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Oxyfuel cutting and plasma cutting were investigated with respect to the particulate emissions generated during the cutting of
SIHARD S460 cold-work tool steel. The aim of the study was to compare the amount and characteristics of the particles emitted
during the two cutting processes. Particles were collected by sampling and analyzed gravimetrically, while their size, morphol-
ogy, and chemical composition were characterized using FEG-SEM and EDXS. The results indicated that oxyfuel cutting gener-
ated higher particulate emissions than plasma cutting, with emission rates of 0.096 g/h and 0.066 g/h, respectively. Oxyfuel cut-
ting produced a higher fraction of particles below 1.75 μm, while particles larger than 5.5 μm were observed only for plasma
cutting. All the analyzed particles were smaller than 10 μm. EDXS analysis further revealed that a substantial fraction of the col-
lected particulate matter consisted of metal oxide particles formed during thermal cutting. Overall, oxyfuel cutting was identi-
fied as the more intensive source of fine particulate emissions during the processing of SIHARD S460 steel.
Keywords: particulate emissions, S460 tool steel, oxyfuel cutting, plasma cutting

Rezanje s plamenom in rezanje s plazmo sta bila analizirana kot vira emisij trdnih delcev, ki so nastajali pri rezanju orodnega
jekla SIHARD S460. Namen raziskave je bil primerjati koli~ino emitiranih trdnih delcev ter njihove zna~ilnosti pri obeh
postopkih rezanja. Delci so bili zajeti z osebnim vzor~evalnikom in gravimetri~no ovrednoteni, njihova velikost, morfologija in
kemijska sestava pa so bile analizirane z metodama FEG-SEM in EDXS. Primerjava obeh postopkov je pokazala, da je bila
emisijska stopnja trdnih delcev pri rezanju s plamenom vi{ja kot pri rezanju s plazmo in je zna{ala 0.096 g/h oziroma 0.066 g/h.
Pri rezanju s plamenom je bil zaznan ve~ji dele` delcev, manj{ih od 1.75 μm, medtem ko so bili delci, ve~ji od 5.5 μm, zaznani
le pri rezanju s plazmo. Vsi analizirani delci so bili manj{i od 10 μm. Analiza EDXS je potrdila, da znaten dele` zajetih delcev
predstavljajo kovinski oksidi, nastali med toplotnim rezanjem. Rezultati na splo{no ka`ejo, da rezanje s plamenom pri obdelavi
jekla SIHARD S460 povzro~a ve~ emisij finih trdnih delcev kot rezanje s plazmo.
Klju~ne besede: emisije delcev, orodno jeklo S460, rezanje s plamenom, rezanje s plazmo

1 INTRODUCTION

Thermal cutting processes are widely used in the
metal-fabrication industry, where they enable the effi-
cient separation and shaping of metallic materials.
Among them, oxyfuel cutting and plasma cutting are two
of the most common technologies. In oxyfuel cutting, the
material is locally heated and then cut by an exothermic
oxidation reaction, whereas in plasma cutting, material
removal is achieved by the action of a high-temperature
plasma arc. The selection of the cutting process depends
on the material type, thickness, required cut quality and
productivity.1–3

In addition to their technological importance, both
processes are associated with the generation of airborne
particulate matter. During thermal cutting, particles are
formed by the ejection of molten material as well as by

the condensation of metal vapors, which leads to a broad
particle-size distribution and different particle morphol-
ogies. From the occupational-health perspective, fine
particles are of particular concern because they can re-
main suspended in the working atmosphere and may
penetrate deeply into the respiratory tract of exposed op-
erators.4–7 The risk related to particulate emissions there-
fore depends not only on the total amount of emitted ma-
terial, but also on the particle size, particle-size
distribution, morphology and chemical composition.

Previous studies have shown that the thermal pro-
cessing of metals may generate both larger droplets orig-
inating from melt ejection and much finer particles
formed by vapor condensation. Depending on the pro-
cess conditions and the material being cut, the emitted
particles may contain metallic and non-metallic constitu-
ents originating from the base material, surface layers
and the thermal cutting process itself. For this reason, the
comprehensive characterization of emitted particles is re-
quired when assessing operator exposure and the poten-
tial health relevance of cutting fumes.5,6,8–10 Particle char-
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acterization can be performed using gravimetric and
image-analysis methods.11,12 In addition, scanning elec-
tron microscopy combined with energy-dispersive X-ray
spectroscopy is a useful approach for examining particle
morphology and chemical composition.13 In accordance
with ISO 13322-1, static image analysis enables the de-
termination of particle size and particle-size distribution
from captured images of stationary particles.14

The present study investigates particulate emissions
generated during the oxyfuel and plasma cutting of
SIHARD S460 cold-work tool steel. The aim was to
compare the amount and characteristics of particles pro-
duced by the two cutting processes, with special atten-
tion to particle mass, size distribution, morphology, and
chemical composition, as these parameters are directly
relevant to the assessment of operator exposure during
thermal cutting. For this purpose, gravimetric particle
sampling, static image analysis, and field-emission scan-
ning electron microscopy combined with EDXS were
used, providing complementary information on the mass,
size, morphology, and composition of the emitted partic-
ulate matter.

2 EXPERIMENTAL PART

The experimental part included the measurement and
analysis of particulate emissions generated during the
cutting of SIHARD S460 cold-work tool steel. The
chemical composition and selected thermal and mechani-
cal properties of the investigated steel are presented in
Table 1 and Table 2. The investigated specimens had
planar dimensions of 40 mm × 40 mm and a thickness of
10 mm.

Table 1: Chemical composition of S460 tool steel

Element C Mn Cr Mo V Si Fe
w/% 1.00 0.30 8.00 2.30 0.30 1.10 balance

All the cutting operations and the corresponding par-
ticle sampling were performed for 1 min. During each

test, particulate emissions were sampled using a ZAM-
BELLI EGO PLUS TT personal sampler (Figure 1),
which was calibrated before each measurement. During
the measurements, the local extraction device normally
used to reduce airborne particulate exposure in the cut-
ting zone was switched off to avoid interference with
particle sampling and to enable an assessment of particu-
late emissions under non-extracted conditions.

Table 2: Thermal and mechanical properties of S460 tool steel at
20 °C

Density 7640 kg/m3

Specific heat 470 J/kgK
Thermal conductivity 17.6 W/mK
Coefficient of thermal expansion 11.5 x10–6 m/mK
Young’s modulus 210 GPa

After sampling, the filter with the collected particles
was weighed on a KERN ABJ analytical balance with a
resolution of 0.1 mg. The particle mass was determined
from the difference between the filter mass before and
after the sampling. The particle-loaded filters were then
coated with a thin carbon layer using a Balzers SCD 050
device prior to microscopic examination. The particle
morphology was analyzed using a field-emission scan-
ning electron microscope (FEG-SEM, Thermo Fisher
Scientific Quattro S), while the chemical composition
was determined by energy-dispersive X-ray spectroscopy
(EDXS) using an Ultim® Max detector. The acquired
micrographs were processed using ImageJ software to
determine the particle geometry and size. The particle
size was expressed as an equivalent diameter determined
from the acquired micrographs by image analysis in ac-
cordance with ISO 13322-1.14
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Figure 2: Position of the personal sampler in the operator’s breathing
zone

Figure 1: ZAMBELLI EGO PLUS TT personal sampler with associ-
ated sampling equipment



The oxyfuel cutting of the S460 tool steel was carried
out using a gk TIP200/A cutting torch with acetylene
and oxygen. The plasma cutting of the S460 tool steel
was carried out using a Lincoln Electric INVERTEC
PC100 plasma cutter operated with a direct current and a
three-phase voltage of 400 V. During both cutting opera-
tions, particulate emissions were sampled using personal
sampling to assess the operator’s direct exposure. The
sampler inlet was positioned approximately 30 cm from
the mouth, in the operator’s breathing zone, as shown in
Figure 2.

Before each measurement, the instrument was cali-
brated, the particle collection time was set, and the ap-
propriate filter was selected. Room temperature, air ve-
locity, and relative humidity were also recorded during
particle sampling. The measurement conditions were
kept constant for all the cutting operations. The room air
temperature was 21.5 °C, the air velocity was 0 m/s, and
the relative humidity was 45 %. The air-flow rate
through the filter was set to 3 L/min to simulate operator
breathing. A mixed cellulose ester (MCE) filter with a
diameter of 25 mm and a pore size of 0.8 μm was used.

3 RESULTS

The measured particulate emissions showed that the
oxyfuel cutting of S460 tool steel generated higher dust

emissions than plasma cutting. Since the particle sam-
pling was performed for 1 min, the measured values
were recalculated to an equivalent hourly emission rate.
The emission rate measured during oxyfuel cutting was
0.096 g/h, whereas the corresponding value for plasma
cutting was 0.066 g/h. Under the investigated conditions,
the oxyfuel cutting therefore produced approximately
45 % higher particulate emissions than plasma cutting.
Figure 3 shows representative FEG-SEM micrographs
of particles collected during the oxyfuel and plasma cut-
ting of S460 tool steel.

Analysis of the acquired micrographs showed that, in
both cutting processes, most individual particles exhib-
ited a predominantly spherical morphology. In addition
to individual particles, particle clusters or agglomerates
composed of multiple spherical particles were also ob-
served. A representative cluster of fine particles collected
during the oxyfuel cutting is shown in Figure 4.

Figure 5 shows the particle-size distribution for par-
ticles collected during the oxyfuel and plasma cutting of
the S460 tool steel. The oxyfuel cutting produced a
higher fraction of particles with an equivalent diameter
below 1.75 μm, whereas the plasma cutting generated
particles with diameters greater than 5.5 μm, which were
not observed in the case of oxyfuel cutting. These results
indicate that, on average, smaller particles were gener-
ated during oxyfuel cutting than during plasma cutting.
All the analyzed particles collected during both cutting
processes had diameters below 10 μm, indicating that
they belong to the respirable particle size range and may
reach the lower parts of the respiratory tract.

Figure 6 shows the elemental composition of parti-
cles collected on the filter during the oxyfuel cutting of
S460 tool steel. Oxygen, chromium, silicon, iron, alumi-
num, manganese and nickel were detected in the ana-
lyzed particle agglomerates. The carbon signal was
mainly associated with the mixed cellulose ester filter
and the carbon coating applied prior to microscopic ex-
amination. Potassium was more pronounced in the filter
background than in the particle agglomerates and was
therefore not considered a reliable constituent of the ana-
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Figure 3: Representative FEG-SEM micrographs of particles col-
lected during oxyfuel and plasma cutting of S460 tool steel: a) oxyfuel
cutting; b) plasma cutting

Figure 4: Cluster of fine particles collected during oxyfuel cutting of
S460 tool steel
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Figure 6: EDXS elemental maps of particles collected on the filter during oxyfuel cutting of S460 tool steel

Figure 5: Particle-size distribution of particles collected during oxyfuel and plasma cutting of S460 tool steel as a function of equivalent particle
diameter



lyzed particles. The elemental maps indicate that the de-
tected metallic elements were spatially associated with
the analyzed particle agglomerates.

4 DISCUSSION

The observed particle morphology can be explained
by the mechanism of particle formation during thermal
cutting. The emitted particles originated from the molten
material and/or the condensed metal vapors generated in
the cutting zone. During solidification, surface-tension
effects favored the formation of predominantly spherical
particles.16 In addition to individual particles, agglomer-
ates were also observed. Such agglomerates are com-
monly formed during the thermal processing of metals
and may consist of smaller primary particles formed by
condensation and collisions in the hot gas stream. Simi-
lar oxide-rich agglomerates have also been reported for
thermally generated metal emissions.5,6,9,10,16

The particle-size analysis showed that the two cutting
processes generated particulate matter with different size
characteristics. The oxyfuel cutting produced a larger
fraction of finer particles, whereas the plasma cutting
generated a relatively greater proportion of larger parti-
cles. Since all analyzed particles were smaller than 10
μm, both cutting processes may contribute to operator
exposure because such particles can penetrate the lower
respiratory tract.7,17 These process-dependent differences
are consistent with previous studies showing that ther-
mally generated metal emissions may vary substantially
depending on the cutting process and operating condi-
tions.5,9,18–20 Taken together, the higher emission rate and
the higher fraction of finer particles indicate that, under
the investigated conditions, oxyfuel cutting represented
the more intensive source of fine particulate emissions.

The elemental analysis revealed the presence of oxy-
gen together with chromium, silicon, aluminum, iron,
nickel, and manganese in the analyzed particle agglom-
erates. These elements correspond to both the base mate-
rial and oxidation products formed during thermal cut-
ting. Carbon signals were also detected; however, these
were attributed primarily to the mixed cellulose ester fil-
ter and the carbon coating applied prior to SEM/EDXS
examination. Potassium signals were observed predomi-
nantly in the filter background and were therefore not in-
terpreted as a reliable constituent of the analyzed parti-
cles. The presence of oxygen suggests that part of the
collected particulate matter consisted of oxidized metal
particles formed during the thermal cutting.

The differences observed in filter masses before sam-
pling indicate some variability in the initial filter condi-
tion. Since mixed cellulose ester filters are hygroscopic,
they may absorb moisture from the surrounding air,
which can influence the apparent filter mass and affect
the gravimetric measurements. Filters should therefore
be protected from ambient humidity and, if necessary,
conditioned before use to minimize this effect.12

Because the particle volume increases with particle
size, larger particles may contribute more substantially to
the collected mass than finer particles, even when finer
particles are more numerous in some size classes.11 Parti-
cle size distributions should therefore be interpreted with
caution when compared with gravimetric measurements.
Image-based analysis reflects the particles visible in the
acquired micrographs, whereas gravimetric weighing re-
flects the total particulate mass collected on the fil-
ter.11,14,21 Consequently, image-based analysis may under-
estimate the total collected mass.

Besides their relevance to operator exposure, particu-
late emissions generated during thermal cutting should
also be considered from a broader environmental per-
spective, since metal-containing particles may disperse
into the surrounding environment and contribute to air-
borne particulate pollution.22 However, the present study
was conducted under controlled laboratory conditions
and over a limited sampling period; therefore, the re-
ported emission rates should be regarded as indicative
only for the investigated cutting conditions. Further stud-
ies involving longer sampling periods and different cut-
ting regimes would enable a more comprehensive assess-
ment of particulate emissions and their potential
environmental impact during thermal cutting.

5 CONCLUSIONS

The oxyfuel and plasma cutting of S460 tool steel
generated respirable particulate emissions that differed in
both quantity and size distribution. Under the investi-
gated conditions, oxyfuel cutting produced higher partic-
ulate emissions than plasma cutting (0.096 g/h vs. 0.066
g/h) and generated a higher fraction of particles below
1.75 μm, whereas plasma cutting produced larger parti-
cles above 5.5 μm. All the analyzed particles were
smaller than 10 μm, indicating their potential to pene-
trate the lower respiratory tract and contribute to opera-
tor exposure. EDXS analysis showed that the particles
mainly contained oxygen together with iron, chromium,
silicon, aluminum, nickel, and manganese, indicating the
formation of oxidized metal particles during thermal cut-
ting. Overall, oxyfuel cutting was identified as the more
intensive source of fine particulate emissions.
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