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Nanoparticle Exposure and Workplace Measurements During Processes Related to 3D Printing of a Metal Object
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Metal 3D printing has many potential uses within prototyping and manufacturing. Selective laser melting (SLM) is a process that uses metal powders in the micrometer range as printing material. The particle release from the entire SLM printing process is not well-studied. While the 3D printing itself often occurs in a sealed chamber, activities related to the process can potentially release harmful metal particles to the indoor working environment through resuspension of the printing powder or via incident nanoparticles generated during printing. The objective of this study was to improve the understanding of particle exposure in work processes associated with 3D printing and potential needs for interventions by a case study conducted in a 3D printing facility. In this setting, direct release and dispersion of particles throughout the workspace from processes related to metal 3D printing was investigated. The release from five activities were studied in detail. The activities included post-printing cleaning, object annealing, and preparation of new base substrate for the next printing was. Three of the five measured activities caused particles number concentrations in the working environment to increase above background levels which were found to be 8·102 cm−3. Concentrations during chamber emptying and the open powder removal system (PRS) cleaning processes increased to 104 and 5·103 cm−3, respectively, whereas grinding activity increased number concentrations to 2.5·105 cm−3. Size distributions showed that particles were mainly smaller than 200 nm. Respirable mass concentrations were 50.4 μg m−3, collected on filters. This was corroborated by respirable mass measured with a DustTrak of 58.4 μg m−3. Respirable mass concentrations were below the occupational exposure limits in Denmark for an 8 h time-weighted average.
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INTRODUCTION

Additive manufacturing (AM), also known as 3D printing, has increased in popularity during the last decade. One of its major advantages is rapid production prototyping, which reduce cost, redesigning the value chain in the early stage of product development (1, 2). AM is still in the early stage of implementation but has seen a 25% growth per year, while manufactured parts has increased by 80% in units (1). AM is a bottom up production technique that allows for more complex structures and has the potential of reducing material imperfections that would otherwise arise from casting or injection molding (1, 3). In AM, objects are produced by creating each layer sequentially from the bottom up, opposed to a traditional top down process where material is removed sequentially to produce the object. In general, AM is a combination of 18 manufacturing technologies that are either liquid-, solid-, or powder-based (4). In liquid-based AM, polymers are chemically activated and polymerized using lithography and direct light based techniques to form each layer. Solid based AM covers fused deposition, where heat is used to melt solid plastics or polymers and fuse it to subsequent layers. Powder-based AM covers metal and ceramics 3D printing, where Laser Powder Bed Fusion (L-PBF), which is the process used in selective laser melting (SLM) and direct metal laser sintering (DMLS), is the most used method (5). Here feedstock powders fusing in layers by selective illumination with a laser by either melting the powder completely for SLM or partially melting it and then sintering it in the case of DMLS. The powder is generally layered in thicknesses down to 20–50 μm using powder with a median grain size of 40–150 μm (6).

Laser-based metal 3D printing involve highly localized heat to fuse the feedstock metal powder. This process is similar to laser welding and may therefore release metal fumes similar to open welding processes. Open welding causes unintentional nanoparticle release (<100 nm) due to condensation of vaporized metal and spatter from the process. This leads to formation of metal oxides as well as ejected powder from the powder bed (6–13). Primary particles from welding are in the 10–150 nm range, which normally grow as function of times as a result of agglomeration and condensation processes (14). The L-PBF is usually a closed process under non-oxidizing atmosphere, N2 or Ar gas, to avoid generation of metal oxide nanoparticles. However, metal oxides and metal nanoparticles can be formed, similar to welding processes. Metal oxides and metal nanoparticles from welding are known to cause adverse health effects if inhaled (10, 15). Some of the most common metal constituents of the feedstock powders used in metal 3D printing are titanium, iron, vanadium, and aluminum. Titanium may form TiO2 in the presence of oxygen. Nano-size TiO2 particles has been shown to cause genetic damage in the respiratory system in vivo and are therefore classified by the EU as potentially carcinogenic (16). Iron and iron oxide particles can cause fibrotic and non-fibrotic damage in the lungs and potentially lead to pneumoconiosis (17). Vanadium particles are involved in acute respiratory diseases and possible neurotoxic (18, 19). Aluminum causes neurotoxicological effects and pulmonary fibrosis (20, 21). Any release of such respirable, i.e., PM4, metal or metal oxide particles from powders or unintentional particles can thus be a potential hazard to the workers. The predominant route of exposure for workers who are in contact with respirable particles is the inhalation pathway, however dermal and oral exposure pathways should not be disregarded (22). Often in metal 3D printing, the feedstock powder is reused several times, which may lead to changes in particle size distribution and give rise to unexpected exposure and effects on human health, safety, and environmental burden. Du Preez et al. (23) conducted material characterization of metal Ti powders. They concluded that virgin and reused powder showed identical morphology and size distributions meaning that release will most likely not be dependent on initial state of the powder. However, Mellin et al. (24) found that smaller particles in the 1–5 μm range were formed as by-product of the printing process in the reused material when studying Nickel feedstock material. In both cases, particles in the respirable range were found in all electron microscopy (EM) samples.

There is limited information on the occupational exposure to feedstock powder and incidental particles released from metal 3D printing (24). Ljunggren et al. (25) concluded in their studies that the exposure is low but transient emissions might pose a concern. Ladewig et al. (26) found that by-products from the SLM printing process were similar to by-products formed during welding. Sousa et al. (27) found that post-processing activities have a potential to release incidental nanoparticles, while Graff et al. (6) found particle release in the size range from 10 nm to 10 μm from activities that were part of post processing of the printed object. An increase in particle number concentrations up to 1.6 × 104 cm−3 were registered, but emissions based on the types of activities were not reported.

In the present study, we investigated the release and potential exposure to particles from the production chain related to 3D metal printing processes. Measured activities involved the cleaning and post-processing of an object printed using the SLM printing technique. The object was printed using a titanium-based metal powder with elemental composition Ti6Al4V. Total particle number concentrations and size distributions were measured in near field and far field positions using state-of-the-art aerosol instruments. Respirable mass in the breathing zone of the worker was collected and compared with occupational exposure limits.



METHODOLOGY


Work Environment and Measurement Locations

The measurements were conducted at Danish Technological Institute located in Aarhus, Denmark on the 17th of January, 2020 during the cleaning activity of the printing chamber and post-processing of a 3D printed metal object. The facility consisted of two rooms, one for pre-processing and printing with dimensions of 6.5 m × 6.5 m (l × w) and another for printing and post-processing of new substrates with dimensions 19.1 m × 6.5 m (l × w) (Figure 1). In the workplace, several workstations were used in sequence, based on the process in the pipeline for preparation, 3D printing, and post-processing of a metal object. The facility was ventilated at an unknown flow rate using mechanical forced ventilation system. Doors between areas were kept open at all times allowing air to mix between rooms. No other processes occurred in the workspace during measurements.


[image: Figure 1]
FIGURE 1. Layout of the working environment. Locations of machines used during processes as well as the stationary FF measurement position are marked. The figure was made to scale according to blueprints of the facility.


Real-time particle monitoring combined with collection of samples for gravimetric and morphological analysis during working and non-working periods were carried out simultaneously in the near field (NF), far field (FF), and breathing zone (BZ). The BZ was measured with personal measurement instruments that were put in a carry bag, worn by the worker with sampling tubes to the instruments mounted in the BZ. Since the processes occurred in various positions in the facility, the NF measurement position was moved according to the activity so that the inlets to the samplers were consistently at a height of 1.5 m and 125–130 cm from the activity (Supplementary Figure 1A). The NF was therefore considered as the volume around the process activity occupied by the worker during the studied process. The FF measurement position was constant throughout the measurement campaign, in the corner of the workspace, as indicated in Figure 1 and Supplementary Figure 1B. This meant that the distance from the FF to the NF location varied from 9 to 13 m. Humidity and temperature was monitored in the FF using Gemini TinyTagPlus (TGP-1500, Gemini Data Loggers Ltd., West Sussex, UK).



Processes and Materials

The process emissions that were characterized include emissions from vacuum cleaning the 3D printing chamber and object, baking the 3D object, and preparing a new metal substrate for 3D printing by grinding the surface. These processes were conducted after printing the 3D metal object from Ti6Al4V feedstock powder (Tekna advanced materials Inc., Quebec, Canada) using a SLM metal 3D printer (SLM500, SLM Solutions, Lübeck, Germany).

The cleaning process was done using an external vacuum cleaner rated for M-risk material, i.e., fine dust, with a high volume flow rate to remove excess metal powder from the 3D printing chamber (Supplementary Figure 1C). The printed object was transferred to a table next to the SLM500. The 3D printing chamber itself is moved to a glovebox, powder removal system (PRS) fitted with an industrial vacuum cleaner certified for fine dust in class M, for further vacuum cleaning. The excess metal powder is led back into the powder reservoir for reuse. The rough cleaning was done in a closed system state. After the initial rough cleaning, the PRS was opened and the SLM printing chamber was cleaned carefully. The printed object is removed from the SLM printing chamber (Supplementary Figure 1D), transferred to an oven, and gradually heated from room temperature to 550°C overnight in nitrogen or argon atmosphere for annealing. Finally, a new substrate was prepared by grinding the surface of a piece of stainless steel (316L) using a flatbed table grinder (Supplementary Figure 1E).

The mass-based respirable dustiness of the Ti6Al4V feedstock powder, i.e., a materials' tendency to generate dust during processes which involve pouring and agitation of bulk powder, was determined by using the small rotating drum method (28, 29).



Particle Monitoring and Sampling Techniques

The measurement strategy adopted in this study followed the harmonized 3-tier approach for particle exposure assessment published by the Organization for Economic Co-operation and Development (30). In this campaign, a combined approach of temporal and spatial analysis were adopted for discriminating background and process generated particles (31). The non-working periods were used as temporal approach to define the background (BG) concentrations at all measurement points using the measurements obtained prior to activity in the facility. The spatial analysis assumed the measurement location in FF being representative as BG concentrations.

The particle concentrations in the BZ of the worker were sampled using a portable instrument. A diffusion size classifier miniature (DiscMini, Matter Aerosol AG, Wohlen, Switzerland) was used to measure total particle number, mean particle diameter, and the lung deposited surface area (LDSA) of particles in the size range of 10–700 nm with 1 s time resolution. For the DiscMini, the particles were sampled through transparent conductive Tygon™ tubing (32), while electrically conductive silicone sampling lines were used for the rest of the instruments.

In both NF and FF measurement positions, optical particle sizers (OPS; TSI model 3330, TSI Inc., Shoreview, MN, USA) were used to measure the optical particle size distributions in 16 channels from 0.3 to 10 μm in 1 s intervals.

Additionally, portable condensation particle counters (CPC; TSI model 3007, TSI Inc., Shoreview, MN, USA) were used to measure the total number concentration of particles from 10 nm to >1 μm in 1 s time resolution.

Furthermore, in the NF a NanoScan SMPS (NanoScan; TSI model 3091, TSI Inc., Shoreview, MN, USA) was used to measure the particle mobility size distributions in 13 channels for sizes between 10 and 420 nm in 60 s intervals. A DustTrak (DustTrak DRX aerosol monitor 8533, TSI Inc., Shoreview, MN, USA) was used to measure the mass fractions of the aerosol divided into total mass, PM10, respirable, PM2.5, and PM1 in 60 s intervals. Respirable mass was collected using a filter sampler with a cyclone pre-impactor GK2.69 (BGI Inc., Waltham, MA, USA) or SCC1.062 (BGI Inc., Waltham, MA, USA), sampling at 4.2 or 1.05 L min−1, respectively.

In the FF, aerodynamic particle size distributions were additionally measured using an electrical low-pressure impactor (ELPI+, Dekati, Finland) which measures particle size distribution and number concentration. The ELPI was used in high-resolution mode, which results in 100 channels between 6 nm and 10 μm with 1 s time resolution. In the FF, respirable mass (PM4) was sampled using a SCC1.062 (BGI Inc., Waltham, MA, USA) cyclone, sampling at 1.05 L min−1.

The respirable dust was collected for gravimetric and inorganic chemical analysis on Fluoropore™ membrane filters 37-mm PTFE with 0.8-μm pore size (Millipore, Billerica, MA, USA) mounted in sampling cyclones connected to portable sampling pumps (Apex2, Casella Inc.). Particle mass concentrations were gravimetrically determined by pre- and post-weighing the filters collected using an electronic microbalance (Mettler Toledo Model XP6) with ±1 μg sensitivity located in a climate controlled weighing room (RH = 50%, T = 22°C). The filters were acclimatized for a minimum of 24 h at 50% relative humidity before weighing. Three blind filters were stored and used as laboratory blanks to correct for handling and environmental factors.

Three different samples were collected for analysis by scanning electron microscopy coupled with energy dispersive x-ray spectroscopy (SEM/EDS). The samples were collected on 400-mesh Cu grids pre-coated with holey carbon film with a mini-particle sampler (MPS) (33) connected to a pump (Apex2, Casella Inc.) operating at 0.3 L min−1. The first sample was collected during the open PRS process (referred to as PRS-O), while the two others were collected during grinding activity (referred to as Grind1 and Grind2). Sparks were only observed from the grinding process when collecting the Grind2 sample. The samples were analyzed in high vacuum mode with a NOVA NanoSEM (Thermo Fisher Scientific, The Netherlands) situated at the Technical University of Denmark (DTU). Samples were analyzed at either 10 or 20 keV, using an aperture size of 50 μm and a spot number of 4.5 with probe currents of 0.16 and 0.32 nA, respectively. An XFlash FlatQuad (Bruker Nano, Germany) EDS detector was used to measure elemental composition of the samples via mapping. The detector is annular and situated directly above the sample, resulting in a solid angle close to 1 sr. All EDS maps were acquired with a 128 μs dwell time, resulting in an acquisition time of 15 min per map. They were analyzed with the Feature analysis and Mapping functions of the ESPRIT 2 software (Bruker Nano, Germany). Segmentation was performed on images generated from EDS signals rather than the SE signal to avoid misclassification of the holey substrate and from dried residues on the sample. To capture all relevant particle types, the segmentation was performed on images generated from the Al-, Si-, Cl-, Ti-, and in some cases also the Ca-signals. These elements were chosen as they represent each of the different particle types, identified when inspecting the SE images overlaid by their corresponding EDS map. Once the segmentation was performed, the x-ray spectra from pixels within each recognized particle were summed and quantified using the Cliff-Lorimer model as recommended by Brostrøm et al. (34). Particles were classified based on their elemental composition, using the classification scheme presented in Table 1. Particles were filled into classes starting from the top of Table 1, meaning that once the criteria of a class were fulfilled, the given particle was assigned to it and the classification moved on to the next particle. Thus, some particles could have fulfilled the criteria of several classes, but were only assigned to the first hit, which may have resulted in an artificially high number of the upper classes.


Table 1. Classification scheme based on the atomic percentage (at%) used to distinguish particle types based on their elemental composition.

[image: Table 1]

To avoid misclassification, limits were set at an atom percentage (at%) of 5, except for Al and C, which ensured that particles falling into a given class contained a significant amount of the relevant element. This was necessary since the recorded x-ray spectra from nano-sized particles can have very low counts, resulting in high uncertainties when quantifying for trace elements with at% approaching 1%. Higher limits were needed for C and Al, as these elements had a higher background signal, originating from the holey carbon substrate and the samples holder, respectively.

The maps were analyzed using ESPRIT 2 (Bruker Nano, Germany). In addition to EDS analysis, all samples were imaged with an Everhart Thornley secondary electron detector, where images were acquired at magnifications of 5–20 k, corresponding to pixel resolutions between 14.6 and 7.6 nm/pixel.



Data Processing

All online instruments were time-synchronized and inter-compared before the activity in the facility. Particle concentrations have been corrected for diffusion losses in sampling tubes where possible according to Cheng (35). The cumulative workers exposure for an 8-hour time-weighted average (8 h-TWA) was estimated according to Equation (1).

[image: image]

where Cn is the measured particle concentrations subtracted by the background concentrations during a specific operation and tn is the time duration of the activity.

In this study, an equivalent workers exposure of a typical working shift during post-processing of 3D metal printing was considered of 2 h total daily duration. For the remainder of the 8 h working shift the FF concentrations were used as representative for the exposure assessment.




RESULTS

Respirable dustiness mass-fraction obtained for the Ti6Al4V feedstock powder used for the 3D printing was found to be 171 ± 5.1 mg kg−1). According to the EN 15051 ranking system (36), the applied feed-stock material falls within the category of powders with moderate respirable fraction dust mass release (between 50 and 250 mg kg−1).

Average temperature and humidity in the workplace during the activities was measured to 21.2°C and 34.8% RH, respectively, which is slightly lower % RH than applied in dustiness testing (50% RH).

Total particle number concentrations measured in the BZ, NF, and FF are shown in Figures 2A,B, respectively. Respirable mass concentrations measured by the DustTrak in the NF is shown in Figure 2A. The ELPI, DiscMini, and DustTrak concentration data in Figure 2 were smoothed using a 10 s running average to reduce the influence of electrical noise from the electrometers and improve overall readability.


[image: Figure 2]
FIGURE 2. Total number concentrations and respirable mass measured in the NF and BZ (A) and FF (B). Start and end of activities are indicated with dashed and full lines, respectively. Times where respirable mass of filter samples and SEM samples were collected are indicated with horizontal lines at the bottom.


Prior to the start of the first process, the background concentrations were measured. For both BZ, NF, and FF the background concentrations were 8·102 cm−3 (Figure 2). Three out of five measured activities caused an increase in terms of particle number concentrations in the working environment whereas the remaining two processes did not affect particle concentrations in the measured size range. The duration of each of the activities is found in Table 2.


Table 2. Activity duration, mean number concentration, N, particle size, Dp, and LDSA measured by the DiscMini in the BZ.

[image: Table 2]


Emptying Printing Chamber and Powder Removal System

Emptying of the printing chamber and removing the powder using the open PRS system showed an initial increase in total particle number concentration at the NF. These concentrations increased from background levels to 104 and 5·103 cm−3, respectively, for emptying and powder removal as measured by the CPC. After the initial increase, number concentrations decreased toward background concentrations as the activity progresses. Similar concentrations were measured with the DiscMini in the BZ meaning that mainly particles below 300 nm are released from the activity. Mean particle sizes and LDSA show that particles were between 53 and 70 nm in the BZ and LDSA were in the order of 3–7 μm2 cm−3 except for the grinding activity, which released one order of magnitude higher LDSA at 80 μm2 cm−3 (Table 2). This is supported by the particle size distributions measured by the NanoScan, which shows a mode around 100 nm (Figure 3).


[image: Figure 3]
FIGURE 3. Particle size distributions measured with the NanoScan and OPS in NF (A) and ELPI and OPS in the FF (B). Start and end of activities are indicated with dashed and full lines, respectively.


In the FF, the particles reached 1.5·103 and 2.5·103 cm−3 measured by the CPC during emptying and the open PRS cleaning, respectively. The increase in particle number concentrations from work activity was delayed when comparing the NF and FF time series. In addition, FF concentrations were lower due to the distance between the activity and the FF location, which allowed mixing and dispersion in the indoor environment.

The particle size distributions show that particle modes related to the activity increased 10–100-fold in the NF (Figures 3A, 4). When emptying the 3D printing chamber, particles with a mode of 15 nm were dominant (Figure 4A). For the open PRS removal activity, a much broader mode of particles around 28 nm was detected in addition to the 15 nm mode (Figure 4B).


[image: Figure 4]
FIGURE 4. Particle size distributions during: (A) emptying the 3D printing chamber, (B) open PRS, (C) start of grinding, and (D) before and after the spark generation during grinding.




Grinding a New Substrate

For the grinding activity, particle concentrations increased during the entire process, which indicates a high release rate to the working environment. Particles were mostly metallic and formed due to sparks generated during the abrasion as well as droplets consisting of a water and soap mixtures from the cooling system. Particle concentrations during grinding increased up to a maximum of 2.5·105 and 1.5·104 cm−3 in the NF and FF, respectively.

Particles released at the start of the grinding activity caused increase in particle concentrations for particles in sizes of 15 nm and particles above 500 nm to increase in. Sparks from the grinding process caused an additional broad mode in the range 50–80 nm (Figures 4C,D).

The respirable mass concentrations collected on filters in the BZ, NF, and FF showed that the mass concentrations in the BZ and FF were below detection limit (DL) for the filters (<3.9 μg) (Table 3). The NF respirable mass concentration was 50.4 μg m−3. The respirable mass concentration measured by the DustTrak was 58.4 μg m−3. The DustTrak mass concentration was calculated as the average concentration during the same period as the NF respirable mass was sampled.


Table 3. Respirable filter concentrations and mean near field respirable mass concentrations measured by the DustTrak for the same period as NF respirable mass was collected.
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SEM/EDS Analysis

An overview of results from the SEM/EDS analysis is provided in Table 4. It should be noted that the two Grind samples also contained large areas of dried droplets (Figure 5B), which have not been included in the number of detected particles. These droplets would have increased the total number of μm-sized particles, and potentially reduced the number of nm-sized particles, which were originally in the droplets. Examples of SE images and overlaying X-ray count EDS maps of select elements from each of the three samples are presented in Figure 5.


Table 4. Overview of selected settings and results from the SEM/EDS analysis.
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[image: Figure 5]
FIGURE 5. Representative SE images (A–C) and overlaying EDS maps of select elements (D–F) from the PRS-O sample (A,D), Grind1 sample (B,E), and Grind2 sample (C,F). The EDS maps were generated based on X-ray counts in the energy range corresponding to an emission from the given element. The individual element maps were those used for segmentation prior to quantification.


The PRS-O sample mainly consisted of environmental particles in the upper nm and μm range. The most common particle type was Si-based, consistent with crust and mineral particles from the outdoor environment. Various salt particle combinations were also observed with the main components: Ca, S, Cl, and Na, most likely in the form of NaCl, CaSO4, and CaCO3. Examples of Si-based, NaCl, and CaSO4 particles are presented in Figures 5A,D. In addition, some Ti-based particles were observed on the sample with diameters ranging from 0.2 to 1 μm (Figure 6A).


[image: Figure 6]
FIGURE 6. Class differentiated particle size distributions from the PRS-O sample (A), Grind1 sample (B), and Grind2 sample (C). Note that the y-axis is scaled differently in each plots.


Most of the grid squares on the Grind1 sample contained areas with residues as those seen in Figures 5B,E. Within these areas a wide variety of elements were detected, including Ca, S, Cl, and to a minor extent Mg, K, Na, and Si, where Si was typically present as small particles embedded in the residue. The areas presumably resulted from droplets that were collected onto the TEM grid, and which dried in the vacuum of the microscope, leaving behind a variety of ions and low volatility compounds. Since the residue areas were not observed on the PRS-O sample, they were most likely generated as a result of the grinding process, which is consistent with the coolant added to the grinding process. The residue areas complicated the segmentation processes, as they made both the SE and EDS signals difficult to separate into a particle and substrate phase (Figures 5B,E). However, when using images generated from EDS signals of the individual elements it was still possible to distinguish particles consisting of elements other than Ca, S, and Cl. It should thus be possible to detect both Si- and Ti-based particles. However, no Ti-based particles were observed within the analyzed areas, whereas Si-based particles were still observed, indicating a low Ti particle concentration. The Si-based particles were primarily in the 100–200 nm size range (Figure 6B).

Unlike the two previous samples, the Grind2 sample consisted almost exclusively of Ti-based particles (Figures 5C,F). The Ti-based particles were in the size range 20–300 nm, with the main mode at 35 nm (Figure 6C). The sample was collected during the same process as the Grind1 sample, except that sparks were generated during sampling. This indicates that sparks during grinding correlate with the release of nano-sized Ti particles to the air.




DISCUSSION

Since the 3D printing process itself was contained in a closed chamber with efficient ventilation, the release from the 3D printing was not a main cause of concern for potential workers exposure and was therefore not measured. However, remains of metal powder used for printing or particles formed during the 3D printing process may re-suspend during handling and thus potentially lead to exposure of metal particles.

The respirable mass concentration in the BZ was only measured during emptying and cleaning activities and not during the grinding activity, where measured mass and total particle number concentrations were the highest (Figure 2A). This caused the mass on the filters to be below DL (<3.9 μg). Similarly, the respirable mass collected on filters in the FF was below DL due to low mass concentrations for the duration of the sampling period. Mass concentrations collected in the NF were consistent with DustTrak measurements.

Direct comparison between concentrations measured with particle counters using different methods of detection as well as with offline sampling should be done with care. As demonstrated by e.g., Fonseca et al. (37), Spinazzè et al. (38), and Borghi et al. (39) differences between readings of instruments can be significant.

Using the PRS system in a closed state, no particles were released from the process showing the value of a closed environment with efficient ventilation to limit release from the activity, as there was no significant leak of particles from the system to the surrounding working environment. With PRS chamber open the metallic powder was resuspended and released into the working environment dispersing to the NF and further to the remainder of the working volume as measured in the FF location.

By analyzing the size distributions at various time points during the grinding process it is possible to estimate the source of particles. The grinding process can be split into three steps. In the first step, the cooling solution was sprayed on the surface of the substrate. In the second step, a local exhaust ventilation was turned on behind the grinding wheel, opposite of the spray nozzle of the cooling liquid. In the third step, the grinding wheel reached the substrate, initiating the grinding and spark generation. At 13:30 the local exhaust ventilation was turned on at the bench grinder, which shows as a change in slope of the concentrations measured in the NF and BZ (Figure 2A). Particles with diameters larger than 500 nm during the grinding activity are mostly droplets generated from the cooling solution (Figures 4C,D). The smallest mode at 15 nm most likely consists of primary metal powder particles resuspended from the coolant solution. At 13:50 the grinding wheel reached the substrate and generated sparks (Figure 2 and Supplementary Figure 1E). This leads to a wider mode around 50–80 nm (Figure 4D). Before the grinding wheel reached, the substrate there is no significant mode at 50–80 nm compared with the background size distribution. The composition of the particles in the 50–80 nm mode as identified with the EDS revealed that they were mainly Ti-based, which is consistent with the printed material on the base plate that were ground away to prepare the base plate for the next printing. Particles measured with the Nanoscan in the two upper channels over 200 nm are potentially misclassified in the radial differential mobility analyzer (37). Therefore, the two upper channels of the NanoScan size distributions should be interpreted carefully (e.g., Figures 4C,D).


Comparison of Worker Exposure Concentrations With Recommended Exposure Limits

Table 2 represents the background-corrected 8h-TWA worker exposure to total particle number and respirable dust concentrations calculated by Equation (1) during a typical working day. The calculated 8h-TWA exposure, in terms of mass concentration, was 0.02 mg m−3 (Table 5). For the 8h-TWA exposure calculation, it was assumed that the daily equivalent working time during post-processing of a 3D printed metal object comprised of 2 h in the NF, and the rest of working hours spent in FF.


Table 5. Background corrected 8 h-TWA respirable dust (RD) exposure concentrations obtained for a typical working day, and comparison with the permissible exposure limit (PEL) for respirable inert mineral dust per The Danish Working Environment Authority (40).

[image: Table 5]

The Danish Working Environment Authority (40) set a permissible exposure limit (PEL) for 8h TWA of 10 mg m−3 and of 5 mg m−3 for total and respirable inert mineral dust, respectively. For TiO2 the current Danish total suspended dust limit is 10 mg m−3. The National Institute for Occupational Safety and Health (NIOSH) has proposed a recommended exposure limit (REL) of 2.4 mg m−3 for fine TiO2 (defined as <2.5 μm diameter) in workplace air on the basis of available toxicity data (41). The measured exposure levels is also below the 0.3 mg/m−3 suggested by NIOSH researchers for ultrafine TiO2 (42). Even though the tested feedstock material has a moderate respirable dust release fraction of 171 ± 5.1 mg kg−1, in our measurements, the mass exposure level of respirable particles was well below both the permissible and recently suggested exposure limit for fine and ultrafine TiO2.




CONCLUSIONS

In the present work, particle release from activities related to 3D metal printing was investigated. The activities included emptying and cleaning of the printing chamber after printing, removal of excess powder material in an either open or closed system, baking for annealing the metal object, and grinding and preparation of the printing substrate for the base of the next printed object. Two of the five activities i.e., the closed powder removal and initial annealing process did not cause particle number concentrations to increase significantly over measured background particle concentrations within the measured particle range. Concentrations when emptying the chamber and during the open PRS cleaning processes increased to 104 and 5·103 cm−3, respectively, whereas grinding activity increased number concentrations up to 2.5·105 cm−3 as measured by the CPC in the NF. In the FF, particle concentrations reached 1.5·103, 2.5·103, and 1.5·104 cm−3 for the chamber emptying open PRS cleaning processes, and the substrate grinding activity, respectively. Size distributions showed that particles released as a result of the activities were mainly below 200 nm in diameter, with average particle size in the BZ being between 53 and 70 nm as measured by the DiscMini. Grinding of the base printing substrate caused a significant release of particles with a mode at 50–80 nm. Particles with diameters larger than 500 nm released during the grinding process were attributed to droplets of the cooling solution used during the activity. Respirable mass concentrations collected on filters were 50.4 μg m−3. This was corroborated by respirable mass measured with a DustTrak of 58.4 μg m−3. Respirable 8 h time-weighted average mass concentrations were calculated to 0.02 mg m−3, which were 0.4% of the occupational exposure limits of 5 mg m−3 for respirable mineral dust in Denmark for a workday, but 6.67% of the REL for ultrafine TiO2.

While this study only covers a single case study of metal 3D printing method, it covers several pre- and post-processes included as part of the 3D printing process. Thereby, this study provides valuable insight into the particle release during processes related to metal 3D printing and aids to improve understanding of the potential exposure in working environments where metal 3D printing occurs.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

AJ did data analysis and drafted the manuscript. HH planned and performed measurements. AB conducted EM work and wrote the relevant sections for the manuscript. KJ planned and created the financial support to conduct the measurements. AF planned and performed measurements and did exposure calculations. All authors commented and corrected the manuscript and accepted the final version.



FUNDING

This work was supported by the funding FFIKA, Focused Research Effort on Chemicals in the Working Environment, from the Danish Government.



ACKNOWLEDGMENTS

The authors also acknowledge the Danish Technological Institute, where measurements were carried out, for their technical support and providing measurement facilities.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2020.608718/full#supplementary-material



REFERENCES

 1. Wohlers Associates. Wholers Report 2018: 3D Printing and Additive Manufacturing State of the Industry. Fort Collins, Co (2018).

 2. Baumers M, Brickwede S, Kuhn M, Rascol J, Thomas D. Adding it up: The economic impact of additive manufacturing. The Economist, 24 (2018). Available online at: https://eiuperspectives.economist.com/sites/default/files/Addingitup_WebVersion.pdf

 3. Gokuldoss PK, Kolla S, Eckert J. Additive manufacturing processes: selective laser melting, electron beam melting and binder jetting-selection guidelines. Materials. (2017) 10:672. doi: 10.3390/ma10060672

 4. Hopkinson N, Hague RJM, Dickens PM. Rapid Manufacturing: An Industrial Revolution for the Digital Age. West Sussex: John Wiley & Sons, Ltd (2006).

 5. Arrizubieta JI, Ukar O, Ostolaza M, Mugica A. Study of the environmental implications of using metal powder in additive manufacturing and its handling. Metals. (2020) 10:261. doi: 10.3390/met10020261

 6. Graff P, Ståhlbom B, Nordenberg E, Graichen A, Johansson P, Karlsson H. Evaluating measuring techniques for occupational exposure during additive manufacturing of metals: a pilot study. J Ind Ecol. (2017) 21:S120–9. doi: 10.1111/jiec.12498

 7. Gomes JFP, Albuquerque PCS, Miranda RMM, Vieira MTF. Determination of airborne nanoparticles from welding operations. J Toxicol Environ Heal Part A Curr Issues. (2012) 75:747–55. doi: 10.1080/15287394.2012.688489

 8. Albuquerque PC, Gomes JF, Pereira CA, Miranda RM. Assessment and control of nanoparticles exposure in welding operations by use of a control banding tool. J Clean Prod. (2015) 89:296–300. doi: 10.1016/j.jclepro.2014.11.010

 9. Eriksson I, Powell J, Kaplan AFH. Melt behavior on the keyhole front during high speed laser welding. Opt Lasers Eng. (2013) 51:735–40. doi: 10.1016/j.optlaseng.2013.01.008

 10. Andujar P, Simon-Deckers A, Galateau-Sallé F, Fayard B, Beaune G, Clin B, et al. Role of metal oxide nanoparticles in histopathological changes observed in the lung of welders. Part Fibre Toxicol. (2014) 11:1–13. doi: 10.1186/1743-8977-11-23

 11. Schaller KH, Csanady G, Filser J, Jüngert B, Drexler H. Elimination kinetics of metals after an accidental exposure to welding fumes. Int Arch Occup Environ Health. (2007) 80:635–41. doi: 10.1007/s00420-007-0176-1

 12. Huang G, Park JH, Cena LG, Shelton BL, Peters TM. Evaluation of airborne particle emissions from commercial products containing carbon nanotubes. J Nanoparticle Res. (2012) 14:1231. doi: 10.1007/s11051-012-1231-8

 13. Cena LG, Keane MJ, Chisholm WP, Stone S, Harper M, Chen BT. A novel method for assessing respiratory deposition of welding fume nanoparticles. J Occup Environ Hyg. (2014) 11:771–80. doi: 10.1080/15459624.2014.919393

 14. Brand P, Lenz K, Reisgen U, Kraus T. Number size distribution of fine and ultrafine fume particles from various welding processes. Ann Occup Hyg. (2013) 57:305−13. doi: 10.1093/annhyg/mes070

 15. Lehnert M, Pesch B, Lotz A, Pelzer J, Kendzia B, Gawrych K, et al. Exposure to inhalable, respirable, and ultrafine particles in welding fume. Ann Occup Hyg. (2012) 56:557–67. doi: 10.1093/annhyg/mes025

 16. EU. (EC) No 1272/2008 Consolidated Version. (2020). Available online at: http://data.europa.eu/eli/reg_del/2020/217/oj (accessed August 14, 2020).

 17. Byrne JD, Baugh JA. The significance of nanoparticles in particle-induced pulmonary fibrosis. McGill J Med. (2008) 11:43–50.

 18. Zhang Z, Chau PYK, Lai HK, Wong CM. A review of effects of particulate matter-associated nickel and vanadium species on cardiovascular and respiratory systems. Int J Environ Health Res. (2009) 19:175–85. doi: 10.1080/09603120802460392

 19. Fatola OI, Olaolorun FA, Olopade FE, Olopade JO. Trends in vanadium neurotoxicity. Brain Res Bull. (2019) 145:75–80. doi: 10.1016/j.brainresbull.2018.03.010

 20. Kumar V, Gill KD. Aluminium neurotoxicity: neurobehavioural and oxidative aspects. Arch Toxicol. (2009) 83:965–78. doi: 10.1007/s00204-009-0455-6

 21. Rossbach B, Buchta M, Csanády GA, Filser JG, Hilla W, Windorfer K, et al. Biological monitoring of welders exposed to aluminium. Toxicol Lett. (2006) 162:239–45. doi: 10.1016/j.toxlet.2005.09.018

 22. Donaldson K, Seaton A. A short history of the toxicology of inhaled particles. Part Fibre Toxicol. (2012) 9:13. doi: 10.1186/1743-8977-9-13

 23. Du Preez S, de Beer DJ, Du Plessis JL. Titanium powders used in powder bed fusion: their relevance to respiratory health. South African J Ind Eng. (2018) 29:94–102. doi: 10.7166/29-4-1975

 24. Mellin P, Jönsson C, Åkermo M, Fernberg P, Nordenberg E, Brodin H, et al. Nano-sized by-products from metal 3D printing, composite manufacturing and fabric production. J Clean Prod. (2016) 139:1224–33. doi: 10.1016/j.jclepro.2016.08.141

 25. Ljunggren SA, Karlsson H, Ståhlbom B, Krapi B, Fornander L, Karlsson LE, et al. Biomonitoring of metal exposure during additive manufacturing (3D printing). Saf Health Work. (2019) 10:518–26. doi: 10.1016/j.shaw.2019.07.006 

 26. Ladewig A, Schlick G, Fisser M, Schulze V, Glatzel U. Influence of the shielding gas flow on the removal of process by-products in the selective laser melting process. Addit Manuf . (2016) 10:1–9. doi: 10.1016/j.addma.2016.01.004

 27. Sousa M, Arezes P, Silva F. Nanomaterials exposure as an occupational risk in metal additive manufacturing. J Phys Conf Ser. (2019) 1323:012013. doi: 10.1088/1742-6596/1323/1/012013

 28. EN 17199-4:2019. Workplace Exposure - Measurement of Dustiness of Bulk Materials That Contain or Release Respirable NOAA and Other Respirable Particles - Part 4: Rotating Drum Method. European Committee for Standardization (CEN) (2019).

 29. Schneider T, Jensen KA. Combined single-drop and rotating drum dustiness test of fine to nanosize powders using a small drum. Ann Occup Hyg. (2008) 52:23–34. doi: 10.1093/annhyg/mem059

 30. OECD. Harmonized tiered approach to measure and assess the potential exposure to airborne emissions of engineered nano-objects and their agglomerates and aggregates at workplaces. Ser Saf Manuf Nanomater. (2015) 55:JT03378848-JT03378848. Available online at: http://www.oecd.org/officialdocuments/publicdisplaydocumentpdf/?cote=env/jm/mono(2015)19&doclanguage=en (accessed October 29, 2020).

 31. Kuhlbusch TAJ, Asbach C, Fissan H, Göhler D, Stintz M. Nanoparticle exposure at nanotechnology workplaces: a review. Part Fibre Toxicol. (2011) 8:22. doi: 10.1186/1743-8977-8-22

 32. Asbach C, Kaminski H, Lamboy Y, Schneiderwind U, Fierz M, Todea AM. Silicone sampling tubes can cause drastic artifacts in measurements with aerosol instrumentation based on unipolar diffusion charging. Aerosol Sci Technol. (2016) 50:1375–84. doi: 10.1080/02786826.2016.1241858

 33. R'Mili B, Le Bihan OLC, Dutouquet C, Aguerre-Charriol O, Frejafon E. Particle sampling by TEM grid filtration. Aerosol Sci Technol. (2013) 47:767–75. doi: 10.1080/02786826.2013.789478

 34. Brostrøm A, Kling KI, Hougaard KS, Mølhave K. Analysis of electron transparent beam-sensitive samples using scanning electron microscopy coupled with energy-dispersive x-ray spectroscopy. Microsc Microanal. (2020) 26:373–86. doi: 10.1017/S1431927620001464

 35. Cheng YS. Condensation detection and diffusion size separation techniques. In: Baron PA, Willeke K, editors. Aerosol Measurements: Principles, Techniques and Applications. New York, NY: Wiley-Interscience (2001). p. 373–86.

 36. EN 17199-2:2019. Workplace Exposure - Measurement of Dustiness of Bulk Materials That Contain or Release Respirable NOAA and Other Respirable Particles - Part 2: Rotating Drum Method. European Committee for Standardization (CEN) (2019).

 37. Fonseca AS, Viana M, Pérez N, Alastuey A, Querol X, Kaminski H, et al. Intercomparison of a portable and two stationary mobility particle sizers for nanoscale aerosol measurements. Aerosol Sci Technol. (2016) 50:653–68. doi: 10.1080/02786826.2016.1174329

 38. Spinazzè A, Lunghini F, Campagnolo D, Rovelli S, Locatelli M, Cattaneo A, et al. Accuracy evaluation of three modelling tools for occupational exposure assessment. Ann Work Expo Heal. (2017) 61:284–98. doi: 10.1093/annweh/wxx004

 39. Borghi F, Spinazzè A, Campagnolo D, Rovelli S, Cattaneo A, Cavallo DM. Precision and accuracy of a direct-reading miniaturized monitor in PM2.5 exposure assessment. Sensors. (2018) 18:3089. doi: 10.3390/s18093089

 40. AT. AT-Vejledning Stoffer og Materialer - C.0.1 Grænseværdier for Stoffer og Materialer. København: Arbejdstilsynet (2007).

 41. AT. AT-Vejledning Stoffer og Materialer - C.0.1 Grænseværdier for Stoffer og Materialer. København: Arbejdstilsynet (2007). Available online at: https://at.dk/media/5941/c-0-1-graensevaerdilisten-2007-t.pdf

 42. CDC-NIOSH U. Current Intelligence Bulletin 63: Occupational Exposure to Titanium Dioxide. (2011). Available online at: http://www.cdc.gov/niosh/docs/2011-160/

Conflict of Interest: HH was employed by company Joblife A/S.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Jensen, Harboe, Brostrøm, Jensen and Fonseca. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-08-608718-g005.gif





OPS/images/fpubh-08-608718-g006.gif
A B . C
3 oo *
$ N
- acors
ooy T, oomgyy—gp sy, gy MG g

oo





OPS/images/fpubh-08-608718-g003.gif





OPS/images/fpubh-08-608718-g004.gif
|

e

D

e
Ly






OPS/images/fpubh-08-608718-t003.jpg
Location

Personal breathing zone
Near field

Far field

DustTrak (NF)

DL, detection limit.

Concentration [ug m~?]

<DL
50.4
<DL
58.4





OPS/images/fpubh-08-608718-t001.jpg
Classes

Ti-based
Si-based
NaCl
Ca-based
Al-based
C-based
Unclassified

Ti
[at%]

[~
[at%]

Si
[at%]

<5

Na
[at%]

<5

Ca
[at%]

Al
[at%]

c
[at%]

=70
<70





OPS/images/fpubh-08-608718-t002.jpg
Activity

Emptying printing
chamber

PRS closed
PRS open
Baking initiated
Grinding

Activity
duration
[min]

15

14
18
14
55

[10° cm=%]

4.2

06
15
1.0
36.1

Dy
[nm]

58

67
60
70
53

LDSA
[wm? cm=%]

76

29
4.6
38
79.3





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Nanoparticle Exposure and Workplace Measurements During Processes Related to 3D Printing of a Metal Object



		Introduction



		Methodology



		Work Environment and Measurement Locations



		Processes and Materials



		Particle Monitoring and Sampling Techniques



		Data Processing







		Results



		Emptying Printing Chamber and Powder Removal System



		Grinding a New Substrate



		SEM/EDS Analysis







		Discussion



		Comparison of Worker Exposure Concentrations With Recommended Exposure Limits







		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Public Health

Nanoparticle Exposure and
Workplace Measurements During
Processes Related to 3D Printing

of a Metal Object





OPS/images/math_1.gif
(0 +6C; +. 44,0,
G+

BHTWA= o





OPS/images/fpubh-08-608718-g001.gif
A A A
gy

S orsss
Workshop o "

ol

El “cindingans | B
Sl epocssng [pks q
rarfiels  Oven

1P 0ps.

Workshop

I |
||

o7 Gemins





OPS/images/fpubh-08-608718-g002.gif





OPS/images/fpubh-08-608718-t005.jpg
RDgn.Twa PELgh-Twa RDgn-Twa/
[mg m=°] [mg m=3] (40) PELgh.twa

Working day 002 5 0004
at the facilty





OPS/images/fpubh-08-608718-t004.jpg
sample

PRS-O
Grind1
Grind2

EDS  Resolution Analyzed Percentage Particles

maps, # range [nm  area
'l em?]

5 8.9-208 5,005
5 146-215 5564
5 94-146 3,399

of grid
analyzed
[%]

0.07
0.08
0.05

detected
<]

37
21
354

Particle
number
density
wm~?]

0.0074
0.0038
0.1041









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Public Health





