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Industrial experience shows that the fire and explosion hazards associated with metal and light metal powders are still frequently underestimated, mainly due to the reliance on database values of explosion parameters that are not representative of real process conditions, and an incomplete understanding of the specific behavior of metal powders under real process conditions. In particular, recent studies on aluminium dust have shown that explosion parameters such as Pmax and KSt are subject to considerable variability, while several influencing factors are still not fully understood. This paper proposes a structured discussion of practical experience gained in the protection against metal powder explosions, focusing on recurring critical issues observed in industrial plants, powder extraction and separation systems, and related protection concepts. Key aspects analyzed include the limitations of database values for explosion parameters, the influence of particle size distribution, oxidation processes, and dust aging, as well as specific issues related to hydrogen formation and the high combustion temperatures typical of light metal dust. The analysis is based on evidence from industrial practice and recent scientific contributions relating to the explosion characteristics of aluminum dust, as well as established methodologies for explosion risk assessment and ATEX classification. Without resorting to specific case studies, the work systematizes lessons learned, identifies open questions, and highlights critical factors that must be considered in order to develop reliable explosion protection concepts. The considerations presented are intended to support designers and safety managers in developing more robust protection strategies that are more in line with actual process conditions, contributing to a more realistic assessment of the explosion parameters of metal dust in industrial practice. This manuscript is presented as a perspective based on industrial experience, systematizing lessons learned rather than reporting new experimental data.
Introduction
Metal and light metal powders are produced and handled in large quantities across a wide range of industries: surface treatment, additive manufacturing, automotive component production, recycling. The associated explosion and fire hazards are well documented in the scientific literature and addressed by regulatory frameworks including the European ATEX Directives and NFPA 484. In practice, however, many plant operators, particularly in small and medium-sized enterprises, underestimate or ignore these hazards.
A recurring observation from plant assessments is that operators believe their process dust to be non-combustible or assume that the powder-handling conditions in their plant are sufficiently far from worst-case to warrant specific protection measures (Scheid and Suter, 2025). This attitude is mistaken. In principle, all metals can oxidize exothermically, and when dispersed as fine particles in air, virtually all can form explosive atmospheres. The explosion hazard grows sharply with decreasing particle size, as the surface-to-volume ratio increases and the rate of surface oxidation accelerates accordingly, a well-established principle documented since the foundational experimental work of Bartknecht (1989) and later consolidated by Eckhoff (2003).
For light metals such as aluminium and magnesium, the consequences of an explosion are particularly severe due to the extreme combustion temperatures involved. Two further factors compound the problem: explosion parameters used for protection system design are often taken from databases rather than measured on the actual process dust, and the particular sensitivity of metal dust properties to particle size distribution, oxidation state, and sample aging is rarely considered. 
Recent experimental investigations of aluminium dusts collected from industrial separation systems have revealed KSt values well in excess of any database entry for the nominal material (Leksin and Hohmann, 2025), and predictive modelling work has confirmed that standard descriptors such as the median diameter D50 are insufficient to characterize explosion severity for polydisperse samples. Scotton et al. (2022) developed a PSD-based predictive model for KSt in metallic dusts demonstrating the critical role of the fine tail of the distribution; the analogous framework for organic dusts was established by Scotton et al. (2020). This paper draws on the author’s practical experience and integrates it with recent scientific contributions to present a structured analysis of recurring critical issues in metal powder explosion protection. No specific case studies are described; the aim is rather to identify the systematic sources of risk underestimation and to outline the elements of a more rigorous assessment approach. This manuscript builds upon themes introduced by Scheid and Suter (2025) in the VDI-Berichte conference proceedings, incorporating additional context from the broader literature on particle size distribution effects and predictive modeling.
Limitations of database-based explosion parameters
The standard route to explosion protection design begins with Pmax and KSt values from a database, typically GESTIS-STAUB-EX (DGUV, 2024) or equivalent national compilations. These values are then used to dimension venting systems (EN 14491), suppression systems (EN 14373), and containment. The underlying assumption is that tabulated values represent conservative, worst-case estimates for the material class. For metal dusts, this assumption is frequently invalid.
Scheid and Suter (2025) document from extensive plant assessments that database explosion parameters for metal dusts routinely fail to represent the properties of the dust actually present in a given process. The discrepancy can arise from differences in particle size distribution, surface oxidation state, moisture content, and the presence of contaminants (abrasion from grinding media, oxide flakes, coating residues). In some cases, the process dust is significantly more reactive than the database reference material; in others, the presence of inert contaminants renders it less reactive, but the direction of the deviation cannot be predicted without process-specific testing.
Aluminium provides the clearest illustration: published KSt values for aluminium powders range from roughly 77 bar·m/s for coarse material (D50 ≈ 40 μm) to over 500 bar·m/s for fine and nano-powders, a range spanning from explosion class St1 to St 3 (Eckhoff, 2003), where St1 corresponds to KSt= 1–200 bar·m/s, St2 to 201–300 bar·m/s, and St 3 to >300 bar·m/s.
Recent measurements on dust samples collected directly from industrial cyclones and filters found values of 389 and 964 bar·m/s, respectively, the latter among the highest ever recorded for any dust (Leksin and Hohmann, 2025). No database entry would lead a designer to anticipate St 3 behavior in a conventional grinding installation. Figure 1 and Figure 2 illustrate the problem directly: data extracted from GESTIS-STAUB-EX for aluminium powders show substantial scatter in MIE, Pmax, and KSt even at comparable median diameters. In Figure 1 each point represents a distinct database entry. The three-order-of-magnitude spread at comparable median diameters illustrates why database values cannot be used as conservative worst-case estimates for process-specific explosion protection design. The scatter is particularly pronounced for particles in the 20 - 40 μm range, as shown in Figure 2, where the same nominal median diameter can correspond to explosion classes St 1 through St 3.
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[bookmark: _Ref223082892]Figure 1:MIE of aluminium dusts from the GESTIS-STAUB-EX database (Scheid and Suter, 2025; DGUV, 2024). 
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[bookmark: _Ref223083067]Figure 2: Pmax (bar, left axis) and Kmax (mbar/s, right axis) of aluminium dusts from the GESTIS-STAUB-EX database (Scheid and Suter, 2025; DGUV, 2024).
This variability reflects the combined influence of particle size distribution, oxidation state, and sample history, factors that database entries do not resolve.
Critically, KSt is not a function of median diameter D50 alone. Scotton et al. (2022) developed a mathematical model demonstrating that the complete particle size distribution and in particular the fine tail of the distribution, governs explosion severity for metallic dusts. This finding is consistent with earlier work by Fernandez Anez et al. (2014), who showed that at a constant D50 ≈ 15 μm, KSt increased substantially as polydispersity (expressed as the geometric standard deviation σg) increased from approximately 1 to 2.5, and that the surface-weighted mean diameter D3,2 exhibited stronger correlation with KSt than D50. 
The practical implication is that a single D50 measurement is insufficient to characterize the explosion hazard of a polydisperse industrial dust sample.
These findings underscore the need for process-specific experimental characterization rather than database lookup, particularly when the dust is generated or processed in a way that may enrich fine fractions, as occurs systematically in filter installations.
Influence of particle size distribution, oxidation and dust aging
Industrial dust extraction and separation systems do not handle a homogeneous material stream: they fractionate the dust by particle size. The process itself is also a source of particle size fractionation: in surface treatment operations, for example, the bulk material handled is typically coarser than the dust generated and captured in the extraction system. In a cascade of separation devices for example, a cyclone pre-separator followed by a bag or cartridge filter, the coarser particles are retained in the cyclone while the finer fraction passes through to the filter. Over successive operating cycles, the filter cake accumulates a progressively finer particle size distribution. Since KSt increases significantly as particle size decreases, the severity of a filter dust explosion can greatly exceed that of the bulk process feed material. This is one of the most frequently overlooked aspects of filter protection design: the KSt value used to size the explosion venting or suppression system is often obtained from a bulk sample of the raw material or from a database entry, whereas the actual hazard may be determined by the properties of the fine filter dust. This systematic underestimation of the severity of the explosion can render protection systems inadequate.

A further characteristic that clearly distinguishes metal powders from organic powders is the progressive oxidation of particle surfaces in contact with air. All commercial metal powders, including aluminum, are produced with a native oxide layer that provides partial passivation. However, this layer can be destroyed by mechanical processing (grinding, crushing, pneumatic transport), leading to freshly exposed surfaces that are significantly more reactive. Two distinct scenarios must therefore be distinguished: in processes that generate fresh metal surfaces or operate under reduced-oxygen conditions, such as grinding, laser powder bed fusion, or metal powder production, the material present in the process may be substantially more reactive than an aged laboratory sample; conversely, a metal powder with a well-developed oxide layer may appear less hazardous in routine handling, but test procedures that disrupt the oxide shield can yield results that overestimate the reactivity of the process material.
The practical consequence for safety testing is that samples must be characterized promptly after collection and must be stored with minimal exposure to oxygen, e.g., under an inert gas cover in sealed, fully filled containers, to preserve their representative properties. However, practical experience has shown that delayed or improperly stored sampling is a significant source of non-conservative test results: a sample that has been partially oxidized during transport or storage will appear less reactive than the actual process powder, potentially leading to undersized protection systems.
Hydrogen formation and separation system hazard
Light metal dust in contact with water or moisture undergoes a chemical reaction that generates hydrogen; this reaction proceeds at ambient temperature without requiring elevated pressure or temperature, and the hydrogen produced can accumulate in enclosed process equipment, particularly wet separators, filter housings exposed to condensation, or conveying systems cleaned with water, during standstill periods when ventilation is reduced or absent. The hydrogen formation reaction also carries a direct implication for fire and explosion suppression. Water-based suppression systems are contraindicated for light metal dust fires. Certain metal dusts, including aluminium and magnesium, can react exothermically with CO₂ and water at elevated temperatures, and magnesium and titanium can react with nitrogen at high temperatures to form nitrides. The range of applicable inerting agents is therefore restricted to argon and, for some applications, helium. Transferring suppression or inerting concepts from organic dust processes to metal dust processes without verification of chemical compatibility with the specific metal is a recurrent critical error identified in plant assessments.

Powder extraction and separation systems concentrate metal dust in specific locations, operate over extended periods, and are subject to operational deviations that may not be foreseen at the design stage. For this reason, they represent the highest-risk equipment category in metal powder processing plants.
Bag and cartridge filter housings present a combination of hazard-enhancing factors: high dust concentrations, enriched fine fractions, as previously discussed, periodic pulse-jet cleaning that generates transient high-concentration dust clouds, and potentially inadequate grounding of conductive filter elements. The minimum ignition energy (MIE) of fine aluminium dusts can be extremely low, values below 3 mJ have been measured for filter-collected material with D50 ≈ 5 μm (Leksin and Hohmann, 2025), making electrostatic ignition from incompletely grounded metal dust a realistic scenario.
Protection of filter housing typically requires explosion venting or suppression combined with isolation of upstream and downstream connected equipment. However, retrospective assessments of filter installations frequently reveal that protection systems were dimensioned using generic material data rather than process-specific measurements on representative filter dust samples. Given the potential for KSt values in the filter to be two to three times higher than in the bulk process material, this can represent a serious safety deficit.

Wet separators, in which the dust is absorbed into a water curtain or pool, can be effective in preventing both the formation of explosive dust-air mixtures and the propagation of ignition from the extraction system. However, they introduce a specific risk associated with hydrogen formation during standstill: when the fan is stopped and ventilation ceases, hydrogen produced by the aluminium-water reaction accumulates within the housing. Process-specific venting provisions for hydrogen must be incorporated into the design, particularly in enclosed or poorly ventilated locations. Additionally, wet separator efficiency for sub-micrometers particles is significantly lower than that of filter separators, leading to increased fine dust carryover to the downstream ductwork and clean-air side of the system. Where return air from wet separators is recirculated into the work area, this carryover can contribute to gradual dust deposition and to the formation of explosive atmospheres in the workspace.
A further and increasingly relevant scenario arises in surface treatment and manufacturing processes conducted under protective inert gas, including laser powder bed fusion and laser cladding. The metal dust extracted from these processes has not been passivated by atmospheric oxidation and may be significantly more reactive than conventionally processed material of the same nominal specification. When such dust accumulates in filter separators that are not fully inerted, or when air is introduced during filter maintenance or cartridge replacement, the risk of spontaneous ignition is substantially elevated. A similar risk arises when an existing dust collector is replaced by a cyclone–filter combination: the material accumulating in the downstream filter is now finer and potentially less oxidatively stable than the bulk material previously handled in the original collector, a change that may not be reflected in the original explosion protection concept. This scenario is becoming more common as additive manufacturing processes are adopted at industrial scale.

Protection systems for metal dusts: requirements and risk assessment implications
Protection concepts for metal dusts must always be based on explosion parameters obtained from representative dust samples. This principle, straightforward in theory, is consistently violated in practice: the dust submitted for testing is often not the dust that determines the actual hazard in the plant. A reliable protection concept requires, as a starting point, that samples be collected from the specific process locations of concern, transported promptly in sealed, near-completely filled containers under inert gas blanket to preserve their reactivity, and tested without undue delay. The laboratory should be informed of these circumstances. Any oxidized fraction or foreign material (abrasive residue, grinding media wear, coating debris) must be considered as a constituent of the test sample, not as a contaminant to be removed.
Where metal dusts cannot be safely collected, stored, or disposed of on the basis of thermal behaviour testing alone, the addition of dry non-combustible solids such as limestone powder has proven effective. The inert solid must be mixed as homogeneously as possible with the metal dust and must not segregate during handling. Experimental evidence shows that thermal hazard decreases progressively with increasing inert content, but no generic addition ratio can be stated: the quantity required depends on process-specific conditions of temperature, residence time, and batch size and must be determined experimentally for each application. Such additions also generally reduce ignition sensitivity and explosion violence, though concentrations of non-combustible material above 70 - 80 % by mass have still been found to yield explosive dust-air mixtures in some cases. Solid inerting, like all protection measures for metal dusts, must therefore rest on experimental evidence rather than conservative assumptions transferred from organic dust practice. 
Where ignition sources cannot be excluded with sufficient reliability, including those introduced from upstream process equipment, process inerting with a suitable inert gas has proven effective. For the most reactive metal dusts, argon is the appropriate inerting agent, since aluminium, magnesium, and certain other metals can react exothermically with nitrogen and carbon dioxide at elevated temperatures. Constructive explosion protection, where applied, must use only protection systems specifically certified for metal dust service. Systems certified for organic dusts, or for metal dusts at lower explosion severity classes, are not applicable without re-qualification. For dusts with high KSt values, a case-by-case assessment of individual process steps is generally required, often involving combinations of protection measures adapted to local dust concentrations and geometries.
Dust accumulation inside and outside the plant must be minimized as far as technically feasible. This applies especially to dusts with KSt values so high that no certified constructive protection system is available for the relevant geometry: in such cases, prevention of secondary explosions through deposit control becomes the primary line of defence. Ductwork should be designed to avoid dead zones, horizontal runs, cross-section changes, and branch points wherever possible, and cleaning schedules must be enforced. Hydrogen accumulation during plant standstill must be reliably prevented by passive venting provisions on all affected enclosures.
Experimental characterization of explosion parameters should extend beyond the median diameter D50 to account for the full particle size distribution. The predictive models developed by Scotton et al. (2022) for KSt and by Copelli et al. (2021) for MIE provide tools for estimating the sensitivity of explosion parameters to changes in particle size distribution, complementing experimental measurements and enabling a more informed interpretation of test results. The broader modeling framework for organic dusts (Scotton et al., 2020; Copelli et al., 2019) illustrates the potential of such approaches as a systematic complement to testing; extending these methods to the heterogeneous oxidation kinetics of metal dusts remains an open and practically relevant research direction.
Conclusions
Explosion protection in metal powder processes is systematically less reliable than it could and should be, despite the underlying causes being well established. Explosion parameters reported in standard databases are rarely representative of the actual process dust. Enrichment of the fine fraction in filtration systems creates conditions of greater severity than those suggested by material data sheets. Sample aging can render laboratory measurements non-conservative if sampling, storage, and transport are not strictly controlled. In addition, hydrogen generation in wet systems or in inert-gas processes introduces hazard scenarios that are independent of dust explosion phenomena and are frequently underestimated. Likewise, protection equipment certified for organic dusts or for lower explosion severity classes cannot be applied without specific verification against the actual hazard characteristics of the system.
These issues are neither unknown nor unpredictable. They recur, in substantially similar forms, across a broad range of metal dust handling installations. What transforms them from recognized technical challenges into repeated accidents is the gap between available knowledge and its effective implementation in practice.
Bridging this gap requires a systematic, process-specific approach: representative sampling and testing using dust that reflects credible worst-case conditions; characterization methods that account for polydispersity rather than relying solely on median particle size; selection and verification of protection systems rated for the actual explosion severity and specific metal chemistry; and periodic reassessment whenever process conditions change. The methodological framework is well established and technically straightforward; what is essential is the consistent and disciplined application of its principles.
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