher dust
concentration is plausible due to dust dispersion and a slower sedimentation during the refill process.
During the process we observed the same order of magnitude for the dust concentrations that is comparable
to the fine dust measurements above. The results of the post processing indicate a disproportionally high
amount of copper compared to the chemical composition of the stainless steel. This may be supported by the
copper precipitation hardening process of the stainless steel 1.4542 (17-4 PH).

4.2. Condensation Dust Concentration Measurement for ultrafine particles

Ultrafine particles have been measured in order to compare the maximum, minimum and average values
inside the process room with the environment in front of the sealed process room. In case of the post-
processing step it is clear that manually performed mechanical works result in high concentration of
particles in the air.

Real time measurement Minimal value [particles||Average value |[Maximal value
/ cm3] [particles / cm3] [particles / cm3]

Basic load inside the process||3653 4622 5686

room

Basic load outside the process|[6584 16485 19922

room

Process room during the||4543 6443 9292

processing of AlSitoMg

Pre-Process (stainless steel) 2108 2034 3517

Post-Process (stainless steel) 3712 49301 113331

Examples of different working||Total concentration|[Maximum  of  the

environments [particles / cm3] distribution [nm]

Metal grinding 100.000 280-520

I I I I




Bakery 640.000 32-109

Welding 100.000-4.000.000 40-600

Table 8: Direct showing measurement of ultrafine dust particles: Comparison of the environment outside
and inside the processing room, post processing peaks and examples of different environments [30]

4.3. Aerosol spectrometer measurements

This section contains the results of the optical particle counter real-time measurements. Background
exposure has been measured as explained above and is shown in the following graphs as an orange line for
comparison. Figure 4 shows the course of the particle concentration during the preparation of the LBM
machine. During phase one new powder is filled into the machine. This process is performed inside the
closed glovebox and does not exhibit higher dust emissions. During phase two the glovebox of the LBM
machine is cleaned. Phase three depicts the alignment of the scraper and the coating of the first powder
layer. Of course, this step is performed with a closed machine as well and does not show any noticeable
emissions.
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Figure 4: Course of the detected airborne particulate matter (blue) compared to the mean value of the daily
background exposure (orange) during the preparation of the LBM machine. Phase 1 — loading of fresh metal



powder, phase 2 — cleaning of the glovebox, phase 3 — Alignment of the powder coating blade as well as
coating of first powder layer

Figure 5 shows the results of the stationary measurement in front of the process chamber of the LBM

machine during build-up. No noticeable difference to the background exposure can be detected. This
confirms a correct sealing of the process chamber.
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Figure 5: Course of the detected airborne particulate matter (blue) compared to the mean value of the daily
background exposure (orange) during the build-up in the process chamber of the LBM machine.

Figure 6 shows the extraction of the building platform with the finished parts. In this example, all
intermediate steps are performed while the cover of the glovebox is open. In the first phase excess metal
powder is removed as well as the glovebox is cleaned. During phase two the building platform is wrapped in
an antistatic bag. The bag is then removed from the glovebox in phase 3.
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Figure 6: Course of the detected airborne particulate matter (blue) compared to the mean value of the daily
background exposure (orange) during the extraction of the building platform with the finished parts from
the LBM machine. All intermediate steps are performed with opened glovebox. Phase 1- removal of excess
powder from building platform, phase 2 — building platform is wrapped in antistatic bag, phase 3 — bag is
removed from glovebox

Figure 7 shows the extraction of the building platform from the LBM machine with a closed glovebox. This
time, all intermediate steps up to the removal of the bag in phase three are performed. The amount of
released metal particles is drastically reduced as well as the exposure time shortened.
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Figure 7: Course of the detected airborne particulate matter (blue) compared to the mean value of the daily
background exposure (orange) during the extraction of the building platform with the finished parts from
the LBM machine. This time, all intermediate steps are performed with closed glovebox cover. Phase 3 — bag
is removed from glovebox.

In Figure 8 the manual removal of support structures is depicted. Two major phases can be determined.
Phase one shows no discernible difference compared to the background exposure. During this phase,
support structures are removed for example by clipping, while a wet separator with a movable vacuum
nozzle removes released metal powder. Residues of support structures are removed using a grinder during
phase two. Although the wet separator is still used, the focused vacuum nozzle cannot remove all emitted
particulate matter. This results in a sharp increase in detected airborne particles.
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Figure 8: Course of the detected airborne particulate matter (blue) compared to the mean value of the daily
background exposure (orange) during the manual removal of support structures during post process. Phase
1 — removal of support structures by clipping or breaking off, phase 2 — removal of support structures by
grinding.

Figure 9 is a superposition of the previously shown courses of detected airborne particulate matter to allow
an easier comparison. Additionally, a wet grinding process in the machining area of the facility is presented
as a comparison.
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Figure 9: Superposition of selected steps of the LBM process chain. Depicted is the source of the detected
airborne particulate matter (green, blue) compared to the mean value of the daily background exposure
(orange). Additionally, a wet grinding process (violet) is presented as a comparison. The preparation of the
LBM machine, the build-up process and the extraction of finished parts with closed glovebox have been
omitted due to their low particle count.

5. Conclusion

Metal dust in different fractions is known to be hazardous and some of the typically alloys contain high
percentages of CMR-substances like nickel and cobalt. We conducted two series of experiments for the
detection of risk factors along an exemplary process chain of LBM-M. The materials used are AlSitoMg and
the stainless steel 1.4542. The filter-based measurements allowed a determination of the chemical
composition and mass of the detected dust fractions and are compliant with the existing national rules in
Germany TRGS 402 [13]. The real-time measurements with an optical particle counter allowed a qualitative
exposure analysis during processing steps. The observed loads at all steps are beneath the German
occupational safety limits. But significant emissions are observed at several process steps: Cleaning of the
machinery, powder refill, building platform removal, and post processing with manual tools. Many materials
used in LBM contain higher concentrations of hazardous elements or CMR-substances, like the tooling steel



1.2709 or the alloy Inconel 718. Therefore, we recommend a higher degree of automation and powder
containment along the process chain. Exposure time should be reduced to a minimum and respirators and
personal safety equipment is mandatory if no technical or organizational prevention is possible.
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