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Abstract: This study measured the fume particle size distribution and fume generation rate during 
arc welding of cast iron and estimated the generation rate of respirable dust. In addition, the gen-
eration rate of particles with a diameter of 0.3 µm or less was estimated. In this experiment, three 
types of filler materials (mild steel wire, stainless steel wire, and mild steel covered electrodes) with 
main constituents of Fe or Fe-Cr-Ni, as proposed previously by the authors, were used. The welding 
methods were gas metal arc welding and shielded metal arc welding. The fumes measured in this 
research contained 73–91% respirable dust, and the fume generation rates were in the range of 
1.96–12.2 mg/s. The results of this study were as follows: (i) the welding current affects the genera-
tion rate of respirable dust, and it is highly likely that the higher the fume generation rate, the more 
respirable dust is generated; (ii) the generation rates of respirable dust at low and high current 
were highest when mild steel covered electrodes and stainless steel wire was used, respectively; and 
(iii) the generation rate of particles with a diameter of 0.3 µm or less was highest when stainless 
steel wire is used.

Key words: Arc welding, Cast iron, Fume generation rate, Particle size distribution, Respirable dust, 
Respirators

Introduction

The arc welding process is generally known to gener-
ate a large amount of fumes that are highly hazardous 
to the human body. Since these fumes generally have an 
extremely small (0.005–20 μm) particle size1), the par-
ticles are carried by thermal updrafts generated by the hot 
welded part and are dispersed throughout the workplace. 
Because of this, an extremely large number of workers 
are exposed to fumes in workplaces where arc welding 
is performed. Although the number of people diagnosed 
with pneumoconiosis and its complications has shown a 

decreasing trend in recent years in Japan, currently, around 
160 workers a year are newly affected2). The percentage of 
arc welders among this number is high3). Furthermore, the 
carcinogenic risk of the fumes generated during welding 
has recently been increased from group 2B to group 1 by 
the International Agency for Research on Cancer (2017)4). 
Because of this, it is expected that risk management and 
fume control will become stricter than ever.

The fumes generated during arc welding are solid 
microparticles in which metal vapor generated from the 
droplet at the tip of the welding electrode and the welding 
pool surface rapidly cools and solidifies as it oxidizes5). 
These solid microparticles float in the surrounding air and 
are inhaled into human body via the mouth and nose.

The particle size of fumes is an important factor that 
affects the deposition of particles inside the human respi-
ratory system. Since particles with different sizes exhibit 
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different aerodynamic behavior, they deposit at different 
locations in the respiratory system. The particle size de-
pendence of the proportions of particles that penetrate and 
deposit into each location in the respiratory system can be 
calculated using a model from the International Commis-
sion on Radiological Protection6). According to this model, 
the deposition rate peaks at around a particle diameter of 
10 μm in entrances to the respiratory system, such as the 
nose and pharynx. Generally, particles with a diameter on 
the order of 10 μm or more adhere to the mucosal surfaces 
of the nasal cavity, trachea, and wide bronchial wall, and 
are then expelled out of the body7). However, fine particles 
with a diameter of 10 μm or less reach the alveoli of the 
lungs, and the deposition rate in the alveoli increases as 
the particle size decreases6).

The fumes deposited inside the alveoli become incorpo-
rated inside the cells by phagocytosis by alveolar macro-
phages, and are expelled from the body as sputum by the 
ciliary motion of the airways together with secretions from 
inside the airways. However, if the amount of inhaled 
fumes is large enough to exceed the processing capacity 
of alveolar macrophages or the ciliary motion is degraded, 
the alveolar macrophages adhere to the alveoli7). This 
results in lung fibrosis, which causes complications such 
as pneumoconiosis and primary lung cancer8). Currently, 
in the field of industrial health and safety in Japan, dust 
with a particle diameter of 4 μm or smaller (aerodynamic 
diameter), which is the main cause of pneumoconiosis, is 
defined as respirable dust, and these particles are subject 
to working environment measurement under the law9). 
Therefore, measurement of the fume particle size distribu-
tion and fume generation rate of the arc welding process is 
important for predicting the hazardousness of fumes and 
implementing suitable protective measures.

Although arc welding is mainly used with mild steel, 
it can also be applied to the joining of various metal 
materials such as stainless steel and aluminum alloys. 
Among these, over 3 million tons of cast iron are produced 
annually10). This is virtually the same as the amount of 
aluminum alloy products produced in Japan10). Cast iron 
is the main metal material used in cast products. Casting 
is a process in which molten cast iron is formed by pour-
ing into molds of various shapes, and since this process is 
relatively simple, it is suitable for the mass production of 
large products and complicated shapes. For these reasons, 
cast products that use cast iron are utilized in a variety of 
fields, especially in automotive and instrumental parts for 
various industries. Arc welding is an essential technology 
for joining these cast iron pieces together and for making 

repairs when cast iron products break.
In past studies, the fume particle size distribution and 

fume generation rate during arc welding of aluminum 
alloys, stainless steel, and magnesium alloys focusing on 
mild steel have been measured. For example, Heile and 
Hill11) measured the fume particle size distribution and 
fume generation rate during arc welding of aluminum al-
loys or mild steel using various filler materials. Hewett12) 
measured the particle size distribution in fumes generated 
during gas metal arc welding (GMAW) and shielded metal 
arc welding (SMAW) of mild steel and stainless steel. 
Furthermore, the authors previously measured the fume 
particle size distribution and fume generation rate during 
GMAW of aluminum and magnesium alloys13). These 
studies showed that the fume particle size distribution and 
fume generation rate depend on various conditions, includ-
ing the welding process, welding conditions (current, volt-
age), type of filler material, shield gas composition, and 
base metal. Since these conditions vary widely in actual 
workplaces, the fume particle size distribution and fume 
generation rate are also expected to differ. In fact, empiri-
cally, welders notice that arc welding of cast iron produces 
more fumes than welding of mild steel. However, to our 
knowledge, no previous studies have measured the fume 
particle size distribution and fume generation rate during 
arc welding of cast iron.

Although a variety of different types of filler material 
have been used in arc welding of cast iron, it has been rec-
ommended for a long time that a filler material with Ni as 
the main constituent (approx. 50–100% Ni) be used14, 15). 
However, since the fumes (dust containing Ni compounds) 
that accumulate in the working environment when filler 
materials that have Ni as the main constituent are used are 
highly toxic, strict regulations have been imposed on their 
handling16). Therefore, since the use of filler material that 
has Ni as the main constituent may be harmful to health 
because of Ni dust, it is preferable to use filler materials 
with a low Ni content or with absolutely no Ni during arc 
welding of cast iron. We previously proposed an arc weld-
ing method for cast iron that uses filler materials, where 
the main constituents are Fe and Fe-Cr-Ni17, 18). These 
welding methods were shown to be economically superior 
and more practical than filler materials that have Ni as the 
main constituent.

This research measured the fume particle size distribu-
tion and fume generation rate during arc welding of cast 
iron using filler materials that have Fe and Fe-Cr-Ni as the 
main constituents, as proposed previously. The generation 
rate of respirable dust, which is highly hazardous to the 
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human body, was then estimated from the obtained results. 
Furthermore, we estimated the generation rate of particles 
with a particle diameter of 0.3 μm or less, which are 
considered to be difficult to capture with the filters of dust 
masks19–24).

Methods

Measurement of particle size distribution
As shown in Fig. 1, generation of the arc was performed 

within a fume collection chamber to exclude the effect 
of cross currents on sampling. The generated fumes were 
partially sampled by a suction nozzle fitted in the front 
face of the fume collection chamber. The welding was per-
formed by moving the arc in the direction shown in Fig. 1. 
At this time, the distance between the arc and the suction 
nozzle was in the range of 450–550 mm (Fig. 2). This is 
almost the same as the actual distance between the arc and 
the respiration area of the welder.

A 12-stage Andersen-type low-pressure impactor (model 
LP-20; Tokyo Dylec Corp., Tokyo, Japan) was used to 
measure the particle size distribution of the fumes. The 
particle size ranges in each stage of this impactor were 
>12.1 μm, 8.5–12.1 μm, 5.7–8.5 μm, 3.9–5.7 μm, 2.5–3.9 
μm, 1.25–2.5 μm, 0.76–1.25 μm, 0.52–0.76 μm, 0.33–0.52 
μm, 0.22–0.33 μm, 0.13–0.22 μm, and 0.06–0.13 μm. The 
suction flow rate of the impactor was 20 L/min, and filter 
paper made from glass fiber (T60A20) with a diameter of 

80 mm was fitted onto each stage to capture the generated 
fumes.

When measuring particle size distribution using an 
Andersen-type impactor, if the amount of collected par-
ticles is small, the effect of the filter weight error on the 
weight of the particles collected at each stage increases. 
In addition, if the amount of collected particles is too 
large, re-scattering of particles occurs, which affects the 
particle size distribution obtained by the measurement. 
Therefore, in this study, a preliminary experiment was 
conducted, and the arc generation time was determined to 
be 90 s (GMAW) or 60 s (SMAW). The suction time was 
set to 690 s (GMAW) and 660 s (SMAW), including the 
arc generation time. After performing suction twice, the 
filter paper attached to each stage was taken out and their 
weight was measured. The weight of the filter paper fitted 
to each stage was measured before and after sampling to 
an accuracy of 0.01 mg, and the weight (mg) of fumes 
loaded on each stage was determined.

The welding was performed manually by a welder. The 
welder introduced the welding torch or electrode holder 
through an inlet in the front face of the fume collection 
chamber, and performed bead-on-plate welding of a base 
metal placed on a work table. Bead-on-plate welding is 
a method of melting a base metal while feeding the filler 
material into the molten area of the base metal surface.

Fig. 1.   The fume collection chamber used in this study.
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Measurement of fume generation rate
The fume generation rate was measured by using a total 

sampling method that complies with the Japan Industrial 
Standards (JIS)25). An arc was generated inside the fume 
collection chamber as shown in Fig. 1, and the fumes were 
fully collected by a suction pipe fitted at the top of the 

fume collecting chamber (Fig. 3). A high-volume air sam-
pler (HV-500F; Shibata Scientific Technology, Saitama, 
Japan) was used to collect the fumes. After the high-
volume air sampler was turned on, the suction rate was set 
to 800 L/min and the arc was generated immediately. The 
generated fumes were all collected by filter paper (GB-

Fig. 2.   Experimental setup for measuring the fume particle size distribution.

Fig. 3.   Experimental setup for measuring the fume generation rate.
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100R; Advantec Toyo, Kaisha, Ltd., Tokyo, Japan) of 
110 mm diameter made from glass fiber fitted in the high-
volume air sampler. Next, the fume generation rate (mg/
s) was obtained by dividing the weight change in the filter 
paper before and after collection by the arc generation 
time.

Equation (1) shows the equation for determining the 
fume generation rate:

( )2 1 /sF W W T= −  (1)

In this equation, Fs is the fume generation rate (mg/s), W1 
is the weight of filter paper before collecting the fumes 
(mg), W 2 is the weight of filter paper after collecting the 
fumes (mg), and T is arc generation time (s).

Bead-on-plate welding performed manually by a welder 
in the same way as during the measurement of the particle 
size distribution was used for the welding, and the arc 
generation time was set to 10 s. The suction time of the 
high-volume air sampler was set to 180 s, including the 
arc generation time. Bead-on-plate welding was performed 
in five experimental runs at three different filler materials, 
and the reported data are the average values from these 
five sets of experiments.

The base metal used in this research was spheroidal 
graphite cast iron plate (FCD450-10) as stipulated by the 
JIS26). The dimensions of the base metal were t18 mm × 
L300 mm × W300 mm. Table 1 shows the chemical com-
position of the base metal.

Welding overview
Arc welding is a method of bonding by generating an 

arc between a metal electrode (filler material) and base 
metal (metal to be welded), and melting the base metal and 
filler material using the heat generated at this time. The 
filler material melted by the heat of the arc forms a weld 

reinforcement that ensures the strength of the weld area 
and fills the gap between the two base metals being joined. 
In arc welding of cast iron, it has long been recommended 
to use a filler material with Ni as the main constituent.

The filler material used in this research was welding 
wire and covered electrode with Fe and Fe-Cr-Ni as the 
main constituents, which were confirmed to be highly 
practical in our previous research17, 18).

The welding wires were YGW1227) and YS30828) as 
defined by the JIS. The main constituent of YGW12 is 
Fe, and it does not contain any Ni. This filler material is 
mainly for welding mild steel, and is hereafter referred to 
as mild steel wire. The main constituents of YS308 are Fe-
Cr-Ni, and the Ni content is around 10%. This filler mate-
rial is mainly a filler material for welding stainless steel, 
and is hereafter referred to as stainless steel wire. Both are 
solid wire with a diameter of 1.2 mm.

The covered electrode was E491629) as defined by the 
JIS. The main constituent of E4916 is Fe, and it is a filler 
material mainly for welding mild steel. Hereafter, this 
filler material is referred to as mild steel covered electrode. 
The diameters of the mild steel covered electrodes were 
3.2 mm and 5.0 mm depending on the magnitude of the 
welding current. Table 1 shows the types and chemical 
compositions of the welding wires and covered electrodes 
used in this research as defined by the JIS.

The welding methods used in this research were GMAW 
and SMAW.

GMAW is a welding method that supplies coiled elec-
trodes (welding wire) to welds automatically while using 
shielding gas to protect the welds. The shield gas used for 
mild steel wire was 100% CO2. The flow rate was 15 L/
min. Similarly, 98% Ar + 2% O2 was used for stainless 
steel wire, and the flow rate was 20 L/min. The welding 
machine used for GMAW was a digital inverter type pulse 
MAG welding machine (DP350; DAIHEN Corpora-

Table 1.   Chemical compositions of the base metal, welding wires, and covered electrodes (mass%)

Material C Si Mn P S Ni Cr Mo Cu Mg Fe

Base metal
 FCD450-10 3.40 2.98 0.20 0.030 0.010 ― ― ― ― 0.040 Re.

Filler material
 YGW12 
 (Mild steel wire)

0.02–0.15 0.50–1.00 1.25–2.00 ≤0.030 ≤0.030 ― ― ― ≤0.50 ― Re.

YS308 
(Stainless steel wire)

≤0.08 ≤0.65 ≤1.0–2.5 ≤0.03 ≤0.03 9.0–11.0 19.5–22.0 ≤0.75 ≤0.75 ― Re.

 E4916 
 (Mild steel covered electrode)

≤0.15 ≤0.75 ≤1.60 ≤0.035 ≤0.035 ≤0.30 ≤0.20 ≤0.30 ― ― Re.

Re.: remainder.
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tion, Osaka, Japan). As shown in Fig. 4 (A), the welder 
performed bead-on-plate welding with the welding torch 
tilted at around 10–20° in the opposite direction to that of 
the welding direction.

The welding current was set to 100 A and 200 A. At this 
time, the feeding speed of the mild steel wire was 2.4 m/
min (100 A) and 6.0 m/min (200 A), and the feeding speed 
of the stainless steel wire was 2.7 m/min (100 A) and 7.5 m/
min (200 A). The welding voltage used was the value 
corresponding to the welding current as decided by the 
manufacturer of the welding machine.

SMAW is a welding method that uses a covered elec-
trode with a flux coating around a round metal rod with a 
diameter of 3.2 to 5.0 mm as the electrode. The welding 
machine used for SMAW was an AC arc welding machine 
(YK-250AD2; Panasonic Corp., Osaka, Japan). As shown 
in Fig. 4 (B), the welder performed bead-on-plate welding 
while tilting the covered electrode around 10–20° in the 
welding direction. The welding current was set the same 
as that for GMAW, to 100 A and 200 A. Table 2 shows the 
main welding conditions for GMAW and SMAW.

Results

Figure 5 shows the fume particle size distribution 
measured in this study as a frequency distribution30). W on 
the vertical axis represents the total weight of the particles 
collected by the impactor, and ΔW represents the weight 
of the particles collected at each stage of the impactor. The 
horizontal axis shows the particle size range (aerodynamic 
diameter) at each stage of the impactor. Furthermore, 
Fig. 6 shows the fume particle size distribution measured 
in this study as a cumulative distribution30).

From Fig. 6, the mass median aerodynamic diameter 
(MMAD) at 100 A was 0.63 µm (mild steel wire), 0.52 µm 
(stainless steel wire), and 0.77 µm (mild steel covered 
electrode). At 200 A, the MMAD was 0.88 µm (mild steel 
wire), 0.72 µm (stainless steel wire), and 0.89 µm (mild 
steel covered electrode). The MMAD increased with 
increasing welding current in all conditions. Furthermore, 
the MMAD of the stainless steel wire was smaller than the 
other conditions at any current value.

The fumes generated under all of the welding conditions 
measured in this research contained 73–91% respirable 

Fig. 4.   The welding direction in gas metal arc welding (GMAW) and shielded 
metal arc welding (SMAW). (A) shows the welding direction of GMAW, and (B) 
shows the welding direction of SMAW.

Table 2.   Welding conditions in arc welding (GMAW and SMAW) of cast iron

Welding methods GMAW SMAW

Welding consumables
YGW12-100% CO2 

(Mild steel wire)
YS308-98% Ar + 2% O2 

(Stainless steel wire)
E4916 

(Mild steel covered electrode)
Electrode diameter (mm) 1.2 3.2, 5.0
Welding current (A) 100, 200
Welding voltage (V) 19.6, 23.8 16.7, 26.7 23.5, 24.5
Wire feeding speed (m/min) 2.4, 6.0 2.7, 7.5 ―
Wire extension (mm) 10–15 ―
Shielding gas flow rate (L/min) 15 20 ―

GMAW: Gas metal arc welding; SMAW: Shielded metal arc welding.
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dust of particle diameter 4 μm or less, which will deposit 
on lower respiratory tract, as shown in Fig. 6. The weight 
percentages of respirable dust was, in order from high-
est to lowest, mild steel covered electrode, mild steel 
wire, and stainless steel wire. Furthermore, these weight 
percentages exhibited a decreasing trend as the welding 
current increased.

Note that the order of the weight percentages of the 
particles with diameters of around 1.0 μm or less was the re-
verse, with the order from highest to lowest being stainless 

steel wire, mild steel wire, and mild steel covered electrode.
Figure 7 shows the fume generation rates measured in 

this research. The fume generation rates measured in this 
research were in the range of 1.96–12.2 mg/s. The fume 
generation rates increased as the welding current increased 
under all conditions. The fume generation rate at 100 A in 
order from highest to lowest was mild steel covered elec-
trode, mild steel wire, and stainless steel wire, and at 200 A, 
was stainless steel wire, mild steel covered electrode, and 
mild steel wire.

Fig. 5.   The fume particle size distribution generated during the arc welding of cast iron. The graph shows the frequency distribution 
based on weight30). The particle size range indicates the aerodynamic diameter.

Fig. 6.   The fume particle size distribution generated during the arc welding of cast iron. The graph shows the cumulative weight 
distribution30). The particle diameter indicates the aerodynamic diameter.
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Discussion

The fume particle size distribution and fume generation 
rate during arc welding of cast iron using three different 
types of filler material with the main constituents of Fe and 
Fe–Cr–Ni were measured experimentally in this research.

The fumes measured in this research contained 73–91% 
respirable dust (of particle diameter 4 μm or less) (Fig. 
6). This suggests that fumes that are highly hazardous 
to the human body were generated under all conditions. 
Therefore, when performing arc welding of cast iron, it is 
essential to remove the generated fumes, such as by using 
a local exhaust ventilation system, and for welders to wear 
appropriate respirators. Furthermore, the fume generation 
rate increased as the welding current increased, the same 
as reported in other research11, 31) (Fig. 7).

As shown in Fig. 6, the weight percentages of respi-
rable dust were mild steel covered electrode>mild steel 
wire>stainless steel wire. Estimating the generation rate 
of respirable dust by multiplying the weight percentage 
of respirable dust by the fume generation rate under each 
condition (weight percentage of respirable dust [%] × 
fume generation rate [mg/s]) gives 3.26 mg/s (91.4% × 
3.57 mg/s: mild steel covered electrode), 1.80 mg/s (82.5% 
× 2.18 mg/s: mild steel wire), and 1.52 mg/s (77.8% × 
1.96 mg/s: stainless steel wire) at 100 A, and 8.35 mg/
s (90.2% × 9.26 mg/s: mild steel covered electrode), 
3.68 mg/s (74.9% × 4.91 mg/s: mild steel wire), and 
8.92 mg/s (73.1% × 12.2 mg/s: stainless steel wire) at 200 
A. This gives a generation rate of respirable dust of mild 

steel covered electrode>mild steel wire>stainless steel 
wire at 100 A, and stainless steel wire>mild steel covered 
electrode>mild steel wire at 200 A. This shows that the 
generation rate of respirable dust is higher with a higher 
fume generation rate.

When the cases of 100 A and 200 A in Fig. 6 are com-
pared, the weight percentage of respirable dust exhibits a 
decreasing trend as the welding current increases under all 
conditions. This shows that coarse particles with a diam-
eter of 4 μm or larger contained in the fumes increase as 
the welding current increases, which matches the results 
of Ojima32). However, the generation rate of respirable 
dust increases by approximately 2 to 6 times as the weld-
ing current increases under all conditions. This suggests 
that the welding current is an important factor that has an 
effect on the generation rate of respirable dust.

At present, workers who perform arc welding are 
required to wear respirators in arc welding worksites33). 
Above all, particulate respirators are widely used, and for 
arc welding work, particulate respirators with a perfor-
mance of category 2 or higher (filtering efficiency of 95% 
or higher) specified in JIS34) must be used35). However, in 
general, it is known that particles with a diameter of about 
0.1 to 0.3 μm are not easily collected by the filters used in 
particulate respirators19–24).

As shown in Fig. 6, the weight percentages of particles 
with diameters near this (mainly 0.3 μm or less) differ 
depending on the conditions with stainless steel wire>mild 
steel wire>mild steel covered electrode. Estimating the 
generation rate of particles with a diameter of 0.3 μm or 

Fig. 7.   The fume generation rate measured during the arc welding of cast iron. 
Error bars represent standard deviations.
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less in the same way as the generation rate of respirable 
dust gives 0.59 mg/s (stainless steel wire), 0.38 mg/s (mild 
steel wire), and 0.21 mg/s (mild steel covered electrode) at 
100 A, and 2.6 mg/s (stainless steel wire), 0.47 mg/s (mild 
steel wire), and 0.41 mg/s (mild steel covered electrode) at 
200 A. This shows that the generation rate is highest when 
stainless steel wire is used.

According to the National Institute of Occupational 
Safety and Health guidelines36), if MMAD is less than 
2 µm or is unknown, a high-efficiency particulate air 
filter (filtering efficiency of 99.97% or higher) or any 
filter certified to 42 CFR 8437) (filtering efficiency of 95% 
or higher) should be used. Therefore, when performing 
arc welding of cast iron using a filler material mainly 
composed of Fe and Fe-Cr-Ni, a particulate respirator of 
category 2 or higher specified by JIS34) or powered air pu-
rifying respirators specified by JIS38) must be worn. In arc 
welding operations, particulate respirators of category 2 
are commonly used. However, special care must be taken 
when using stainless steel wire with a high generation rate 
of particles with a diameter of 0.3 µm or less.

The authors previously measured the fume particle size 
distribution and fume generation rate during arc welding 
of mild steel using mild steel wire39). According to this, 
the fume generation rate of mild steel is in the range of 
2.13–4.18 mg/s, and no significant difference is found 
from the fume generation rate of cast iron (2.18–4.91 mg/s) 
under the same conditions, as measured in this research. 
However, in the particle size distribution, there is a trend 
for the weight percentage of particle diameters 2.5 μm and 
higher to decrease in the case of mild steel fumes. This 
means that many particles that are coarser than the case 
of mild steel are contained in the fumes generated during 
arc welding of cast iron. Therefore, welders may feel that 
fume plume from cast iron welding is relatively massive.

Conclusion

This research measured the fume particle size distribu-
tion and fume generation rate during arc welding of cast 
iron by using filler materials with Fe and Fe-Cr-Ni as the 
main constituents. From these results, we estimated the 
generation rates of respirable dust and the generation rate 
of particles with a diameter of 0.3 µm or less. The follow-
ing conclusions were deduced as a result.

(i) The generation rate of respirable dust increases as the 
welding current increases (approximately 2 to 6 times). (ii) 
It is strongly supposed that the higher the fume generation 
rate, the more respirable dust is generated. (iii) The gen-

eration rate of respirable dust was highest with the mild 
steel covered electrode at low current and the stainless 
steel wire at high current. (iv) The generation rate of par-
ticles with a diameter of 0.3 µm or less was highest when 
stainless steel wire was used. (v) Cast iron fumes contain 
many more coarse particles than mild steel fumes.
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