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Abstract

Welding Filler Material Components for Reduction of
Fume and Hexavalent Chromium Generation from
Shielded Metal Arc Welding and Flux Cored Arc Welding

Sungyo Jung
Department of Environmental Health Sciences
Graduate School of Public Health

Seoul National University, Korea
Advisor Chungsik Yoon, Ph.D., CIH

Welding generates welding fumes and hexavalent chromium, which are classified as
Group 1 carcinogens by the International Agency for Research on Cancer (IARC).
In particular, due to the generation of high hexavalent chromium and fumes in
shielded metal arc welding (SMAW) and flux-cored arc welding (FCAW), they
impose a severe health risk upon exposure. Thus, this study aims to estimate the
welding filler material components that can reduce the generation of fumes and

hexavalent chromium in SMAW and FCAW.

In the current study, nine welding rods for SMAW and eight flux-cored wires for
FCAW were tested. Each type of welding was performed under uniform conditions
in a fume-hood. Collected fume samples were analyzed by gravimetric analysis to
calculate fume generation rate (FGR) and ion chromatography with the ultraviolet
detection (IC-UV) for hexavalent chromium generation rate (HCGR). Welding filler

materials were analyzed using wavelength dispersive X-ray fluorescence
. R

1



spectrometer (WDXRF). After performing statistical difference tests, a correlation
analysis was conducted to estimate the statistical association between the generation
rate and the content of filler component in the welding material in each type of
welding. Based on the results of the correlation analysis, regression models were
designed and then analyzed through multiple linear regression method. Finally,
based on the results of correlation and multiple linear regression analyses, the
component-combination formulas were designed and correlation analysis was

conducted with fume generation rate and hexavalent chromium generation rate.

For nine SMAW welding rods, FGR(per welding time) was in the range of 198.0—
289.3 mg/min, and HCGR(per welding time) was in the range of 5.34—7.98 mg/min.
By changing the welding filler material components under the same welding
conditions, the generation rate was found to be reduced by approximately 26.7%
(AVG = 20%) and 24.8% (AVG = 3.4%) compared to base FGR and HCGR,
respectively. In the case of eight flux-cored wires, FGR was 590.4—821.1 and HCGR

was 0.34-3.31 mg/min, which could be reduced by up to 23.5% (AVG = 10%) and

89.7% (AVG = 47.1%), respectively, by changing the welding material components

under the same welding conditions.

The results of correlation analysis of SMAW, with different elements as filler
material, suggested a statistically significant correlation of fluorine (F), potassium
(K), calcium (Ca), and sodium (Na) with FGR and chromium (Cr) and titanium (Ti)
with HCGR. Whereas, in the case of FCAW, fluorine (F), potassium (K), and sodium
(Na) with FGR and sodium (Na), potassium (K), silicon (Si), zirconium (Zr), and

fluorine (F) with HCGR showed a statistically significant correlation.

In most multiple linear regression models, the multicollinearity problem arises due
to the interference among independent variables. That is, some specific elements did
not strongly contribute to the change in the value of the dependent variable, and

several elements made complex contributions in the fume and hexavalent chromium
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generation rate. So, this study proposed eleven component-combination formulas
showing statistically significant correlation with dependent variables for SMAW and

ten for FCAW.

This study suggests that it is possible to reduce FGR and HCGR without affecting
the performance of welding by using different components as welding materials. In
order to reduce HCGR, it is recommended to reduce the FGR for SMAW and to
reduce the content of hexavalent chromium in welding fumes for FCAW. Also, it is
recommended to manufacture welding materials with components that can suppress
oxidation of chromium and have higher electronegativity than metal chromium and
chromium compounds. Thus, by considering the oxidation ability and

electronegativity of the compound, HCGR can be reduced.

If welding materials with low FGR and HCGR are manufactured and widely used in
the field as per the suggested change in element content presented in this study, the
problem of exposure to Group 1 carcinogens is expected to be fundamentally

reduced.

Keyword : Welding Fume, Hexavalent Chromium, Correlation Analysis, Shielded
Metal Arc Welding, Flux Cored Arc Welding
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1. Introduction

Welding is the process of bonding two or more materials together by applying
energy. This work is mainly carried out by melting two metals together by the
application of heat energy. It is widely used in Korea as well as around the world. It
has been designated one of the six root industries designated by the Korean
government. According to previous reports, the size of the welding equipment,
accessories, and consumables market is on the rise and is expected to continue to

increase over the next five years.

The type of welding varies depending on the purpose of use, arc generation
method, protective gas presence, welding material type, etc. (K. Weman. (2012)).
Welding is typically classified as gas welding, resistance welding, arc welding,
newer welding, and solid state welding. Among them, arc welding is the most widely
used in the field. According to the result of a survey on the use of welding materials
in welding sites around the world, shielded metal arc welding (SMAW), mixed inert
gas (MIG) welding, and flux-cored arc welding (FCAW) are known to be the most
frequent in the field. In particular, SMAW does not need protective gas, uses a
consumable welding rod and is frequently used in the field because of its simple
equipment. FCAW is widely used due to its high welding speed, good appearance,
and formation of deposited metal.

Welding changes the physical state of the metal through application of strong
energy, it may have direct or indirect adverse health effects on welding workers and
surrounding workers. According to previous studies, approximately 11 million
workers worldwide are likely to be exposed to welding fumes during working hours;
including temporary and accidental cases, 10 times the number of workers are likely
to be exposed to welding fume (Ashley., et al. 2021).

Welding fumes are designated as a Group 1 carcinogen by the International
Agency for Research on Cancer (IARC) (2017); they are generally composed of
harmful heavy metal components such as chromium (Cr), nickel (Ni), zinc (Zn), iron
(Fe), manganese (Mn), copper (Cu), etc. Also, previous studies have shown that
fumes generated by physical scattering and state change of metal particles during
welding are highly harmful to health due to their physical characteristics such as
respiratory sediments (mass median aerodynamic diameter < lum) (Antonini., et al.
2008; Ennan., et al. 2013; Vishnyakov., et al. 2013). Among them, hexavalent
chromium, which occurs during welding, is also an IARC-designated Group 1
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carcinogen. It is mainly inhaled through the respiratory tract and is highly toxic,
which can cause serious adverse health effects even when exposed for a short period
of time.

The mechanism of the generation of welding fume was suggested in a study by
Hewitt and Hirst (1993). The generation rate of welding fumes has been known to
be affected by welding type (SMAW, FCAW, etc.), welding material (welding rods,
flux-cored wires, etc.), welding conditions (current, voltage, contact tip to work
piece distance (CTWD), type and concentration of shield gas), base material, and
environmental factors (temperature, relative humidity), etc. It has been reported that,
among the many welding types, the highest amount of welding fumes are generated
in FCAW and SMAW (Palmer and Eaton, 1994; Palmer., 1983). According to a
previous study (Yoon., 1999; Yoon., et al. 2003), the rate of welding fume generation
per welding time changes as per the welding conditions, such as welding current and
welding voltage, in flux-cored arc welding. FGR per welding time increases as
welding current and input power (by the current and voltage) increase in a
statistically significant way. It was suggested that more than 85% of the welding
fumes were derived from welding material (Voitkevich., 1995). In particular, heavy
metals in welding fumes were mainly derived from welding material (Palmer and
Eaton, 1994; Palmer., 1983).

The formation mechanism of hexavalent chromium, which is a carcinogen and
highly toxic to humans, in SMAW was suggested in a study by Koppen., et al. (1981).
In addition, the concentration and solubility of the components in welding fumes
were found to be influenced by the welding conditions and the welding filler
materials (Floros., 2018; McCarrick., et al. 2019; Mei., et al. 2018). In the case of
FCAW, a statistically strong association between fluorine (F), often containing
sodium (Na) or potassium (K), and soluble hexavalent chromium was suggested in
previous studies (Mei., et al. 2018; Tandon., et al. 1985; Floros., 2016).

As suggested previously, welding fume and hexavalent chromium generation
during welding is largely determined by welding types, welding conditions, and the
components in welding filler materials. However, studies on the roles of welding
filler material components in welding fume and hexavalent chromium generation
have been relatively few. Additionally, it has been confirmed that low welding
current and input energy can reduce welding fume generation per welding time
(Yoon., 1999). However, the most important thing in welding is the performance,
characterized by good welding bead formation, welding quality, welding efficiency,
welding speed, tensile strength, and elongation. If conditions such as welding current
and input energy are altered to reduce welding fume, the performance may be
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compromise due to the influence of arc forming energy. Also, in some cases, it is
difficult to control the welding conditions at the work site. Therefore, in order to
ensure welding performance and reduce the generation of welding fume and
hexavalent chromium, it would be necessary to adjust the components of the welding
filler material as they contribute to 85% or more in composition of welding fume.
Thus, this study aims to reduce welding fume and hexavalent chromium generation
by controlling the components of welding filler material and flux, which form slag
and protect arc formation and molten metal. As suggested in previous studies, the
type of welding is a major variable affecting the generation and composition of
welding fume, so the results of this study were divided according to the type of
welding (SMAW and FCAW).

Accordingly, this study aims to provide scientific evidence for the reduction of
fume and hexavalent chromium generation by estimating the components of welding
filler material, which plays a vital role in controlled welding conditions. Therefore,
through this study, fundamental solutions are suggested that can control the
hazardous carcinogen exposure problem of workers exposed to welding fumes. In
particular, this study focused on SMAW with a large amount of hexavalent chromium
generation and FCAW with a large amount of fume generation per welding time.



2. Materials and Methods
2.1. Study Subject

2.1.1. Welding Filler Material

SMAW was performed on nine types of consumable stainless-steel welding rods
(SS-308) that had 18% Cr and 8% Ni, which were designed to prevent oxidation of
chromium and meet the AWS A5.4-06 (E308-16) standards. Of the nine rods used in
this study, seven (one base product and six test products) were manufactured by the
same manufacturer by adjusting components of welding filler materials for reduced
welding fume and hexavalent chromium generation. The other two welding rods
were procured from different manufacturers for comparison.

For FCAW, eight types of flux-cored wires (FCW) that meet the AWS A5.22
E308LTO0-1/4 standard were used. The wires consisted of a low carbon material with
18% Cr and 8% Ni steel (SS-308L), which can prevent oxidation of chromium. The
FCW used in this study were obtained from the same manufacturer, including one
base product and seven test products, customized by adjusting only components in
flux for reduced welding fume and hexavalent chromium generation.

Welding rods and FCW used in this study were pre-tested to guarantee melting
efficiency of deposited metal and the appearance of welding bead formation by
experts. Regarding products that were manufactured by altering the alloys except the
alkali and fluoride components of the material, the welding performance was
evaluated by analyzing the physical properties and performance of the welding metal.
In the case of FCW, it was difficult to collect flux inside the wires for various
manufacturers, so they were excluded from the comparative study.

The welding rods for SMAW were manufactured with different chemical
components of core-wire and filler material. The FCW for FCAW was manufactured
with different components of flux filled inside the wire. In the case of hoop and base
metals used for welding in this study, the same material is used for unification of the
welding condition.

The welding conditions for the nine welding rods for SMAW and the eight FCW for
FCAW were as recommended by the manufacturer, and unified by welding type. To
obtain accurate results, uniform welding conditions were maintained for each type
of welding. The confounder effect generated due to the difference in the amount of
welding fumes and hexavalent chromium in different welding conditions was
controlled. The welding conditions were standardized as recommended by the
manufacturer to achieve the optimal welding performance of the welding rods and
FCW in terms of the alloy material, diameter of welding materials, welding posture,
etc. The welding conditions were customized by welding type and its characteristics,
such as equipment used during welding and whether or not a shield gas was used.
Thus, the difference in the abovementioned conditions may affect the amount of
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fume and hexavalent chromium generated. Therefore, the results of fume and
hexavalent chromium generated during welding were classified and statistically
analyzed by type of welding. Controlled welding conditions for different welding
types are shown in Table 1.



Table 1. Welding conditions for different welding types used in this study

Welding Relative Gas(CO,)
Welding Diameter Current Voltage Temperature Speed CTWD
Type Class AWS Product Time Humidity Flow
Posture (mm) (A) %) O (cm/mim)  (mm)
(S) (%) (L/min)
AWS A5.4-06
SMAW  SS-308 9 All 60 32 110 24 224 38 - - -
(E308-16)
AWS A5.22 Flat (7)
FCAW  SS-308L 1.2 200 30 224 38 35 20 25
(E308LTO0-1/4) All (1)




2.1.2. Evaluation Condition

In this study, the evaluation of fume generation rate (FGR) and hexavalent chromium
generation rate (HCGR) were performed according to 1SO 15011-4 and KS D 0062
standards. For evaluation, welding and fume sampling were performed in the fume
hood manufactured according to standards. The structure of the fume hood used is
shown in Figure 1, and the evaluation diagram of FGR and HCGR is shown in Figure
S1. Every test was conducted after removing airborne particles using an air pressure
gun.

The fume hood had an openable window in the front with holes to facilitate ease of
use. through. On the upper side, there was a translucent plastic window so that the
welder could check the formation and stability of arc during welding. Since the top
of the fume hood was openable, sampling filler (254 mm x 203 mm) of sampling
pump could be attached to the hood. Sampling was conducted at a flow rate of
1.5~2.3 m*/min.

First, the base metals that were at least 14 mm and a size of 260 mm x 260 mm were
selected, according to the KS D 3503 (SS400) and KS D 3515 (SM400B) standards.
But, in this study, SS-304L alloy base metal for SMAW and stainless-steel (SS) hoop
for FCAW were used.



Figure 1. Structure of fume hood used in this study.

Sampling Pump

30cm
4 A J A
Sampling Filter
R 28cm
Fume Hood oocm \
\ 90cm
v
60cm
70cm



2.1.3. Study Procedure

The procedure followed in this study is presented in Figure 2. First, the welding bead
formation state was evaluated by the experts, and then the welding efficiency was
evaluated based on welding materials manufactured with different chemical
components. Welded products with no defects were examined for physical strength,
while products with any defects were detected in the pre-test and were excluded from
the subsequent procedure.

Thereafter, the selected welding products were evaluated for FGR under unified
welding conditions for different types of welding as per the standards. Then,
hexavalent chromium was analyzed in the collected fumes to determine its share in
the fume, and through this, the HCGR amount was calculated.

Next, for SMAW, the filler material of the welding rod was collected and analyzed.
In the case of FCAW, the flux was collected and analyzed to determine the chemical
composition of the welding material. Despite the fact that welding rods for SMAW
had different core-wire, results of their chemical composition were similar to each
other in pre-survey. Therefore, in this study, only filler material was collected and
analyzed for the chemical components of the welding rods of SMAW.

The acquired data were used for statistical estimation using Pearson’s correlation
test, using FGR and HCGR as dependent variables and the content of each chemical
component of welding material as independent variables. Finally, analysis of specific
components or formulas showed an association of FGR and HCGR in SMAW of SS-
308 class and FCAW of SS-308L class.



Figure 2. Schematic of the evaluation and analysis process used in this study
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2.2. Fume & Hexavalent Chromium Generation Rate
Test

2.2.1. Sampling Strategy

The evaluation of FGR was conducted as per ISO 15011-4 and KS D 0062.
According to the KS M 0050 specification, a glass fiber filter (GFF) of size 254 mm
x 203 mm was used for collecting welding fume samples during sampling time to
determine FGR. The GFF used in this study was selected to have at least 99.9%
filtration efficiency for particles of size 0.3 pm (GB-100R, ADVANTEC, Toyo Roshi
Kaisha, Ltd.). Welding was performed as described in sections 2.1.2 and 2.1.3 of this
manuscript, and the welding fume were collected at a flow rate of 2.0 m*/min using
a pump with a GFF attached to the upper end of the hood.

To determine HCGR, fumes were collected using a customized filter made of PTFE-
D (Polytetrafluoroethylene, Hydrophobic) of the same size as that of the GFF, with
a pore size of 0.20 um (HYUNDALI MicroCo., Ltd.). To evaluate the HCGR, the
content (%) of hexavalent chromium in fumes was analyzed. In the process of
collecting fumes using a GFF filter and aliquoting it for analysis, glass fibers on the
surface of the GFF filter and silicon oxide components were collected as impurities.
It was observed that due to the non-uniform collection phenomenon, the standard
deviation between derived samples was high. When the hexavalent chromium
content analysis of the collected fume by GFF in pre-test, It was assessed that either
silicon oxide components, not fumes, were collected and that affected the calculation
of fume mass, or that silicon oxide components were collected together with fumes
to affect the chemical stability and composition of hexavalent chromium in the fume.
Therefore, in this study, while evaluating HCGR, welding fumes were collected in
custom made hydrophobic PTFE filter with low surface adsorption and chemical
reaction to overcome the problems shown in pre-test. The collected fumes were
separated into 15 mL conical tubes in 0.1~0.2 g using a spoon taped with Teflon and
then weighed before and after aliquoting using an electronic balance with a least
count of 1 mg. The results of the difference in precision when analyzing the
hexavalent chromium content in fume according to the type of filter are presented in
Figure S14.

For SMAW (n=9), FGR (mg/min) was relatively lower than that of FCAW (n = 8).
Thus, for SMAW, welding was conducted for 60 s, whereas for FCAW, welding
duration was 30 s. In addition, welding fume was collected for 200 s from the
beginning using a pump with filter paper in both SMAW and FCAW welding when
evaluating the FGR and HCGR.

All tests were conducted thrice per product, and fume collection for the evaluation
of HCGR was performed at least thrice per test.
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2.2.2. Gravimetric Analysis

The GFF filter used for evaluating FGR was weighed with an electronic balance.
The filter was dried for at least 3 h in a drying furnace at a temperature of about
100 °C before and after sampling to exclude the effect of moisture in the air. The
collected welding fume was analyzed using weight before and after sampling and
calculated according to Equation (1) below.

Collected Welding Fume (mg) = W (post) — W(pre) Equation (1)
W(post) = Weight of sample contained in filter after sampling (mg)
W(pre) = Weight of filter before sampling (mg)

In addition, the weight of the base metal was measured before and after welding to
calculate the weight of the deposited metal through welding. The weight of the
welding material was measured before and after welding to calculate the usage of
welding material. Both base metal and welding materials were measured with an
electronic balance and were calculated according to Equations (2) and (3).

Amount of Deposited Metal (g) = W (post) — W (pre) Equation (2)
W(post) = Weight of base metal after welding (g)
W(pre) = Weight of base metal before welding (g)
Welding Material Usage (g) = W(pre) — W (post) Equation (3)
W(pre) = Weight of welding material before welding (g)
W(post) = Weight of welding material after welding (g)

Finally, in order to calculate the hexavalent chromium content (%) in the fume, the
15 mL conical tubes with fume were weighed on an electronic balance. The fume in
the conical tube was analyzed by weighing before and after aliquoting, and
calculated as per Equation (4) below.

Aliquoted Welding Fume (mg) = W (post) — W (pre) Equation (4)
W (post) = Weight of conical tube after aliquoting welding (g)

W(pre) = Weight of conical tube before aliquoting welding (g)

b i 211
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2.2.3. Hexavalent Chromium Analysis

In this study, the hexavalent chromium content (%) of the collected fume was
analyzed to calculate HCGR. When analyzing hexavalent chromium in welding
fumes, the standards of ISO 16740 (2005) and NIOSH NMAM 7605 (2003) were
referenced.

A total of 5 mL of 2% NaOH and 3% Na,COs extraction solution were prepared 24
h before evaluation and injected into a conical tube containing about 0.1~0.2 g of
weighed welding fume. Then, they were purged with nitrogen gas for at least 3 min
per sample. Since hexavalent chromium is chemically unstable and can be easily
converted into trivalent chromium, which is relatively stable in air and general
environments, the whole process of injection of extraction solution and nitrogen gas
purging was performed within 10 min of welding fume collection (Yoon, 2003).

After that, the processed samples were stored and transported in a freezing condition.
Pre-treatment and analysis were performed within 24 h of transportation to the
laboratory. The collected fumes were analyzed through a heating pre-treatment
process referring to the ISO 16740 specification. According to previous studies,
since a large amount of chromium compound and other heavy metals are present in
the fumes, trivalent chromium in the sample can be oxidized to hexavalent chromium
during the heating pre-treatment, resulting in an over-evaluation of hexavalent
chromium. Accordingly, in the pilot test, the repeatability and recovery of hexavalent
chromium in the heating and sonication pre-treatment methods were tested on the
matrix: (1) with other heavy metals such as Cr; and (2) with welding fume. From
previous studies, the sonication pre-treatment method was proposed because of its
better repeatability and recovery than heating pre-treatment (Yoon, 2003; Ashley,
2009). But, in the pilot test of this study, the repeatability and recovery of the heating
pre-treatment method were found to be better than those of the sonication. So, pre-
treatment for hexavalent chromium analysis was performed with the heating pre-
treatment method according to ISO 16740.

First, the sample was heated on a hot plate at 100 °C for 40 min. After that, distilled
water was injected to adjust the final volume to 50 mL, and then the sample was
further diluted 100 times using distilled water. Finally, the sample was filtered with
a syringe filter and analyzed by ion chromatography with the ultraviolet detection
(IC-UV). Analytical conditions of IC-UV are shown in Table S1.

The analyzed hexavalent chromium concentration (ug/mL) was converted into
ug/sample units through processing of limit of detection (LOD) values, blank sample
correction, and recovery correction, and through Equation (5), the hexavalent
chromium content (%) in fume was calculated.

cr(6) (ug/sample)/10°
Aliquoted Welding Fume (g)

Cr(6) in Welding Fume (%) = x 100 Equation (5)
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2.2.4. Estimation of the Generation Rate

In the case of the FGR, three types of fume generation rates depending upon welding
time (Eq (6)), weight of deposited metal (Eq (7)) and material usage (Eq (8)) were
calculated, where the weight of the welding fume collected on GFF was calculated
from Equation (1)

FGR per Welding Time (mg/min) = Colle;ﬁ:?d?:;liii:feifgj)(mg) Equation (6)
Collected Welding Fume (mg) .
Deposited Metal (g) Equatlon (7)

FGR per Deposited Metal (mg/g)

Collected Welding Fume (mg)

FGR per Material Usage (mg/g) = Equation (8)

Material Usage (g)

In addition, based on the calculated FGR, the amount of HCGR was calculated
according to Equation (9), where hexavalent chromium content in welding fume was
calculated from Equation (5).

HCGR = FGR X Cr(6) in Welding Fume(%) Equation (9)
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2.3. Composition Analysis of Welding Filler Material

2.3.1. Sampling Strategy

The welding rod used in SMAW was ruptured to collect filler material attached to
the surface of welding rod. Thereafter, the filler material was powdered with a
grinder, and aliquoted in a conical tube using a Teflon-taped spoon.

In the case of FCW used in FCAW welding, only flux was collected because the core
wire and hoop used in this study were the same and only the flux components filled
therein were different. All the wires used in this study were from same manufacturer,
and the flux raw material was provided in the form of powder and aliquoted to the
conical tube using a Teflon-taped spoon.

All the samples collected were weighed with an electronic balance before and after
the powder was aliquoted. The collected welding material was analyzed using
Equation (10).

Collected Welding Material (mg) = W (post) — W (pre) Equation (10)
W(post) = Weight of conical tube after aliquoting sample (g)

W(pre) = Weight of conical tube before aliquoting sample (g)
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2.3.2. Instrumental Analysis

In order to characterize the chemical composition of the collected welding materials
XRF was conducted. The data regarding the components investigated, pre-treatment
methods, and reference specifications for XRF analysis are listed in Table 2.

Table 2. Comprehensive information for chemical composition analysis of
welding material.

Category Target Reference Sample preparation Equipment

$i0,, Ti0,. K,0.
Na,0, Nb,0s, P,0s,
SO;. MoO;, BiyOs.
Zr0,, Efc.

Oxides X-Ray Fluorescence

(WDXRF)
(S8-Tiger(Series 1).. Bruker AXS)

[KSM0017,KS D 1654, Compressing

KS E ISO 9516] samples at 25 ton atm for 1 min.
SL Ti.K. Na, F, Fe,

Elements Cr. Mo, Nb, Etc.

Sample pre-treatment was conducted according to the press pallet method. First, 1.5
g of organic material that would not affect XRF analysis was applied to the pallet.
Then, 0.5 g of the welding material sample was applied uniformly to the pallet.
Thereafter, a pallet made of aluminum mounted on a press holder, compressed with
a pressure of 25 t for 1 min, and pre-treated into a cylindrical solid having a diameter
of 34 mm.

To analyze oxides and elements in welding material, each sample was observed
thrice in XRF in vacuum. A repeatability test was conducted by analyzing each
sample more than three times. Also, the authenticity of elements analyzed through
small peaks and overlapped regions were checked. Finally, a normalization process
was performed, where samples were analyzed twice in XRF. First, the element
content of sample was analyzed, and then the oxide compound contained in the
sample was analyzed. Additionally, the oxide content observed from the XRF
analysis does not represent the true composition owing to the characteristics of the
XRF device. Briefly, the oxide derived from the analysis may not be present in the
sample in the exact form, but may be present in another form. The detailed analytical
conditions are presented in Table S2.
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2.4. Statistical Analysis

The data calculated through measurement and analysis were presented using
descriptive statistics. The FGR and HCGR of welding materials were presented
using the arithmetic mean (AM) and standard deviation (SD). In addition, the results
of the hexavalent chromium content (%) in the fume and the component content of
welding material were also presented using the AM and SD. In this study, all the
evaluations of measuring and analyzing were conducted at least thrice per sample,
and statistical tests were conducted for the replicates.

Thereafter, the rate of change (%) of FGR, hexavalent chromium content in welding
fume, and HCGR for each sample was calculated and compared to the base welding
rod and wire set as controls in SMAW and FCAW. The values obtained during
welding from each rod and wire were tested for statistically significant differences
with the values of base rod and wire through a two-sample T-test after normality test.
Therefore, it was examined whether there was a significant difference in the FGR
and HCGR of welding rods and wires manufactured specifically to produce a lower
amount of fume and hexavalent chromium compared to the base products. The
chemical component content of the welding filler material in the welding rod and the
flux in the wire was also compared with corresponding base materials for statistically
significant difference. The statistical difference test results were presented as p-
values, and statistical significance was set to p<0.05.

Among the data, the FGR and HCGR were set as dependent variables, and the
resultant components of each welding material were set as independent variables. A
Pearson’s correlation test was conducted to estimate the statistical association
between fume or hexavalent chromium generation and the component content of
each welding material. For correlation analysis, a normality test was performed for
each independent variable and dependent variable. Subsequently, Pearson's
correlation analysis was performed when the variables followed normality, and the
Pearson’s correlation coefficient r value was presented as a result. Among the results,
the relationship between the welding materials with at least 0.01% content and
correlation coefficient of r>0.6 was classified as correlated, and the statistical
significance was set at p<0.05.

Next, multiple linear regression analysis was performed on components that showed
correlation with the FGR and HCGR. The components that were set as independent
variables in multiple linear regression model were, 3 —coefficient, SE, standardized
B —coefficient, and p-value. Independent variables were calculated for the
estimation of the contribution and statistical significance of each dependent variable.
Based on this, independent variables with statistically significant results were
selected for the final regression model, and the variance inflation factor (VIF) index
of the variables was calculated to examine the interference effect between the
independent variables. Next, the suitability of the regression model was evaluated
by calculating F-statistics, adjusted R? and p-value. In this process, the
multicollinearity evaluation criterion was set to VIF<10 and statistical significance
was set to p<0.05. A total of nine welding rods and eight flux-cored wires were tested
in this study. Since the number of samples used for multiple regression analysis was
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small and there were some components in welding filler material that showed a
strong correlation with others, the covariance of the regression model was very large.
Most of the multiple regression analysis results were not suitable for statistically
analyzing and interpreting the results performed in this study.

Finally, based on the results of the correlation analysis and multiple linear regression
analysis, formulae were compiled for the components that showed statistically
significant association with the dependent variables. After the values were derived
from the corresponding formula for each welding material, the statistical correlation
between the FGR and HCGR was tested through correlation analysis with the
dependent variable. For the correlation analysis, Pearson’s correlation analysis was
performed after the normality test, and the value of Pearson’s correlation coefficient
r was presented for each analysis result.

18 .__:Ix_s _'-I:-'_'|'l:



3. Results

3.1. Fume Generation Rate

The results of evaluation of the fume generation rate based on the use of welding
materials under uniform welding conditions for different welding types are shown in
Table S3. All evaluations were performed at least three times, and the data in the table
were presented in the form of arithmetic mean (AM) + standard deviation (SD) by the
results of each evaluation. Evaluation results are listed in Table 3 and Table S3.

In the case of SMAW, it was confirmed that the amount of fume generated per
welding time was significantly reduced in the six welding rods, excluding two
welding rod products. Fume generation rate per welding time was 198.0-289.3
mg/min (AVG = 237.8 mg/min). It was verified that the fume generation rate per
welding time of welding rod products manufactured with different welding filler
material components could be reduced to the generation rate corresponding to 73.3%
(AVG = 80%) of the base welding rod product. In addition, the welding efficiency
of deposited metal among welding rods was more than 60% in all eight products
except for one, and the value of the product also showed an efficiency of 59.7%.
Therefore, it was observed that there was no significant performance difference in
terms of welding efficiency of deposited metal for different welding material
components.

For FCAW, the fume generation rate per welding time among eight flux-cored wires
was 590.4-821.1 mg/min (AVG = 699.0 mg/min), and the minimum value was about
71.9% of the maximum value. Further, five flux-cored wires out of a total of seven
tested wires showed a significant reduction in fume generation rate per welding time
than the base product. It was confirmed that the fume generation rate could be
reduced by up to 76.5% (AVG = 90%) compared to the base product depending on
the change in flux components among the flux-cored wires. Additionally, in the case
of welding type of FCAW, as derived by its welding characteristics, all eight flux-
cored wires showed a welding efficiency of deposited metal of more than 80%,
which was relatively higher than that of SMAW. However, as shown in the SMAW
results, it was confirmed that no significant performance difference was observed
when welding was performed with different flux-cored wires composed of different
flux components in terms of the welding efficiency of deposited metal.

The data obtained by evaluating the mechanical properties of metals welded by
welding rods, which were manufactured with different alloy components in filler
material among SMAW products, are shown in Table S4. Since all the welding rods
were classified in SS-308 alloy standard, the evaluation was conducted in accordance
with AWS AS.4E308-16 standard. Tests were performed on eight welding rods out of
nine rods. The welding performance of tested welding rods with different alloy
components of filler material showed that they did not have defects, which was verified
by results of tensile strength (MPa, >550) and elongation (%, >30%) of all welded
metal above the standard value.
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In the case of FCAW, four products were manufactured using different alloy
components, and the mechanical properties of the welded metal using these flux-
cored wires are as shown in Table S5. As all of these wires were classified in SS-
308L alloy standard, the evaluation was conducted according to the AWS AS5.22
E308LT0-1/4 standard. Tests were performed on four flux-cored wires out of nine
products. Also, it was confirmed that the welding performance among tested wires
was not significantly changed, with results of the tensile strength (MPa, >550) and
elongation (%, >30%) above the standard value.

Notably, when welding is conducted under unified welding conditions for each
welding type, it was observed that the amount of fume generated in most welding
rods and flux-cored wires could be significantly reduced by changing the chemical
composition of the welding filler material.
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Table 3. Results of fume generation test and hexavalent chromium content in welding fume of welding rods and flux-cored wires in
uniform welding conditions for different welding types.

Fume Generation Rate per

Cr(6) content in Fume

Deposited Metal ‘Welding Time Material Usage
Type Product
0 _value Change rate mg/g  p-value Change rate mg/min  p-value Change rate mglg  p-value Change rate
P (%) (%) (%) (%)
S-A 245 +0.30 Standard 154 + 1.3 Standard 289.3 + 18.0 Standard 10.0 + 1.2 Standard
S-B 236 +£0.15 0.67 96.1 142 +17 039 92.0 2853 +359 0.87 98.6 9.6+13 0.72 96.5
S-C 252 +011 0.73 102.7 10.7 + 0.5 <0.05 69.7 212.0 + 120 <0.01 73.3 68 +04 <005 63.5
S-Al 371 +£149 0.28 151.2 11.0 £+ 1.1  <0.05 71.3 198.0 £ 25.5 <0.01 68.4 7.1 +0.6 <0.05 71.0
SMAW
(n=9) S-A2  3.00 + 0.18 0.07 122.3 122 + 0.9 <0.05 79.0 222.7 +19.7 <0.05 77.0 78 +0.6 0.07 78.0
S-A3  3.16 £ 0.32 <0.05 129.0 116 + 1.1 <0.05 75.3 2220 £+ 85 <0.05 76.7 73 +1.1 <0.05 73.5
S-A4 284 +0.14 0.14 115.9 124 + 1.2 <0.05 80.5 226.7 + 20.5 <0.05 78.4 79+ 0.7 0.07 79.1
S-A5 313 +0.16 <0.05 127.8 127 + 1.1 0.05 82.1 2547 +22.7 0.11 88.0 7.6 +06 0.05 75.9
S-A6  3.18 + 0.27 <0.05 129.6 11.8 + 1.2 <0.05 76.4 2293 + 234 <0.05 79.3 8.1+0.6 0.09 81.8
F-A 043 +0.02 Standard 123 + 04 Standard 772.1 + 20.0 Standard 10.8 + 0.4 Standard
*F-Al 0.17 £ 0.02 <0.01 40.6 89 +0.1 <0.01 72.0 687.4 + 229 <0.01 89.0 7.1 +0.1 <0.01 85.6
F-A2 029 +£0.02 <0.01 67.9 8.0+02 <001 64.6 5904 £ 6.5 <0.01 76.5 7.0 +0.2 <0.01 69.1
FCcaw F-A3 035+016 048 80.6 85+0.1 <0.01 69.2 639.4 + 4.0 <0.01 82.8 7.5 +0.2 <0.01 79.4
(0=8)  F.A4 0244004 <0.01 552 109 +12 0.13 88.7 821.1 £+ 919 045 106.4 94 +1.0 0.07 93.4
F-A5 0.26 + 0.01 <0.01 60.2 10.6 + 0.2 <0.01 85.9 796.6 + 52.6  0.49 103.2 93 +0.6 <0.05 90.0
F-A6 045 +0.01 022 105.2 93+03 <001 75.4 616.6 + 17.5 <0.01 79.9 82+04 <001 76.0
F-A7 0.05 + 0.01 <0.01 11.7 10.0 + 0.6 <0.01 81.3 668.0 + 7.1 <0.01 86.5 8.7 +0.3 <0.01 75.9

* P-value : results of independent two-sample T-test
* Change rate(%) : (value of product / value of base product) x 100
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3.2. Hexavalent Chromium Generation Rate

The values of hexavalent chromium content in welding fume and hexavalent
chromium generation rate under uniform welding conditions for different welding type
and welding materials are shown in Table 3 and Table 4. Hexavalent chromium content
(%) in welding fume(Figure S3) was derived from the results of analysis for at least
three aliquoted welding fume per each welding materials. In addition, the hexavalent
chromium generation rate was calculated by multiplying the average value of the
hexavalent chromium content (%) in welding fume with the average value of the fume
generation rate by welding materials according to Equation 9.

In the case of SMAW, only three welding rods showed significantly different results
than the base welding rod in hexavalent chromium content in welding fume.
Moreover, it was confirmed that most of the tested welding rods showed higher
hexavalent chromium content in the welding fume than the base welding rod.
However, the hexavalent chromium generation rate among welding rods could be
reduced due to the effect of the reducing fume generation rate. The amount of
hexavalent chromium generated per welding time could be reduced by up to 75.2%
(AVG = 96.6%) of base welding rod. In addition, hexavalent chromium generation
rate per welding time was 5.34—7.98 mg/min (AVG = 6.9 mg/min) among welding
rods. By using different welding rods made by different welding filler material,
hexavalent chromium generation rate per welding time could be changed to 66.9%
than maximum value. It was estimated that this is due to the reduction of fume
generation rate rather than the hexavalent chromium content among fume.

For FCAW, it was confirmed that the content of hexavalent chromium in the welding
fume was significantly reduced in five wires. In particular, the test results showed
that the value of hexavalent chromium content in flux-cored wires was lower than
the base wire by up to 11.7% (AVG=60.2%) in welding fume generated by welding.
Moreover, the hexavalent chromium generation rate per welding time was reduced
up to 10.3%(AVG=47.1%) in all test wires compared to the base wire. It was
estimated that the reduction of hexavalent chromium content in welding fume
strongly contributed to the reduction of the hexavalent chromium generation rate.

Figure 3 shows the results of the fume generation rate per welding time, hexavalent
chromium generation rate per welding time, and the hexavalent chromium content
in welding fume of nine welding rods tested in this study. The results of eight flux-
cored wires tested in this study are shown in Figure 4.
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Table 4. Hexavalent chromium generation rate of each welding material in

controlled welding condition for different welding types. (AMLSD).

Welding Sampling Cr(6) in

Hexavalent Chromium Generation Rate

Type Product Time  Time Fume  Deposited Change Welding Change Material Change
S) (S) (%) Metal rate Time rate Usage rate
(mg/g) (%) (mg/min) (%)  (mg/g) (%)
S-A 2.45+0.30 0.38  Standard 7.1 Standard  0.24 Standard
S-B 2.36+0.15 0.33 86.8 6.73 94.8 0.23 95.8
S-C 252+0.11 0.27 711 5.34 75.2 0.17 70.8
S-Al 3.71+1.49 0.41 107.9 7.35 103.5 0.26 108.3
S('\:g\;v S-A2 60 200 3.00+0.18 0.37 97.4 6.68 94.1 0.23 95.8
S-A3 3.16 £0.32 0.37 974 7.03 99.0 0.23 95.8
S-A4 2.84%0.14 0.35 921 6.45 90.8 0.22 91.7
S-A5 3.13+0.16 0.4 105.3 7.98 112.4 0.24 100.0
S-A6 3.18+0.27 0.37 97.4 7.3 102.8 0.26 108.3
F-A 0.43+£0.02 0.05  Standard 331 Standard  0.046 Standard
*F-Al 0.17 £0.02 0.02 40.0 12 36.3 0.012 26.1
F-A2 0.29 £0.02 0.02 40.0 1.72 52.0 0.02 43.5
F-A3 0.35+0.16 0.03 60.0 221 66.8 0.026 56.5
FCAW
(n=8) 30 200
- F-A4 0.24 £0.04 0.03 60.0 1.94 58.6 0.022 47.8
F-A5 0.26 £0.01 0.03 60.0 2.06 62.2 0.024 52.2
F-A6 0.45£0.01 0.04 80.0 2.78 84.0 0.037 80.4
F-A7 0.05+0.01 0.01 20.0 0.34 10.3 0.004 8.7

* Change rate(%) : (value of product / value of base product) x 100
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Figure 3. Results of fume generation rate per welding time, hexavalent chromium generation rate per welding time and hexavalent
chromium content in welding fume by each of nine welding rods used in this study. (FGR = Fume generation rate, HCGR = Hexavalent
chromium generation rate, WT = Welding time)
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Figure 4. Results of fume generation rate per welding time, hexavalent chromium generation rate per welding time and hexavalent
chromium content in welding fume by each of eight flux-cored wires used in this study. (FGR = Fume generation rate, HCGR =
Hexavalent chromium generation rate, WT = Welding time)
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3.3. Chemical Composition of Welding Filler Material

Analysis of elements and oxide components in the welding filler material of welding
rods are shown in Table S6. Further, the graphs showing the analysis results of the
content of each element and oxides in the welding filler material of welding are
shown in Figure 5 and Figure S2, respectively. Among the elements contained in the
welding filler materials of the welding rods, SiO, and TiO, content was the highest,
while Al,O3 and CaO content was also higher than other oxides. Most of the test
welding filler material in welding rods showed significant differences in the contents
of CaO, Fe,03, K,0, Na,O, SiO», and TiO, compared to the base product. Similar
results were observed in the oxide components analysis, Si and Ti content was the
highest. In particular, as a result of the analysis, it was confirmed that Na, K, and F
included in the welding filler materials showed a significant correlation with
hexavalent chromium generation according to previous studies. Elements also
showed significant differences in the content of Ca, Fe, K, Na, Si, and Ti in most test
welding rods compared to the base product. In addition, F showed a difference in the
content among welding filler materials of each welding rod, but its instrumental
reproducibility was relatively lower than other elements, showing a relatively high
standard deviation from the average concentration of each product. Due to this, it is
estimated that significance of difference between base welding rod and test products
was low.

For FCAW, results of elements and oxide components in flux of flux-cored wires are
listed in Table S7. The graphs showing the results of the content of each element and
oxides in the flux for flux-cored wire are presented in Figure 5 and Figure S3,
respectively. It was confirmed that even in flux, the highest content was SiO, and
TiO; . In contrast to the findings of SMAW, the content of Fe,O3 was also high. In
the case of elements, the contents of Si, Ti, Fe, and Mn elements were high, and Na,
K, and F were also detected above a 1% (Average among wires), which is similar to
the findings in oxides. In most of the fluxes for flux cored wires tested in this study,
both oxides and elements showed significant differences in the contents of Cr, Fe,
Mn, Si, Ti, and Zr compared to the fluxes for base product. F also showed some
differences in content between base product and test flux cored wires, but this
difference was statistically insignificance.

In this study, chemical component analysis of welding filler material was conducted
using (WD)XRF. This was due to the presence of organic compounds above a certain
level, as well as the large amount of metal elements and oxides in welding filler. The
results of welding filler materials analysis through ICP-MS in the pilot test revealed
that the components included in the sample showed interference with argon gas or
between other elements, resulting in a high recovery rate and poor repeatability.
Similar results were observed while analyzing oxygen and ammonia gas through the
DRC mode, and it was estimated that this was due to the influence of organic
materials contained in the sample, high-concentration heavy metals, and oxides.
Considering these limitations, we conducted the analysis using XRF, which is
capable of analyzing F and other organic materials, deriving oxide-type results, and
shows no chemical deformation in the pre-treatment process.
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Figure S. Graph presented analysis results of content (%) of each element in welding filler materials in welding rods for SMAW
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Figure 6. Graph presented analysis results of content (%) of each element in flux in flux-cored wires for FCAW
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3.4. Correlation Analysis of Each Component

Table S8 shows the results of Pearson’s correlation analysis using elements present
in more than 1% of the welding filler materials of welding rods through independent
variables. Hexavalent chromium content in welding fume, fume generation rate, and
hexavalent chromium generation rate were the dependent variables. Each correlation
coefficient value obtained through the analysis was presented as a result, and the
criterion for determining the correlation was set to || > 0.6. For most components
except Si, the results obtained using the element analysis and oxide component
analysis were similar to those obtained from correlation analysis. In the case of
hexavalent chromium content in fumes, F, K, and Ti showed a negative correlation,
while Na and SiO, showed a positive correlation. For fume generation rate, Na
showed a negative correlation, and F, K, Ca, and MnO showed a positive correlation.
Finally, for hexavalent chromium generation, Ti showed a negative correlation, and
Cr and SiO; showed a positive correlation.

Table S9 shows the results of Pearson’s correlation analysis of dependent variables
because independent variables for elements contained more than 1% of the flux of
flux-cored wires. Similar to the SMAW, the criteria for determining the correlation
was set to |r| > 0.6, and the results of the correlation analysis were similar while
using the element analysis and the oxide component analysis. In the case of
hexavalent chromium content in welding fume, F and Zr showed a negative
correlation, and Na, K, and Si showed a positive correlation. For fume generation
rate, F showed a significant positive correlation, and Na and K showed a moderate
positive correlation. In the case of hexavalent chromium generation rate, Zr showed
a negative correlation, and Na, K, and Si showed a positive correlation.
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3.5. Multiple Linear Regression Analysis

A regression model was designed for multiple linear regression analysis based on the
results of the component analysis, statistical tests, and correlation analysis of welding
filler materials. The hexavalent chromium content in welding fume, fume generation
rate per welding time, and hexavalent chromium generation rate per welding time
were set as dependent variables, and the components that contained more than 1%
in welding filler materials or showed statistical significance in correlation analysis
were set as independent variables.

Table S10 shows the results of multiple linear regression analysis using the results
of the element content analysis when welding filler materials in welding rods for
SMAW were used as an independent variable. For SMAW, the results of the multiple
linear regression analysis showed that the p-value of each independent variable and
each regression model is low in the three regression models where the fume
generation rate per welding time, hexavalent chromium content in welding fume,
and hexavalent chromium generation rate per welding time were set as dependent
variables, and statistical significance was estimated to be high. However, in all three
regression models, the VIF values of the independent variables were high. It was
estimated that the suitability of the regression models was low due to the
multicollinearity problem caused by mutual interference of the independent
variables. In addition, the results obtained by using the findings of oxides component
analysis as independent variables are presented in Table S11. When the oxide
components analysis data were used as independent variables, it was estimated that
TiO, and K»O contributed significantly to the content of hexavalent chromium in
welding fume.

In the case of FCAW, the results of multiple linear regression analysis using the
analysis results of element content in flux of flux-cored wires as independent
variables are shown in Table 5. Although Fe, Si, Ti, Cr, and Mn contributed
significantly to the fume generation rate per welding time, it was estimated that the
suitability of the regression model was low due to multicollinearity problems caused
by interference between variables (VIF>10). However, in the case of the hexavalent
chromium content in welding fume and the hexavalent chromium generation rate per
welding time, it was confirmed that Na, Ti, and F contributed to the dependent
variable significantly. The regression models were estimated to be suitable because
of low multicollinearity between variables and a significant p-value of the statistical
model. The values of adjusted R? for the regression model of hexavalent chromium
content in welding fume and hexavalent chromium generation rate per welding time
were 0.92 and 0.91, respectively. It was estimated that the contribution of Na, Ti, and
F to dependent variables was large in both models. Results derived by using oxide
component analysis results as independent variables are shown in Table S12.

In the case of multiple linear regression analysis, there was a difference between the
elements analysis results as an independent variable and the oxide component
analysis results as an independent variable. Further, most of regression results
showed very high covariance among variables. In addition, while including small
sample size for multiple linear regression analysis, this statistical method is

estimated to be unsuitable for analyzing and interpreting the results of this study.
] O
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Table 5. Results of multiple linear regression analysis using elements analysis
result of flux in flux-cored wires for FCAW.

B SE B P-value VIF
Dependent Variable: Fume generation rate by welding time(mg/min)
(Intercept) 5376.73 431.91 NA <0.01
Fe -40.80 1.23 -2.77 <0.01 12.87
Si -54.57 7.49 -2.25 <0.05 176.69
Ti -52.71 4.16 -6.11 <0.01 431.28
Cr -55.59 10.03 -1.03 <0.05 63.45
Mn -119.09 16.04 -2.61 <0.05 229.15

Adjusted R-squared: 0.996
F-statistic: 370.7 (p-value <0.01)

Dependent Variable: Hexavalent chromium content in fume(%)

(Intercept) 0.41 0.05 NA <0.01
Na 0.13 0.02 0.77 <0.01 1.19
Ti -0.01 0.00 -0.53 <0.01 1.19
F -0.08 0.01 -0.60 <0.01 1.00

Adjusted R-squared: 0.921
F-statistic: 28.2 (p-value <0.01)

Dependent Variable: Hexavalent chromium generation rate by welding time(mg/min)

(Intercept) 2.18 0.35 NA <0.01
Na 1.07 0.14 0.94 <0.01 1.19
Ti -0.05 0.01 -0.60 <0.01 1.19
F -0.32 0.11 -0.35 <0.05 1.00

Adjusted R-squared: 0.906
F-statistic: 23.42 (p-value <0.01)




3.6. Correlation Analysis by Proposed Formula

According to the correlation analysis, none of the specific elements in welding filler
materials in both welding rods (in SMAW) and flux-cored wires (in FCAW) showed
a strong correlation with fume generation rate, the hexavalent chromium content in
welding fume and hexavalent chromium generation rate. Some elements showed
significant correlation with each dependent variable. However, the statistical power
of significance was not that strong. Moreover, in the case of elements that showed a
statistically significant correlation, they were not elements that accounted for a large
content in the welding filler materials. In addition, according to the results of
multiple linear regression analysis, the statistical significance of each independent
variable and each regression model was high in most regression models. However,
it was observed that the regression model was limited by the multicollinearity

exhibited due to the severe interference effect between independent variables.

Accordingly, it could be inferred from the results that the fume generation rate that
the content of hexavalent chromium in welding fumes, and hexavalent chromium
generation rate by welding type were not affected by changing the content of some
specific elements, but by interaction of many elements. Therefore, we proposed a
combined component formula that can reduce fume generation, the content of
hexavalent chromium in welding fume, and hexavalent chromium generation under

unified welding conditions in SMAW and FCAW.

In the case of SMAW, 11 formulae were proposed in this study, in addition to the 2
formulae, which suggested that there is a correlation between the hexavalent
chromium content in welding fume and the hexavalent chromium generation rate
through previous studies. Based on the results of welding filler material component
analysis, correlation analysis, and multiple linear regression analysis, formulae were
designed by combining elements that were both included in the welding filler
material above a certain content and showed a statistical correlation with the
dependent variables. Thus, after calculating the values derived by the proposed
formulae for each welding material, correlation analysis was conducted for each
dependent variable with the calculated values as independent variables. The
correlation analysis results obtained when data from element component analysis is
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used as the dependent variable are shown in Table 6, and the results obtained from
oxides components analysis data are shown in Table S13. As shown in Table 6,
among the proposed eleven formulae, when the dependent variable was fume
generation rate, nine formulae showed significant correlation. However, all formulae
showed a significant correlation for the content of hexavalent chromium in welding
fume, and two formulae showed a significant correlation for hexavalent chromium

generation rate.

In the case of FCAW, 10 formulae were proposed in this study, in addition to the two
formulae, which suggested that there is a correlation between the hexavalent
chromium content in welding fume and the hexavalent chromium generation rate
through previous studies. As shown in Table 6, among the proposed 10 formulae,
when the dependent variable was fume generation rate, two formulae showed a
significant correlation. Moreover, seven formulae showed significant correlation for
the content of hexavalent chromium in welding fume, and seven formulae showed a

significant correlation for hexavalent chromium generation rate.
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Table 6. Pearson’s correlation coefficients by each formula with per dependent variable using analysis result of element in welding filler
materials in welding rods (for SMAW) and flux-cored wires (for FCAW).

Pearson's r Dependent Variables
For SMAW Cr 6 in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
(Na+K)/F 0.66 -0.53 -0.54 -0.69 0.36 0.29 0.09
((Na+K+Li)*Cr)/(Si+4.7*F) 0.56 -0.05 -0.14 -0.24 0.68 0.61 0.44
8 (F+K+Ca)/(Na) -0.67 0.85 0.82 0.91 -0.08 -0.03 0.07
g (F+K+Ca+Mn)/(Na) -0.67 0.84 0.82 0.9 -0.1 -0.05 0.05
§ (Na+Si)/(F+K+Ti) 0.76 -0.46 -0.66 -0.42 0.5 0.19 0.49
= (Na)/(F+K+Mn+Ti) 0.75 -0.63 -0.61 -0.75 0.41 0.4 0.19
3 (Na)/(F+K) 0.65 -0.73 -0.66 -0.82 0.18 0.21 0
g (Na)/(F+K+Ti) 0.76 -0.63 -0.61 -0.75 0.41 0.4 0.19
z (Cr+Mn+Al+Si)/(Ti) 0.59 -0.07 -0.3 -0.08 0.63 0.33 0.6
= (Na+Si)/(F*K) 0.76 -0.8 -0.9 -0.75 0.19 -0.05 0.16
(Na+Si)/(F*K*Ti) 0.79 -0.63 -0.78 -0.61 0.39 0.11 0.34
(Na+Si)/(F*K*Ti*Mn) 0.82 -0.6 -0.78 -0.58 0.45 0.16 0.41
((Bi+S+Si)*Cr)/(Ti) 0.6 -0.13 -0.38 -0.11 0.6 0.26 0.6
Pearson's r Dependent Variables
For FCAW Cr 6 in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
(Na+K)/F 0.86 -0.37 -0.47 -0.28 0.64 0.69 0.65
" ((Na+K+Li)*Cr)/(Si+4.7*F) 0.66 0.04 0.16 0.04 0.58 0.65 0.57
= (F+Na+K) 0.28 0.77 0.88 0.75 0.51 0.54 05
-g (F+K+Ca+Na) 0.28 0.77 0.88 0.75 0.52 0.54 0.51
g (Na+K+Si)/(F+Zr) 0.72 0.01 0.09 0.11 0.65 0.73 0.65
% ((Na+K+Siy*Cr)/(F+2r) 0.55 0.13 0.37 0.21 0.49 0.59 0.49
2 (Na+K+Si+Cr)/(F+Zr) 0.75 -0.06 0.07 0.03 0.64 0.74 0.65
2 (Na+K+Si)/(F+Zr+Cr) 0.68 0.07 0.1 0.16 0.64 0.71 0.65
E (Na+K)/(Cr*Ti) 0.78 0.42 0.37 0.5 0.84 0.88 0.84
(Na+K)/(Cr+Ti) 0.75 0.45 0.46 0.52 0.82 0.87 0.82
(Na+K+Si)/(Cr+Ti+Zr) 0.68 021 0.24 0.33 0.67 0.74 0.68
(Na+K+Si)/(Cr*Ti*Zr) 0.66 0.17 0.18 0.28 0.64 0.7 0.65

* FGR = Fume Generation Rate, HCGR = Hexavalent Chromium Generation Rate / DM = Deposited Metal, WT = Welding Time, MU = Material Usage
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4. Discussion

The findings of this study suggested that the fume generation rate, content of
hexavalent chromium in welding fume, and the hexavalent chromium generation rate
could be reduced without compromising the welding performance by altering the
component content of the welding material using SS-308 welding rod in SMAW and
SS-308L wire in FCAW. In the case of SMAW, the contents of Ca, Fe, K, Na, Si, and
Ti in welding filler material of the welding rod were significantly different from the
base welding rod in most test products. In addition, there was a significant difference
in Cr, Fe, Mn, Si, Ti, and Zr content in the flux of the flux-cored wires compared to

the base product.

In the case of welding fumes designated as a carcinogen to humans, it was evaluated
that the fume generation rate per welding time was reduced by up to 26.7% in SMAW
(Average reduction rate = 20%) and 23.5% in FCAW (Average reduction rate =
10.8%) than base product. Components that showed statistically significant
correlation with the fume generation rate were estimated to be F, K, Ca (positive)
and Na (negative) in the case of SMAW. Similarly, with the oxides components
analysis results, the components of F, K»O, MnO, and CaO showed positive
correlation with fume generation rate, while Na>O showed negative correlation with
fume generation rate. In the case of FCAW, F showed significant positive correlation
with the fume generation rate, whereas Na and K showed moderate positive
correlation with the fume generation rate. Similar observations were noted in the
oxide analysis results .For both welding types, the higher the content of F and K, the

higher the fume generation rate.

It was observed that the hexavalent chromium generation rate per welding time could
be reduced to a maximum of 24.8% in SMAW (average reduction rate = 3.4%) and
89.7% in FCAW (average reduction rate = 47.1%). Therefore, the generation of
hexavalent chromium could be greatly reduced. In the case of SMAW, components
that showed statistical correlation with the hexavalent chromium generation rate
were found to be Cr, SiO», and Ti. Cr and SiO; showed positive correlation, while Ti

showed negative correlation. In FCAW, Na, K, and Si showed significant positive
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correlation, Zr showed significant negative correlation, and F showed moderately
negative correlation. This was partially consistent with the findings and suggestions
of previous studies which showed that for FCAW welding, the higher the Na and K
content, the lower the F content, and the higher the hexavalent chromium content in

welding fume and the hexavalent chromium generation rate.

According to the data of this study, in the case of SMAW, the reduction in the amount
of hexavalent chromium generation rate was not significant. However, in the case of
FCAW, the reduction in hexavalent chromium generation was high. In addition, the
welding fume generation rate and the content of hexavalent chromium in welding
fume also decreased to a statistically significant level. This suggests that by changing
the composition content of the flux injected inside the flux-cored wire, the
performance of the welding can be maintained without changing the welding
conditions, and the generation of welding fume and hexavalent chromium can be
reduced. In the case of SMAW, the welding fume generation rate decreased
significantly in most welding rods, but the content of hexavalent chromium in the
welding fume increased in most welding rods. However, this means that the amount
of hexavalent chromium generated was reduced by a small amount, but the amount
of welding fume generated as a first-class carcinogen is significantly reduced.
Therefore, if the component content of the welding filler material in the welding rod
is adjusted as proposed in this research, it means that the welding performance can

be maintained and the generation of harmful substances can be reduced.

This study has three limitations. First, the number of samples was low to perform
robust statistical analysis. This study estimated the association between fume and
hexavalent chromium generation amount depending on the component content of the
welding filler material and flux with nine welding rods with different filler material
components and eight wires with different flux components, controlling confounders
such as welding condition, base metal, etc. The number of samples for statistical
analysis such as correlation analysis and multiple regression analysis was too small,
and due to this, it was difficult to derive suitable multiple regression analysis results
due to the high covariance among variables. If the data obtained from products made

with different filler material and flux components are combined with the data of this

study and analyzed statistically in the future, a more accurate associa]tiqn can be_.
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estimated. Second, it was difficult to avoid contamination during sample collection.
In the case of the SMAW, welding filler material surrounding the outside of the
welding rod must be collected, so it must be peeled off with equipment and collected.
In this process, there was a possibility of contamination with other heavy metals,
leading to inaccuracies in analysis. Third, there were some substances with poor
reproducibility due to the characteristics of the analysis instrument. In the case of F,
which was analyzed among the components of welding filler materials in this study,
the standard deviation was large due to poor reproducibility between the samples
when analyzing XRF devices, so the statistical difference between the test product
and the base product was not significant. In addition, errors in the accuracy of the

analysis would have had a negative effect on the statistical estimation of association.

In this study, we discussed new aspects that could not be presented in previous
studies. First, it is recommended to use a PTFE-D filter rather than a GFF filter that
is used to evaluate the fume generation rate when collecting fume for evaluating the
hexavalent chromium content in welding fume. This is to prevent silicon oxides such
as SiO; that are present on the surface of the GFF filter from being collected as
impurities when collecting fume. In this study, when analyzing the hexavalent
chromium content in welding fume using the PTFE-D filter, the standard deviation
between samples from same welding materials was very low ensuring high
reproducibility. Table S14 presents the data of the reproducibility test through the
standard deviation between the analyzed samples when hexavalent chromium
collected by the two different filters was analyzed through the same pretreatment
method and instrument as in the pilot study. Second, it is recommended to use an
instrument such as XRF instead of an instrument such as ICP-MS that may cause
chemical denaturation during pre-treatment and interference by other substances
during analysis. In this study, when ICP-MS was used to analyze welding filler
material components, even though the DRC mode was used, a suitable analysis result
could not be obtained with such high recovery and low repeatability due to the
interference of other elements. However, it showed high reproducibility and
repeatability when analyzed using XRF. Additionally, XRF was used, not only
elements but also oxide component analysis results could be derived. Third,

statistical estimation by correlation analysis and multiple linear regression analysis
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showed that only a specific element content did not strongly contribute to the fume
and hexavalent chromium generation and hexavalent chromium content in welding
fume. The complex content change of several components contributes to reduction
of the variables. That is, in order to reduce the amount of fume generated or the
amount of hexavalent chromium generated, a comprehensive change is required, not
the change in the content of a specific element. It was due to multicollinearity, mutual
interference between elements in welding filler materials induced by strong
correlation among content of them. Fourth, in the case of SMAW, in order to reduce
hexavalent chromium generation rate, a reduction in fume generation rate is
suggested. Furthermore, for FCAW, it is recommended to reduce the content of
hexavalent chromium in the welding fume. This is due to the characteristics of each
welding type. About SMAW, the fume generation rate per welding time is relatively
small due to the characteristics of welding, but the hexavalent chromium content in
welding fumes is high. Therefore, it is difficult to reduce the hexavalent chromium
content among fumes, but it is relatively easy to reduce the amount of fumes
generated per welding time. In addition, FCAW has a relatively high fume generation
rate per welding time, and the hexavalent chromium content in welding fume is low.
Therefore, it is difficult to reduce the fume generation rate per welding time, but it

is relatively easy to reduce the hexavalent chromium content during fume.

Finally, it is estimated that the chromium oxidized by receiving the arc formed during
the welding contributes to the content of hexavalent chromium in welding fume and
the hexavalent chromium generation rate during welding. Furthermore, we estimated
that the higher the content of components such as Na and K with lower
electronegativity than that of chromium, the more the chromium is easily oxidized
to hexavalent chromium, and the higher the content of F having a higher
electronegativity than chromium, the lesser the hexavalent chromium is generated.
A previous study postulated the mechanism of hexavalent chromium formation in
SMAW, wherein chromium is oxidized to form hexavalent chromates by reacting
with alkali oxides in the welding filler material when the welding material is melted
and oxidized together with various components in the slag (Kopen., et al., 1981).
However, elements among the welding materials are not present in an element form

but in form of a composite compound. Therefore, it is recommended to manufacture
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the welding material with components that can suppress oxidation of chromium and
have a higher electronegativity than metal chromium and chromium compounds, by

considering oxidation ability and electronegativity of the compound.
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5. Conclusions

The results of this study confirmed that the generation rate of welding fume and
hexavalent chromium can be reduced without compromising the welding
performance by changing the components in the welding material of welding rods
and flux-cored wires. This means that the amount of welding fume and hexavalent
chromium, which have been widely known to cause cancer in humans with IARC

designated Group 1 carcinogens, can be reduced.

For instance, if a welding filler material of welding materials is manufactured by
referring to 11 component-combination formulas for shielded metal arc welding and
10 component-combination formulas for flux-cored arc welding, it could be possible
to reduce the fume and hexavalent chromium generation rate. In particular, reduction
of hexavalent chromium generation rate is possible by effectively reducing the fume
generation rate for SMAW and the content of hexavalent chromium in welding fume
for FCAW. Additionally, the hexavalent chromium generation rate during welding
may also be reduced if the welding material includes more components capable of
suppressing oxidation of chromium to hexavalent chromium and having higher

electronegativity than metal chromium or chromium compound.

Although this study does not cover all welding types, as SMAW is limited to SS-308
and FCAW is limited to SS-308L, and the number of welding materials used in the
study is small, it is possible to provide a scientific basis to reduce the generation of
carcinogens in workplace. In addition, this study proposed to alter the welding filler
material component rather than modifying the welding conditions to reduce the rate
of fume generation and hexavalent chromium generation. In many cases, it is
inevitable to change welding conditions due to work characteristics, so it was
intended to fundamentally improve workers' exposure to harmful substances by

proposing materials that generate relatively low toxic substances.

A fundamental improvement plan can be proposed for reducing the amount of
harmful substances exposed to welding workers by using a product that generates
less fume and hexavalent chromium is used in a workplace using the data from this

study.
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Supplementary Materials

Figure S 1. Process diagram of welding in fume hood for evaluating fume
generation rate and hexavalent chromium generation rate in this study.
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Table S 1. Analytical condition and parameter for hexavalent chromium
analysis by IC-UV.

Parameter Analytical Condition
Instrument ICS-1100, Thermo fisher Scientific
Column Dionex IonPac AS7 IC Column

Flow rate 1.0 mL/min
UV Detector 540nm wavelength

Table S 2. Analytical condition and parameter for oxides components and
elements analysis by XRF.

Parameter Analytical Condition
Instrument XRF S8-Tiger(Series 1), Bruker-AXS
Sample definition Quant Express
Material Oxides(trace), Elements(trace)
Preparation Solid
Mode Vacuum
Diameter 34mm
Method Best Detection-Vac34mm
Pressure Forming

Press force 25¢
Holding time 1 min
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Table S 3. Fume generation test result of each welding material in controlled welding condition for different welding types. (AM=%SD)

Melting Fume Generation Rate per
Welding Sampling Collected Deposited Material Speed
Type Product Efficiency Deposited Metal Welding Time  Material Usage
Time (S) Time(S) Fume (mmg) Metal (g) usage (g) (Kg/h)
(%) (mg/g) (mng/min) (ng/g)
S-A 723 +£4.5 4701 7304 1.13£0.02 64522 154 +13 289.3 £18.0 100+1.2
S-B 713 £9.0 5001 74101 1.21£0.01 677109 142 +£1.7 285.3 £359 9613
S-C 53.0 £3.0 49+02 78102 1.18 £0.04 63509 10.7£0.5 212.0 £12.0 6.81+04
S-Al 495 6.4 4602 7103 1.10£0.04 64304 11.0£1.1 198.0 £ 25.5 7.1£0.6
SMAW
S-A2 60 200 55.7+49 46%0.1 72102 1.10£0.01 63707 122 +0.9 2227+ 19.7 7.810.6
= S-A3 555+%21 4802 77103 1.16 £0.05 62515 11.6£1.1 222.0£85 7311
S-A4 56.7£5.1 4601 72100 1.10£0.01 634038 124+£12 226.7+£20.5 7907
S-AS 63.7+5.7 50%0.1 84£03 1.21£0.03 59.7%1.0 127+1.1 2547 £22.7 7.6 0.6
S-A6 57359 49+0.1 7.0%+0.2 1.17£0.01 692120 11.8+1.2 2293 +£234 8.1%0.6
F-A 1832+ 4.6 14904 17.0 £ 0.3 376 £0.10 872 %1.1 123 +£0.4 772.1 £20.0 108 £0.4
*F-Al 165.6 £ 11.3 18.7+£1.5 23219 465022 803+02 8.9+0.1 687.4 £22.9 7.1+0.1
F-A2 138.7£3.5 174 0.1 198104 44512004 87715 8.0+02 5904 £ 6.5 7.0+0.2
FCAW F-A3 1553+ 1.8 182 £0.1 206 £0.5 450+0.04 B883%22 85+0.1 639.4 £4.0 75102
(n=8) F-A4 % 20 192.9 + 20.7 17.6 £ 0.1 20510 450008 859%15 109£1.2 821.1 £91.9 94%1.0
F-AS 187.8 £ 12.1 17.7+£1.1 20107 451+031 881%15 106 £0.2 796.6 £ 52.6 93106
F-A6 147.5 £ 6.6 15904 18106 398005 88719 9303 616.6 £ 17.5 82104
F-A7 1585 £ 1.9 15912 18315 401 £020 B86.6x14 10.0 £ 0.6 668.0 £ 7.1 87103
* S-B, S-C : Welding rods product manufactured by other manufacturer, F-A1 : Flux-cored wire for all posture(AP) welding
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Table S 4. Mechanical Property of weld metal by AWS AS5.4 E308-16 standard
for STS-308 welding rod.

Product Tensile Strength (MPa) Elongation (%0)
Requirements =550 =30
S-A 609.0 50.8
S-B 598.0 53.0
S-C 620.0 45.0
S-Al 614.0 45.7
S-A2 613.0 47.6
S-A3 635.0 47.6
S-A4 621.0 48.4
S-AS 604.0 504
S-A6 - -

Table S 5. Mechanical Property of weld metal by AWS AS.22 E308LT0-1/4
standard for STS-308L welding wire.

Product Tensile Strength (MPa) Elongation (%)
Requirements > 550 =30
F-A 579.0 41.4
*F-Al 570.0 44.0
F-A2 570.2 41.7
F-A3 594.2 36.9
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Table S 6. Chemical components contents of oxides and elements in welding filler material in welding rods for SMAW.

Al203 BaO CaO Cr203 F Fe203 K20 MnO Na20 Si02 TiO2
Oxides  Conc, Conc. conc. Conc. Conc. Conc. Conc. Conc. conc. conc. Conc.
(AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value
S-A  12.24% Standard N.D  Standard 11.60% Standard 2.94% Standard 4.37% Standard 3.14% Standard 7.10% Standard 1.84% Standard 2.40% Standard 28.42% Standard 24.56% Standard
S-B 12.06% 050 N.D - 1145% 037 1.94% <005 425% 094 276% 009 587% <001 231% 011 219% 0.80 29.29% <0.01 26.69% <0.01
S-C 11.09% <0.05 N.D - 7.92% <0.01 2.08% <0.05 287% 044 431% <0.01 431% <0.01 055% <0.01 4.69% <0.05 25.23% <0.01 33.33% <0.01
S-Al 12.47% 041 2.52% - 8.96% <0.01 297% 091 258% 038 3.79% <0.05 4.79% <0.01 1.62% 042 4.48% <0.05 33.74% <0.01 20.43% <0.01
S-A2 12.06% 051 254% - 9.26% <0.01 3.02% 076 2.62% 0.39 3.78% <0.05 4.75% <0.01 1.68% 055 4.48% <0.05 32.08% <0.01 21.97% <0.01
S-A3 1219% 085 N.D - 1044% <0.01 2.26% 0.06 361% 066 279% 010 4.82% <001 132% 012 519% <0.05 32.48% <0.01 23.02% <0.01
S-Ad4 11.74% 0.12 21PPM - 10.31% <0.01 237% 0.09 3.65% 067 283% 013 470% <0.01 1.34% 013 5.20% <0.05 31.23% <0.01 24.76% 0.14
S-A5 12.24% - 0.03% - 8.81% <0.01 214% <005 262% 038 4.40% <0.01 5.01% <001 161% 039 58%% <0.01 33.21% <0.01 22.32% <0.01
S-A6 10.92% <0.01 N.D - 8.88% <0.01 252% 0.17 363% 066 3.14% - 421% <001 151% 026 551% <0.05 29.83% <0.01 28.04% <0.01
Al Ba Ca Cr F Fe K Mn Na Si Ti
Elements Conc, Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc. Conc.
(AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value (AM) p-value
S-A  8.88% Standard N.D Standard 14.38% Standard 4.05% Standard 5.34% Standard 4.51% Standard 9.60% Standard 2.89% Standard 2.33% Standard 19.06% Standard 27.42% Standard
S-B 878% 0.70 N.D - 14.22% 034 270% <0.01 551% 094 4.00% <0.05 7.98% <001 3.66% <005 213% 0.81 19.74% <0.05 29.98% <0.01
S-C  8.20% 0.06 N.D - 9.50% <0.01 2.87% <0.05 367% 055 6.17% <001 6.36% <0.01 356% <0.05 4.66% <0.05 17.12% <0.01 36.40% <0.01
S-Al 937% 012 4.19% - 11.32% <0.01 4.19% 0.60 297% 044 561% <0.01 6.75% <001 260% 030 4.40% <0.05 23.54% <0.01 23.30% <0.01
S-A2 9.01% 063 4.16% - 11.55% <0.01 4.20% 057 3.10% 038 552% <0.01 6.60% <001 266% 040 4.39% <0.05 22.18% <0.01 24.74% <0.01
S-A3 9.05% 053 N.D - 1337% <0.01 3.29% <005 455% 0.76 423% 016 6.84% <001 2.18% 0.05 505% <0.05 22.49% <0.01 26.93% <0.05
S-A4 8.76% 0.66 N.D - 13.05% <0.01 341% 0.07 438% 071 425% 019 6.60% <0.01 220% 0.06 512% <0.05 21.61% <0.01 28.61% <0.01
S-A5 11.09% <0.01 N.D - 12.08% <0.01 3.62% 0.18 3.60% 055 7.85% <0.01 7.44% <0.01 311% 041 7.08% <0.01 12.94% <0.01 28.96% <0.01
S-A6 8.13% <0.05 N.D - 11.05% <0.01 358% 0.14 452% 075 466% 040 583% <0.01 245% 0.15 544% <0.05 20.54% <0.01 31.82% <0.01
* Conc. : Concentration / AM : Arithmetic mean / P-value : results of independent two-sample T-test.
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Figure S 2. Graph presented analysis results of content (%) of each oxide in welding filler materials in welding rods for SMAW.
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Table S 7. Chemical components contents of oxides and elements in flux in flux-cored wires for FCAW.

Al203 Cr203 F Fe203 K20 MnO Na20 NiO Sio2 TiO2 Zr02

Oxides Conc. Conc. Conc. Conc.

(AM) p-value (AM) p-value ?X&C) p-value g:p/f) p-value ?:Ir\]/(l:) p-value (C,:R/f) p-value (C,:R/f) p-value (AM) p-value ((:::\]/IC) p-value ((:XII\]/(I:) p-value (AM) p-value

F-A  1.89% Standard 7.41% Standard 2.48% Standard 23.64% Standard 2.53% Standard 8.33% Standard 2.75% Standard 2.57% Standard 20.34% Standard 22.34% Standard 5.00% Standard
*F-Al 050% 031 8.85% <001 229% 093 13.94% <0.01 0.75% <0.05 5.13% <0.01 225% 058 216% 0.07 894% <0.01 4895% <0.01 511% 0.13
F-A2 247% 042 6.80% <0.05 1.22% 0.63 26.75% <0.01 197% 0.14 8.33% - 1.09% 021 191% <0.05 22.39% <0.01 21.25% <0.01 5.05% 0.43
F-A3 264% 031 899% <0.01 133% 0.64 2835% <0.01 193% 013 8.68% <005 117% 021 247% 056 20.32% 093 1827% <0.01 511% 0.13
F-A4 276% 024 10.60% <0.01 2.95% 0.81 25.68% <0.01 225% 040 7.88% <0.05 2.05% 045 259% 090 19.02% <0.01 18.68% <0.01 4.83% <0.05
F-A5 410% <0.05 9.42% <0.01 2.88% 0.84 24.26% <0.01 253% - 7.99% <0.05 150% 025 235% 024 20.56% 034 18.99% <0.01 4.70% <0.01

F-A6 153% 065 10.77% <0.01 0.85% 058 31.83% <0.01 1.39% <0.05 9.64% <001 171% 032 3.04% <005 1542% <0.01 17.15% <0.01 5.97% <0.01

F-A7 239% 050 12.03% <0.01 3.30% 0.68 31.73% <0.01 PIE:;’}\/I <0.01 11.48% <0.01 N.D <005 298% 0.06 8.18% <0.01 17.66% <0.01 9.46% <0.01

Al Cr F Fe K Mn Na Ni Si Ti Zr

Flements Conc. Conc. -value Conc. -value Conc. -value Conc. -value Conc. -value Conc. -value Conc. -value Conc. -value Conc. -value
am) P am) P am) P am) P am) P am) P am) P Aam) P am) P

(AM) p-value

F-A  1.33% Standard 8.13% Standard 2.61% Standard 27.45% Standard 3.10% Standard 10.53% Standard 2.63% Standard 3.51% Standard 12.82% Standard 20.52% Standard 6.63% Standard
*F-Al 034% 044 9.92% <0.01 232% 093 16.30% <0.01 091% <0.05 6.55% <0.01 2.09% 055 291% <0.05 550% <0.01 4540% <0.01 6.67% 0.52
F-A2 174% 056 7.55% <005 107% 0.66 31.37% <0.01 245% 0.10 10.64% 0.36 1.03% 022 262% <001 1416% <0.01 19.80% <0.01 6.76% 0.09
F-A3 186% 045 9.74% <0.01 119% 0.67 32.65% <0.01 236% 0.08 10.85% <0.05 1.12% 023 335% 037 12.83% 096 16.64% <0.01 6.70% 0.29
F-A4 194% 039 11.46% <0.01 3.12% 0.85 29.51% <0.01 2.74% 029 9.82% <001 1.95% 046 349% 090 1194% <0.05 16.96% <0.01 6.31% <0.01
F-A5 290% 0.06 10.36% <0.01 282% 094 28.40% <0.01 3.12% 095 10.14% <0.05 144% 027 323% 0.15 13.05% 0.32 1751% <0.01 6.29% <0.01

F-A6 1.06% 0.74 11.23% <0.01 0.86% 0.63 3522% <0.01 1.65% <0.05 11.59% <0.01 1.61% 033 393% 0.05 953% <0.01 1513% <001 7.47% <0.01

F-A7 159% 0.72 1217% <0.01 341% 0.77 33.72% <0.01 PIZ’JI-\/I <0.01 13.32% <0.01 N.D <0.05 366% 040 4.90% <0.01 15.23% <0.01 11.25% <0.01

* Conc. : Concentration / AM : Arithmetic mean / P-value : results of independent two-sample T-test.
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Figure S 3. Graph presented analysis results of content (%) of each oxide in flux in flux-cored wires for FCAW.
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Table S 8. Pearson’s correlation coefficient by each parameter in welding filler materials of nine welding rods for SMAW.

Pearson’s r Dependent Variables
Elements Cr(6) in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
F -0.66 0.73 0.78 0.81 -0.16 -0.01 0.03
3 Na 0.58 -0.61 -0.52 -0.73 0.22 0.3 0.02
g K -0.51 0.89 0.83 0.78 0.18 0.23 0.13
g Cr 0.55 0.04 -0.19 -0.04 0.73 0.49 0.65
% Mn -0.6 0.25 0.44 0.25 -0.53 -0.31 -0.51
2 Fe 0.28 -0.31 0.2 05 0.11 0.23 -0.16
§' Al 0.35 0.1 0.15 -0.14 0.57 0.68 0.26
= Ca -0.35 0.81 0.74 0.76 0.32 0.34 0.33
Ti -0.55 -0.14 0.08 -0.06 -0.79 -0.56 -0.69
Si 0.34 -0.2 -0.41 -0.05 0.18 -0.13 0.35
Pearson’'s r Dependent Variables
Oxide components Cr(6) in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
F -0.61 0.72 0.71 0.82 -0.11 -0.04 0.1
2 Na,O 0.63 -0.73 -0.68 -0.8 0.17 0.17 0.01
E K,0 -0.52 0.92 0.84 0.85 0.19 0.21 0.2
g Cr,0, 0.4 0.07 0.2 0.07 0.54 0.24 0.56
§ MnO -0.08 0.7 0.66 0.74 0.53 0.58 0.63
g Fe,O, 0.22 -0.41 -0.32 -0.54 -0.08 -0.03 -0.29
_§ AlO, 0.23 0.35 0.23 0.18 0.6 0.51 0.4
= CaO -0.46 0.82 0.73 0.82 0.16 0.15 0.25
TioO, -0.6 -0.13 0.03 0 -0.87 -0.72 -0.71
Sio, 0.77 -0.16 -0.25 -0.26 0.83 0.74 0.67

* FGR = Fume Generation Rate, HCGR = Hexavalent Chromium Generation Rate / DM = Deposited Metal, WT = Welding Time, MU = Material Usage
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Table S 9. Pearson’s Correlation coefficient by each parameter in flux of eight flux-cored wires for FCAW.

Pearson’'s r Dependent Variables
Elements Cr 6 in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
F (%) -0.64 0.67 0.75 0.6 -0.35 -0.4 -0.36
9 Na (%) 0.57 0.47 0.49 0.4 0.7 0.71 0.67
=) K (%) 0.63 0.36 0.46 0.43 0.68 0.75 0.69
= Cr (%) -0.45 0.12 0.2 0.09 -0.42 -0.43 -0.42
g Mn (%) 0.01 0.11 -0.24 0.24 0.01 -0.05 0.04
g Ni (%) 0.22 0.47 0.17 0.51 0.32 0.26 0.32
§ Fe (%) 0.25 -0.05 -0.31 0.1 0.15 0.14 0.18
3 Al (%) -0.03 0.21 0.39 0.33 0 0.07 0.02
= Ti (%) -0.26 -0.21 -0.02 -0.37 -0.25 -0.25 -0.27
Si (%) 0.62 01 0.17 0.22 0.59 0.66 0.6
Zr (%) -0.58 -0.03 0.3 -0.03 -0.54 -0.64 -0.53
Pearson’'s r Dependent Variables
Oxides components|  Cr 6 in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
F (%) -0.67 0.64 0.74 0.57 -0.39 -0.43 0.4
Na,O (%) 0.56 0.45 0.47 0.38 0.68 0.69 0.67
% K,0 (%) 0.64 0.36 0.47 0.44 0.69 0.76 0.7
g Cr,0, (%) -0.44 0.12 0.11 0.1 -0.41 -0.44 -0.41
2z MnO (%) -0.07 0.1 -0.26 0.21 -0.06 -0.13 -0.04
§ NiO (%) 0.05 0.37 0.05 0.4 0.13 0.06 0.14
§ Fe,0; (%) 0.16 -0.05 -0.32 0.1 0.07 0.05 0.1
§ Al,0; (%) -0.06 0.21 0.39 0.33 -0.03 0.04 0
- TiO, (%) -0.27 -0.21 -0.02 *0.37 -0.26 -0.26 -0.29
SiO, (%) 0.63 0.1 0.16 0.22 0.59 0.67 0.6
Zro, (%) -0.58 -0.02 -0.29 -0.02 -0.54 -0.64 -0.53

* FGR = Fume Generation Rate, HCGR = Hexavalent Chromium Generation Rate / DM = Deposited Metal, WT = Welding Time, MU = Material Usage
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Table S 10. Results of multiple linear regression analysis using elements analysis
result of welding filler materials in welding rods for SMAW.

B SE B P-value VIF
Dependent Variable : Fume generation rate by welding time(mg/min)
(Intercept) 913.60 261.28 NA <0.05
Si -13.39 3.53 -1.37 <0.05 10.91
Ti -9.42 2.71 -1.15 <0.05 9.06
Al -27.84 12.55 -0.76 0.09 9.73
F 26.85 431 0.77 <0.01 1.27

Adjusted R-squared: 0.904
F-statistic: 19.83 (p-value <0.01)

Dependent Variable : Hexavalent chromium content in fume(%)

(Intercept) 4.43 0.89 NA <0.01
Al 1.70 0.33 3.40 <0.01 20.97
Ca -0.96 0.22 -3.57 <0.01 33.83
K 0.29 0.15 0.76 0.12 7.23
Fe -1.37 0.30 -3.92 <0.01 36.30

Adjusted R-squared: 0.835
F-statistic: 11.15 (p-value <0.05)

Dependent Variable : Hexavalent chromium generation rate by welding time(mg/min)

(Intercept) 84.42 12.56 NA <0.05
Si -1.26 0.19 -5.62 <0.05 86.60
Ti -0.64 0.10 -3.39 <0.05 35.64
Al 3.52 0.70 4.17 <0.05 62.60
Ca -3.23 0.55 -7.10 <0.05 176.10
K 0.63 0.23 0.96 0.11 14.52
Fe -5.90 0.93 -9.97 <0.05 295.10

Adjusted R-squared: 0.933
F-statistic: 19.64 (p-value <0.05)
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Table S 11. Results of multiple linear regression analysis using oxides

components analysis result of welding filler materials in welding rods for
SMAW.

B SE B P-value VIF
Dependent Variable : Fume generation rate by welding time(mg/min)
(Intercept) -1015.64 272.89 NA 0.07

SiO, 35.10 5.59 2.99 <0.05 42.25
TiO, 23.97 4.03 2.95 <0.05 45.98
ALQO, -83.50 18.93 -1.42 <0.05 19.27
CaO 44.34 11.44 1.77 0.06 39.08
K20 86.77 10.49 2.45 <0.01 16.38

F -89.03 21.63 -1.97 <0.05 42.88

Adjusted R-squared: 0.957
F-statistic: 30.86 (p-value <0.05)

Dependent Variable : Hexavalent chromium content in fume(%)

(Intercept) 6.56 0.79 NA <0.01
TiO, -0.08 0.02 -0.73 <0.01 1.04
K,0 -0.32 0.09 -0.66 0.02 1.04

Adjusted R-squared: 0.706
F-statistic: 10.61 (p-value <0.05)

Dependent Variable : Hexavalent chromium generation rate by welding time(mg/min)

(Intercept) -15.85 8.14 NA 0.15
SiO, 0.80 0.13 2.96 <0.01 26.68
TiO, 0.29 0.10 1.53 0.06 29.49
ALO, -1.11 0.32 -0.82 <0.05 6.08
CaO -0.37 0.10 -0.64 <0.05 3.26
K,0 1.55 0.24 1.90 <0.01 9.18

Adjusted R-squared: 0.926
F-statistic: 20.98 (p-value <0.05)




Table S 12. Results of multiple linear regression analysis using oxides
components analysis result of flux in flux-cored wires for FCAW.

B SE B P-value VIF

Dependent Variable : Fume generation rate by welding time(mg/min)

(Intercept) 2808.62 317.29 NA <0.01
SiO, -15.38 3.61 -0.98 <0.01 2.87
TiO, -26.94 4.14 -3.30 <0.01 14.08
Fe,0, -47.82 6.83 -3.13 <0.01 10.92

Adjusted R-squared: 0.872
F-statistic: 16.91 (p-value <0.01)

Dependent Variable : Hexavalent chromium content in fume(%)

(Intercept) -0.15 0.17 NA 0.43
Fe,O, 0.01 0.00 0.60 <0.05 1.78
Na,O 0.14 0.03 0.89 <0.01 1.71
F -0.07 0.02 -0.48 <0.05 1.12

Adjusted R-squared: 0.856
F-statistic: 14.91 (p-value <0.05)

Dependent Variable : Hexavalent chromium generation rate by welding time(mg/min)

(Intercept) -2.68 1.13 NA 0.08
Fe,O, 0.10 0.04 0.62 <0.05 1.88
K,0 0.32 0.21 0.32 0.20 1.70
Na,O 0.97 0.29 0.90 <0.05 2.69

Adjusted R-squared: 0.818
F-statistic: 11.48 (p-value <0.05)




Table S 13. Pearson’s correlation coefficients by each formula with per dependent variable using analysis result of oxides components in
welding filler materials in welding rods (for SMAW) and flux-cored wires (for FCAW).

Pearson's r Dependent Vartiables
For SMAW Cr 6 in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
(Na+K)/F 0.64 -0.57 -0.55 -0.74 0.31 0.28 0.03
((Na+K+Li)*Cr2)/(Si+4.7*F) 0.45 -0.05 -0.29 -0.09 0.51 0.22 0.47
(%]
g (F+K+Ca)/(Na) -0.67 0.87 0.84 0.91 -0.07 -0.01 0.07
2 (F+K+Ca+Mn)/(Na) -0.66 0.87 0.84 0.91 -0.06 0 0.09
g (Na+Si)/(F+K+Ti) 0.85 -0.35 -0.44 -0.47 0.76 0.63 0.55
‘ch (Na)/(F+K+Mn+Ti) 0.78 -0.68 -0.67 -0.78 0.4 0.36 0.19
2 (Na)/(F+K) 0.65 -0.81 -0.75 -0.87 0.1 0.1 -0.05
:’-). (Na)/(F+K+Ti) 0.79 -0.66 -0.66 -0.77 0.43 0.39 0.22
B (Cr+Mn+Al+Si)/(Ti) 0.69 -0.02 -0.16 -0.14 0.85 0.69 0.67
- (Na+Si)/(F*K) 0.77 -0.79 -0.78 -0.85 0.25 0.17 0.08
(Na+Si)/(F*K*Ti) 0.85 -0.6 -0.65 -0.7 0.51 0.39 0.32
(Na+Si)/(F*K*Ti*Mn) 0.37 -0.86 -0.8 -0.92 -0.33 -0.39 -0.5
((Bi+S+Si)*Cr)/(Ti) 0.69 -0.07 -0.3 -0.15 0.78 0.52 0.67
Pearson's r Dependent Vartiables
For FCAW Cr6in Fume FGR per DM FGR per WT FGR per MU HCGR per DM HCGR per WT HCGR per MU
(Na+K)/F 0.9 -0.25 -0.39 -0.18 0.72 0.76 0.72
" ((Na+K+Li)*Cr2)/(Si+4.7*F) 0.59 0.09 0.21 0.07 0.53 0.59 0.52
(5]
% (F+Na+K) 0.26 0.76 0.89 0.73 0.5 0.52 0.49
5 (F+K+Ca+Na) 0.26 0.76 0.88 0.73 0.5 0.52 0.49
2z (Na+K+Si)/(F+Zr) 0.72 -0.05 0.02 0.06 0.63 0.71 0.64
c
3 ((Na+K+Si)*Cr2)/(F+Zr) 0.57 0.09 0.27 0.17 0.49 0.59 0.5
§_ (Na+K+Si+Cr)/(F+Zr) 0.76 -0.09 0 0.01 0.64 0.73 0.65
3 (Na+K+Si)/(F+Zr+Cr) 0.66 0.02 0.05 0.12 0.61 0.67 0.62
= (Na+K)/(Cr*Ti) 0.77 0.43 0.38 0.51 0.84 0.87 0.84
(Na+K)/(Cr+Ti) 0.76 0.47 0.48 0.53 0.83 0.88 0.83
(Na+K+Si)/(Cr+Ti+Zr) 0.66 0.17 0.2 0.29 0.63 0.7 0.65
(Na+K+Si)/(Cr*Ti*Zr) 0.61 0.12 0.15 0.23 0.58 0.65 0.6

* FGR = Fume Generation Rate, HCGR = Hexavalent Chromium Generation Rate / DM = Deposited Metal, WT = Welding Time, MU = Material Usage
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Table S 14. Reproducibility test result of hexavalent chromium content analysis
in welding fume by filter type used for sampling welding fume.

Hexavalent chromium content(%) in welding fume

Welding type Product sample SD using sample SD using

size GFF size PTFE
S-A 3 1.15 3 0.05
S-B 3 2.51 3 0.15
SMAW
S-C 3 2.28 3 0.11
S-Al 3 0.57 3 1.49
F-A 3 0.19 3 0.02
*F-Al 3 0.13 3 0.02
FCAW
F-A2 3 0.14 3 0.02
F-A7 3 0.32 3 0.01

* SD : Standard Deviation
* GFF : Glass fiber filter
* PTFE : Polytetrafluoroethylene(hydrophobic), Teflon.
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