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Chemical Investigation of Welding Fumes 
from Hardfacing and HSLA-Steel Electrodes 

There is a high correlation between the Cr (VI) levels in the 
fume and the Na and K levels in the electrode coating 

BY R. K. TANDON, J. ELLIS, P. T. CRISP, R. S. BAKER AND B. E. CHENHALL 

ABSTRACT. In this paper, we describe 
the determination of 19 elements in the 
flux and fume from three types of hard-
facing and two types of high-strength, 
low-alloy (HSLA) steel flux-covered elec
trodes. A number of experimental tech
niques were used in the analyses. These 
included x-ray fluorescence, x-ray diffrac
tion, atomic absorption spectrophotome-
try, ion-selective electrode and ion-chro-
matography. Tho only crystalline com
pounds detected in the fumes by qualita
tive x-ray diffraction were Fe304, 
K2Cr04 , CaF2 and NaF. The results from 
the various quantitative analyses were 
reproducible to within ±5%. Excellent 
agreement was found between x-ray 
fluorescence and atomic absorption 
methods. Mass balances (>90% of total) 
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were obtained for the flux, fume and 
water-soluble fume fractions. There is an 
inverse relationship between fluoride 
concentrations in the fumes and fume 
generation rates (FGR). The water-soluble 
chromium (VI) (hexavalent form)/total 
chromium in the fume is highly correlated 
with the percentage of Na + K in the flux 
(r = 0.92). The various analytical results 
are discussed alongside existing toxico-
logical information. 

Introduction 

Welders constitute about 0.5-2% of 
the total work force in most technologi
cally advanced countries (Ref. 1). In the 
work environment, welders experience 
varying amounts of chronic exposure to 
aerosols which contain ozone, nitrogen 
oxides, metal oxides, fluorides and other 
compounds (Refs. 2, 3). The occupational 
health effects of the various components 
of welding aerosols are well documented 
in the literature (Refs. 3-7). A study by the 
American Welding Society (Ref. 8) lists 
cadmium, chromium, lead, titanium, mag
nesium, manganese, mercury, molybde
num, nickel, vanadium, zinc and fluorides 
in the fume particles as potentially haz

ardous. However, only nickel and chro
mium (VI) are suspected human carcino
gens, and these metals occur in significant 
concentrations only in fumes from the 
welding of stainless steel and nickel-coat
ed mild steel (Ref. 1). 

The toxic action of welding fumes, 
metal fumes and related metal salts on 
target organs is known to have a chemi
cal basis (Refs. 9-11). The toxicity or 
inertness of welding fume particulates 
may therefore be assessed by factors 
such as solubility, chemical composition 
(both surface and bulk), chromium oxida
tion state and crystallinity of constituents 
(Refs. 12-14). In this paper, we examine 
some of these factors and present a 
detailed chemical analysis of the flux, 
fume and water-soluble fume fractions 
from three types of hardfacing and two 
types of high-strength low-alloy shielded 
metal arc welding (SMAW) electrodes. 
SMAW is one of the two most commonly 
practiced welding technologies (Ref. 7), 
and hardfacing and HSLA-steel electrodes 
are a major class of electrodes used in the 
welding industry (Ref. 15). The five types 
of electrodes chosen for the study are 
extensively used in the agriculture, chem
ical and mining industries. The work is 

WELDING RESEARCH SUPPLEMENT | 231-s 



part of a multi-disciplinary project which 
involves physical, chemical and biological 
investigations of fume from these elec
trodes (Refs. 15-17). 

Experimental 

Electrodes 

The electrodes used in the study are 
listed in Table 1. The electrodes were 
stored in an oven at 100°C (212°F). 
Electrodes exposed to moisture were 
dried at 200°C (392°F) for two hours 
prior to welding. 

Chemicals 

All chemicals (reagents, standards, etc.) 
used were of analytical grade or better. 
Triple glass-distilled water was used. The 
hydrochloric, nitric and perchloric acids 
used were BDH, Aristar (ultrapure). 
Atomic absorption spectrophotometry 
(AAS) standards (1000-mg/L stock solu
tions) were prepared from pure metals 
(99.9-99.999%) or from pure salts 
(>99.9%) using standard methods (Ref. 
18). The working AAS standards were 
prepared fresh each day. The AAS stan
dard for total chromium determination 
was made by dissolving 99.999% chromi
um metal in hydrochloric acid (1000-
mg/L Cr3+ stock solution). Both AAS and 
colorimetric standards for Cr(VI) determi
nations were made from a stock solution 
of 1000-mg/L potassium dichromate. 
Sym-diphenylcarbazide (s — DPC) re
agent was prepared by dissolving 0.50 g 
of the solid in a mixture of 100-mL 
acetone and 100 mL of distilled water. 
The solution was stored in an opaque 
bottle at 4°C (39.2°F) (stable for up to a 
month). 

Table 1—Description of Electrodes and 
Operating Conditions for Generation of 
Welding Fume 

Code 

E01 

E04 

E05 

E l l 

E12 

Type 

Harfacing, 
medium-
chromium 

HSLA-
s t e e | ( b ) 

HSLA-steel 

Hardfacing, 
high-
manganese 

Hardfacing, 
high-
chromium 

Diam
eter 

(mm) 

3.25 

3.25 

3.25 

4.0 

6.0 

M o d e w 

AC 

AC 

DCEP 

AC 

AC 

Welding 
current 
(A) and 
voltage 

(V) 

125A. 
24V 

125A. 
25V 

125A, 
23V 

200A, 
26V 

128 A, 
22V 

( a )The manufacturer specified DC electrode positive (DCEP) 
welding for E05; all the other electrodes were suitable for 
welding on either AC or DC. 
(b)HSLA = high-strength low-alloy. 

Fume Sampling 

Fume from the electrodes was gener
ated using an automatic arc welding 
machine and collected on glass fiber 
media (Ref. 19). All the electrodes were 
welded bead-on-plate to 8-mm (0.31-in.) 
mild steel (compatible with the electrodes 
used) at speeds around 15 cm/min (6 
ipm). Operating conditions for the 
different electrodes are described in 
Table 1. The fume particles collected 
were carefully brushed from the glass 
fiber substrates and dried at 100°C prior 
to analysis. Fume was generally analyzed 
immediately after collection. Some fume 
samples (dried) were stored in sealed 
glass vials in a vacuum desiccator at 4°C 
for up to two weeks before analysis was 
commenced. 

Analysis 

Weld Deposit 

Each manufacturer provided data 
based on the analysis of a typical batch of 
electrodes. Weld metal deposit composi
tions are similar to the compositions of 
the electrode core metal, except where 
there is a contribution from the metal 
present in the flux. 

Flux 

Analysis of the flux (outer coating) of 
the electrodes was carried out by: (1) 
x-ray fluorescence (Li2B407/LiB02 fusion; 
Philips PW 1600; ZAF corrections pro
gram), and (2) combustion (Leco EC 12) 
for total carbon. 

Fume 

X-ray fluorescence (XRF) analysis was 
carried out as for flux. X-ray diffraction 
(XRD) was carried out using Philips PW 
1316/90 specimen/camera housing with 
PW 1050/70 goniometer (Cu Ka radia
tion; graphite crystal monochromator; 29 
calibrated with silicon crystal). 

The following analyses were also per
formed: (1) AAS: Duplicate 0.1-g samples 
of fume from electrodes E01, E04, E05 
and E11 were dissolved in 6 M hydro
chloric acid at 60°C (140°F) (Ref. 20). 
Fume samples from electrode E12 were 
dissolved by adding nitric, perchloric and 
hydrofluoric acids and evaporating to 
dense white fumes (Ref. 21). These tech
niques resulted in >90% dissolution of 
the fume samples. Samples for total chro
mium analysis were also prepared by the 
alternative method of KHSO, fusion fol
lowed by dissolution of the product in 
3-M sulfuric acid (Ref. 22). All solutions 
(standards and unknowns) for the AAS 
analyses were made in 0.1 M hydrochlo
ric acid. AA measurements were made 
on an Instrumentation Laboratory Model 
551 instrument using flame atomization 

with automatic background correction in 
the double beam mode. The air-acety
lene flame was used for all elements 
except aluminum, calcium and chromium, 
for which nitrous oxide acetylene was 
used. Standard measuring conditions 
(wavelength, hollow cathode lamp set
ting, slit width, etc.) were used (Ref. 23). 
The wavelength corresponding to the 
highest sensitivity was chosen. Appropri
ate ionization suppressants and releasing 
agents were added to both standards 
and unknowns for the analysis of sodium, 
magnesium, aluminum, potassium and 
calcium (Refs. 18, 19). (2) Cr(VI): Samples 
for total Cr(VI) determinations (0.1 g; in 
duplicate) were prepared by extracting 
the fumes with sodium carbonate/sodi
um hydroxide (NIOSH solution) at 
~ 9 0 ° C (194°F) and pH = 12.5 (Ref. 24). 
A diluted NIOSH solution (Ref. 22) was 
used for the AAS analysis. Total Cr(VI) 
was also determined by colorimetry using 
sym-diphenylcarbazide Hitachi Model 
101 spectrophotometer; 1-cm cuvettes; 
green filter; A = 546 nm). Because large 
concentrations of iron (III) interfere with 
the determination (Refs. 24, 25), it was 
removed by extraction with 8-hydroxy-
quinoline at pH 4. (3) Ion-selective elec
trode (ISE): For total fluoride analyses, 
duplicate 0.1-g samples of fume from 
electrodes E01, E04, E05 and E11 were 
dissolved in 6 M hydrochloric acid and 
those from E12 by digestion in nitric/ 
hydrochloric acid. An Orion Model 901 
lonalyser and a Model 94-09 fluoride-
selective electrode were used. Standards 
were prepared containing the same con
centrations of aluminium and iron (111) as 
the unknowns. All fluoride concentra
tions were measured at pH as 
6, using the trishydroxymethylaminome-
thane method (Refs. 19, 26). 

Water-Soluble Fume 

Fume samples (in duplicate) were dis
solved by stirring in water at 60°C 
(140°F) for two hours (0.1 g fume; 100 
mL water). For calcium determinations, 
0.1 g of the fume sample was dissolved in 
1 L water. Solubility determinations were 
made by recovering the insoluble portion 
of the fume by filtration through a 0.45-
fim nylon membrane filter, drying in a 
desiccator and weighing to constant 
weight. 

Water-soluble fractions were analyzed 
for: (1) metals by AAS as for fume; (2) 
Cr(VI) using sym-diphenylcarbazide (col
orimetry), and by AAS; (3) fluoride using 
an ion-selective electrode as for fume; 
and (4) chloride and fluoride by suppres
sor column ion-chromatography — Korth 
and Ellis (Ref. 27) - 3.0 mM 
Na2C03 + 2.4 mM NaHC03 eluent; peak 
height measurements. 

A least-squares linear regression pro
gram (Apple II; Pascal) was used to deter-
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mine the correlation between water-
soluble chromium (VI)/total chromium in 
the fume and Na + K in the flux. All five 
types of electrodes were considered. 
Attention has been paid to the fact that 
nearly all methods of analyses of chromi
um in welding fume are subject to uncer
tainties due to factors such as incomplete 
dissolution, volatilization losses, and oxi
dation-reduction reactions. 

Results 

Spectrographic analysis of the mild 
steel base metal (workpiece) gave: Fe — 
98.02%; M n - 1 . 4 6 % ; Si —0.22%; C -
0.10%; AI -0 .05%; V - 0 . 0 5 % ; C r -
0.02%; P-0.02%; Nb-0 .02%; N i -
0.015%; C u - 0 . 0 1 % ; S-0.005%; M o -
0.003% and Sn - 0.002%. The major non-
metallic constituents of the flux in the 
different electrodes were: E01 and E04 — 
CaC03 , CaF2, silicates, T i0 2 ; E05-
CaC03 , CaF2, K2Si03, T i0 2 ; E l l — 
CaC03 , CaF2, silicates, T i0 2 , cellulose; 
and E12 —CaC03, CaF2, silica, silicates 
and cellulose. The crystalline compounds 
identified in the fume from the different 
electrodes were: E01 and E04-Fe3O4 , 
K2Cr04 , CaF2, NaF; E05-Fe3O4 , K2Cr04 , 
CaF2; E11-(Fe, Mn)304 ; and E12-
Fe304, CaF2. The following d-spacing val
ues (A) were measured from the x-ray 
diffractograms, which could be matched 
with known compounds in the JCPDS 
(joint Committee on Powder Diffraction 
Standards) card system: 2.53, 2.97, 1.48 
(Fe304); 3.08, 2.99, 2.96 (K2Cr04); 1.93, 
3.15, 1.65 (CaF2); and 2.32, 1.65, 2.68 
(NaF). Fume from electrode E11 (high-
manganese hardfacing) gave XRD peaks 
at d (A) = 2.56, 3.01, 1.52, which we 
ascribed to a Fe304 -Mn304 solid solution 
(Ref. 28). The solubilities of the fumes in 
water (w/w) were found to be: E01 — 
22.5%; E04-28.0%; E05-37.5%; E l l — 
3.0%; and E12-26.3%. 

All the analytical data relating to the 
five types of electrodes are presented in 
Tables 2-6. Duplicate chemical analyses 
varied by an average of 2% (maximum of 
10%). For total chromium, samples pre
pared by KHSO4 fusion gave similar 
results to those prepared by acid-diges
tion. 

Table 7 shows the concentrations of 
chromium (111) (trivalent form), water-
insoluble chromium (VI) and water-solu
ble chromium (VI) in the fumes from the 
five types of electrodes. The concentra
tions of chromium in the weld deposit 
and in the flux, and of sodium and potas
sium in the flux, are also included in the 
table for comparison. 

Discussion 

The crystalline compounds detected in 
the welding fumes by x-ray powder dif
fraction are similar to those identified in 

Table 2—Analytical Data for Electrode E01 (Medium-Chromium Hardfacing) 

Abundance (wt-%) 

Element 

C 
F 
Na 
Mg 
Al 
Si 
P 
S 
Cl 
K 
Ca 
Ti 
V 
Cr(total) 
Cr (VI) 
Mn 
Fe 
Ni 
Cu 
Zn 
Zr 
Mo 
Total 

Weld 
Deposit 

0.4<a> 

n a. 

n.a. 
na. 
n.a. 
n a. 

n.a. 

n.a. 
n.a. 

n.a. 

n.a. 

n.a. 
0.5<a> 

7.0<-> 

n.a. 

0.3<a> 
913(h) 

n.a. 

n.a. 

n.a. 
n.a. 

0.5<a> 

100.0 

Flux 

5.7<b> 
8.4W 

0.7« 
0.5<c> 

0.6<0 
5.3<c> 

0.03<c> 

0.04(c» 
0.2-0 

1.5<c> 
18.7 (0 

1.9<0 

n.d.'c» 

15.9*0 
n.a. 

2.8<c> 

8.8(c> 
0.1(c) 

N.D. 
<0.01'C> 

<0.1<0 
0.6<c» 

71.8 

Total 
Fume 

N.D. 
8.9(c>, 7.6<d> 
2.4<0, 2.8<" 
0.4<c), 0.3(" 
0.4<c>, 0.4<f' 
2.5W 
0.03<c> 
0.08<c» 
0.4<c> 

7.8<0, 8 .60 
9.4'0, 9.9' f) 

0.2<c> 

n.d.<c» 
2.5(0, 2.6<f) 
1 7(0 1 9(g) 

4.6<0, 3.6«> 

32.1<c>, 32.3<f) 
0.04<c>, 0.03«) 

0.03(c», 0.03<" 

0.04<0 
<0.1 (c> 

0.1<c> 
71.8 

Wate r -So lub le 

Fume 

n.a. 

3.2<d>, 2.8<e> 

1.20 
0.2(0 
0.03") 

n.a. 
n.a. 
n.a. 
0.4<e> 
6.8«> 
1.5*0 

n.a. 
n.a. 
n.a. 

1.5<f), 1.5te) 
0.003<" 
0.050 

n.d.O 
n.d.O 
N.D. 
n.a. 
n.a. 
14.7 

(a )Data provided by the manufacturer, 
( b )by combustion, 
( c )by x-ray fluorescence. 
( d )by ion-selective electrode. 
( e )by ion-chromatography. 
( , )by atomic absorption spectrophotometry. 
( 9 )by sym-diphenylcarbazide colorimetric method. 
{ h )by difference. 
n.a. = category not applicable. 
N.D. = not determined. 
n.d. = not detected. 

Table 3—Analytical Data for Electrode E04 (HSLA Steel) 

Abundance (wt-°o) 

Element 

C 
F 
Na 
Mg 
Al 
Si 
P 
S 
Cl 
K 
Ca 
Ti 
Cr(total) 
Cr(VI) 
Mn 
Fe 
Ni 
Cu 
Zn 
Zr 
Mo 
Total 

Weld 
Deposit 

0.07<a» 
n.a. 
n.a. 
n.a. 
n.a. 
0.04<a' 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
1.0<a> 

97.0<h> 

1.6<a> 
n.a. 
n.a. 

n.a. 
0.3<a> 

100.0 

Flux 

2.7*) 
8.1W 
O.4W 

0.2(c) 

0.5(0 
4.7*0 

0.01*0 

0.03(c> 
0.1(c) 

1.2(0 
15.0(0 

2.5(0 
0.07 (0 

n.a. 
2.6(0 

29.7 (0 
2.8'0 

N.D. 
<0.01<0 
<0.1<0 
0.6(0 

71.2 

Total 
Fume 

N.D. 
14.4(0, 13.1(d) 
2.8<0, 3.5(f) 
0.1<0, 0.1(0 
0.5(O, 0.6(f) 

2.8(c) 
0.02(0 
0.1<0 
0.2<0 

13.7(0, 13.7(f) 
7.3(0, 9.1(f) 
0.4<0 
0.03(0, 0.030 
0.03(f), 0.03(8) 
5.0(0, 4.4(f) 

19.8H 17.8(f) 
0.2(0, 0.1O 
0.03<0, 0.06O 
0.03(0 

<0.1(0 
0.1(0 

66.9 

Water-Soluble 
Fume 

n.a. 
8 5(d) 9 9(e) 

1.5(f) 
0.06(f) 
0.04(f) 

n.a. 
n.a. 
n.a. 
0.2(e) 

12.3(f) 
1.2(0 

n.a. 
n.a. 

0.02(f), 0.02(8) 
0.006(0 
0.07« 

n.d.(f) 
n.d.(f) 
N.D. 
n.a. 
n.a. 
24.6 

For footnotes see Table 2, 
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Table 4—Analytical Data for Electrode E05 (HSLA Steel) 

Abundance (wt-%) 

Element 

C 
F 
Na 
Mg 
Al 
Si 
P 
S 
Cl 
K 
Ca 
Ti 
Cr(total) 
Cr(VI) 
Mn 
Fe 
Ni 
Cu 
Zn 
Zr 
Mo 
Total 

Weld 
Deposit 

0.045(a> 
n.a. 
n.a. 
n.a. 
n.a. 
0.38<a) 

0.022(a) 
0.019<a) 
n.a. 
n.a. 
n.a. 
n.a. 
2.12(a> 
n.a. 
0.72<a) 

95.74(h) 

n.a. 
n.a. 
n.a. 
n.a. 
0.95<a> 

100.0 

Flux 

3.1<b> 
8.0*0 

0.4<c) 
0.1(0 
1.9(c) 

8.2 (0 

0.03(0 

0.06*0 

n.d.'O 

2.4(0 
19.1(0 

5.2(0 

4.2<0 

n.a. 
2.2(0 

11.6(0 

0.02(0 

N.D. 

<o.oi*o 
<0.1<O 

1.9*0 
68.4 

Total 
Fume 

N.D. 
18.7*0, 18.5'd) 

1.9*0, 2.4*f) 
0.1*0, o.1*f) 
2 2*0 2 1**1 
43*0 
0.03*0 
0.08*0 
0.1*0 

16.3*0, 

9.5*0, 

0.9*0 

0.5*0, 

0.6*f>, 

3.9*0, 

11.6*0, 

17.3*0 
12.5(f) 

0.7(f) 
0.7(8) 
3.6(f 
11.5*0 

0.02(0, 0 .010 
0.03(0, 0.04(f) 
0.05(0 

<o.i'o 
o.i<o 

72.5 

For footnotes see Table 2. 

Abundance (wt-°o) 

For footnotes see Table 2. 

other studies (Refs. 13, 14, 29, 30). The 
results show magnet i te (Fe304) and calci
u m f luor ide (CaF2) to be prominent in the 
crystal phases o f four of the f ive fumes 
tested. N o transit ion-metal f luorides w e r e 
de tec ted in any o f the fumes. Crystalline 
silica (SiC>2) a n d / o r metal silicates also 
w e r e no t observed in the x-ray d i f f racto-
grams of any o f the fumes, implying that 
silicon was present as amorphous silica or 
silicates. A l though crystalline silica cou ld 
potential ly act as a tumor-enhanc ing 

Water-Soluble 
Fume 

n.a. 
8.2'd', 10.8'e' 
0.5<0 
0.06") 
0.05(0 

n.a. 
n.a. 
n.a. 
0.1<0 

15.1(f) 
2.1(0 

n.a. 
n.a. 

0.7<'), 0.6*8) 
0.006(0 
0.04(f) 

n.d.(f> 
n.d.*0 
N.D. 
n.a. 
n.a. 
28.1 

Table 5—Analytical Data for Electrode E l l (High-Manganese Hardfacing) 

Element 

c 
F 
Na 
Mg 
Al 
Si 
P 
S 
Cl 
K 
Ca 
Ti 
Cr(total) 
Cr(VI) 
Mn 
Fe 
Ni 
Cu 
Zn 
Zr 
Mo 
Total 

Weld 
Deposit 

0.65*a) 
n.a. 
n.a. 
n.a. 
n.a. 
0.14(a> 

<0.05<a) 

0.01<a> 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
14.5*a> 

80.75<h> 
3.2<a) 
n.a. 
n.a. 
n.a. 
0.75<a) 

100.0 

Flux 

3.7*b> 
0.2*0 
1.0*0 
1.5<0 
0.05*0 
3.0<0 
0.03(0 
0.08<O 

n.d.(0 
0.08*0 
3.1(0 
S.7'0 
0.2<0 

n.a. 
36.3(0 
7.2(0 
8.2*0 

N.D. 
<0.01*O 
<0.1'0 
2.3*0 

72.6 

Total 
Fume 

N.D. 
1 5(c) 2 2'd) 

4. ' l» 3.5*0 
0.4*0, o.2") 
0.1*0, o.1<f) 
1.1*0 
0.03(0 
0.08*0 
0.1*0 
0.3*0, 0.1*0 
0.4*0, o.5'0 
0.4*0 
0.05*0, o.05'0 
0.03*0, o.03*8) 

26.1*0, 31.0*0 
28.1*0, 27.3<() 

1.4*0, 2.0<0 
0.03*0, o.O7<0 
0.02*0 

<0.1<0 
0.4<0 

67.0 

Water-Soluble 
Fume 

n.a. 
1.5<d>, 0.8*0 
0.9*0 
0.1*0 
n.d.W 
n.a. 
n.a. 
n.a. 
0.1*0 
0.1*0 
0.15*0 
n.a. 
n.a. 
0.03*0, 0.02*8) 
0.05*0 
0.09*0 
n.d.*0 
n.d.lO 
N.D. 
n.a. 
n.a. 
2.7 

agent due to chronic irritative and tissue-
w o u n d i n g effects, there is no ev idence 
relating to any biological activity of amor
phous silica (Ref. 3). The presence of 
crystalline potassium chromate (K 2 Cr0 4 ) 
in f u m e f r o m elect rode E04 (soluble 
C r ( V I ) - 0 . 0 2 % ) and its absence in f ume 
f r o m e lec t rode E12 (soluble C r ( V I ) -
0.5%; K —2%) is somewhat puzzl ing. It is 
possible that only amorphous Cr(VI) c o m 
pounds w e r e f o r m e d in the fume f r o m 
elect rode E12. 

The AAS and XRF techniques together 
p rov ide analytical data for all e lements 
except oxygen. W h e r e elements w e r e 
de termined by b o t h methods , the agree
ment was excellent (Tables 2-6) . Volat i l 
ization losses dur ing fusion at 1050°C 
(1922°F) w i t h L i 2 B 4 0 7 / L i B 0 2 p robab ly 
cont r ibute to some of the l ower Na, K 
and Ca concentrat ions measured by XRF. 
lon-chromatography and ion-selective 
e lect rode methods for measuring water -
soluble f luorides varied o n an average by 
± 10% (maximum variat ion ± 30%). lon-
chromatography (Ref. 31) has not been 
used be fo re in we ld ing fume analysis and 
is p robab ly the more accurate technique. 
Ionic interferences w i t h ion-selective 
electrodes are c o m m o n (Refs. 26, 32), 
and may not have been complete ly el im
inated by ou r matr ix match ing methods . 

Mass balances (up to 8 5 - 9 5 % of total) 
may be obta ined for the flux, f ume and 
water-soluble fume by including the mass 
o f oxygen wh ich w o u l d be associated 
w i t h elements such as Si (SiC>2, S i 0 3

2 _ ) , Ti 

( T i 0 2 , T i 0 3
2 " Cr ( C r 2 0 3 , C r 0 4

2 - ) , Al 
( A l 2 0 3 , A l 2 0 4

2 " ) , M n ( M n O , M n 0 2 , 
M n 2 0 3 , M n 3 0 4 , M n 0 4

2 _ ) and Fe (Fe 2 0 3 , 
F e 3 0 4 , Fe0 4

2 ~) (Ref. 13). The anions 
O H - , C 0 3

2 - and S i 0 3
2 _ w e r e not deter

mined in the water-soluble f u m e frac
tions. 

The enr ichment o f f u m e in flux ele
ments (expressed as the ratio of their 
concentrat ions in f ume and flux) general ly 
fo l lows the order : K > Na > F > Si > 
Ca > Ti. This is related to the volati l i ty o f 
the associated compounds (Ref. 14) and 
to the prevail ing chemica l - thermodynam
ics (Ref. 19). The enormous enr ichment 
o f f ume in Na, K and Cl for e lect rode E12 
may be due to the fo rmat ion o f highly 
volati le compounds such as NaCI, NaF, 
KCI and KF. 

Iron is the most abundant element in 
the fumes. Stokinger (Ref. 33) has 
rev iewed the l i terature o n i ron oxides 
and conc luded that they are essentially 
non-carcinogenic and biologically inert. 
The relatively l o w iron content (11.5%) o f 
the f u m e f r o m e lect rode E05 (Table 4) 
correlates w i t h the l o w fume generat ion 
rate (FGR) o f the e lect rode. Similarly, the 
high iron content (28%) o f the fume f r o m 
electrode E11 (Table 5) correlates w i t h 
the high FGR of the e lect rode. Both 
results may be explained by considering 
the dif ferences in e lect rode flux compos i 
t ion, and the volatilities o f the flux constit
uents. For example, the l o w iron content 
of f u m e f r o m elect rode E05 may be due 
to the l o w volati l i ty of i ron oxides, c o m 
pared to that of f luorides (8% w / w F in 
flux and 18.5% w / w F in fume) at the 
relatively l o w arc temperatures associ
a ted w i t h l o w FGR's. 

The f luor ine compounds present in 
we ld ing fumes have been f o u n d to be 
physiologically active (Refs. 34, 35). Basic 
electrodes (Ref. 36) give rise t o mainly 
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NaF, KF and CaF2 in the fume (Ref. 37). All 
the electrodes used in the present study 
are basic electrodes, except E11 (high-
manganese hardfacing), which is a neutral 
electrode (Ref. 36). The transition-metal 
fluoro-complexes found in the water-
soluble fume fractions from basic elec
trodes may lower the biological activity 
of fluoride (Ref. 34). Our results show 
that the amount of fluoride formed in the 
fume is the same for the four types of 
basic electrodes, i.e., 2.2-2.4 g/kg of 
electrode melted (see Refs. 15 and 16 for 
FGR data). This means that there is an 
inverse relationship between fluoride 
concentration and FGR. The result is not 
unexpected and may be explained by 
comparing the volatilities of NaF, KF and 
CaF2 (Refs. 14, 38) with those of other 
fume components, i.e., only the fluorides 
are highly volatile at the low arc temper
atures concomitant with low FGR's. 
There is no significant correlation 
between the percentage of fluoride in 
the fume and the percentages of fluoride, 
sodium, potassium or calcium in the flux 
(Tables 2-6). It appears, therefore, that 
fluoride formation in the fume does not 
result from specific high-temperature 
reactions, but mainly from the volatiliza
tion/condensation process, which occurs 
at a constant rate. The differences in 
concentrations of NaF, KF and CaF2 in the 
flux from the different electrodes are 
probably manifested in the slag composi
tions and/or in the concentrations of 
chromates, silicates, etc., in the fumes. 

The chromium speciation results (Table 
7) deserve special attention. Chromium 
(III) compounds are biologically inert (Ref. 
11), and have in fact been used in nutri
tional medicine (Ref. 39). Chromium (VI) 
compounds can penetrate cell mem
branes more easily and oxidize biological 
material, thereby adversely affecting cel
lular function and causing toxic effects 
(Ref. 11). The carcinogenic activities of 
chromium (VI) compounds are related to 
their solubilities in body fluids (Refs. 3, 
40). Relatively insoluble Cr(VI) com
pounds, e.g., CaCr04 , ZnCr04 , PbCr04, 
have been clearly shown to be carcino
genic in laboratory animals (Ref. 3). How
ever, the carcinogenicity of highly soluble 
Cr(Vl) compounds, e.g., Na2Cr04 , 
K2Cr04 , Cr0 3 , is not yet well established 
(Ref. 3). Our results indicate that Cr(lll), 
water-insoluble Cr(VI) and water-soluble 
Cr(VI) in the fume originate both from the 
electrode core and flux. Chromium in the 
core metal forms mainly Cr(lll) com
pounds, e.g., Cr 2 0 3 , FeCr204 (Ref. 12). 
The most important finding from the 
results in Table 7 is that there is a high 
correlation (r = 0.92) between water-sol
uble Cr(VI)/total Cr in the fume and the 
Na + K in the flux. Kimura, et al. (Ref. 30), 
tested several types of flux-covered elec
trodes and have reported a similar finding 
with each type of electrode when vary-

Table 6 -

Element 

C 
F 
Na 
Mg 
Al 
Si 
P 
s 
Cl 
K 
Ca 
Ti 
Cr(total) 
Cr(VI) 
Mn 
Fe 
Ni 
Cu 
Zn 
Zr 
Mo 
Total 

-Analytical Data for 

: 
Deposit 

4.5|a) 

n.a. 
n a 
n.a. 
n i 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 

32.5<a) 

n.a. 
3.3<"> 

59.7<h> 
n.a. 
n.a. 
n.a. 
n.a. 
n.a. 

100.0 

Electrode E12 

Flux 

17.1(b) 
14.7*0 
<0.01'0 
0.3*0 
0.2*0 

12.2*0 
0.02*0 
0.01*0 
0.2*0 
0.02*0 

19.5*0 
0.02*0 
0.1<0 

n.a. 
0.3*0 
1.0*0 
0.1(0 

N.D. 
<0.01*0 
<o.i<o 
<0.01*0 
65.8 

(High-Chromium Hardfacing) 

Abundance (wt-%) 

Total 
Fume 

N.D. 
6.8(0, 5.2(d) 
1.9*0, 1 4(0 
0.6H 0.3*0 
4.7*0, 4.1(f) 

13.3*0 
0.01*0 
0.07*0 
3.6*0 
1.9*0, 2.4(f) 

14.5*0, 16.0*0 
0.03*0 
4.7*0, 5.5(f) 
1.7*0, 1.2(g) 
6.5*0, 6.5(0 

11.1*0, 132*0 
0.04*0, o.03<0 
0.03*0, o.O5<0 
0.05*0 

<0.1<0 
<0.01'0 
70.9 

Water-Soluble 
Fume 

n.a. 
2.7W) 1 9<e) 

o>>' 
0.2<0 
0.01(0 

n.a. 
n.a. 
n.a. 

4.5(0 
2.2(0 
3.9(0 

n.a. 
n.a. 
0.4(0, 0.5(8) 
0.02*0 
0.03*0 

n.d.(0 
n.d.(0 
N.D. 
n.a. 
n.a. 
14.0 

For footnotes see Table 2. 

Table 7—Comparison of Chromium (III) and Chromium (VI) Concentrations in the Welding 
Fume with Chromium and Alkali-Metal Concentrations in the Flux and Weld Deposit 

Source 

Fume 

Weld deposit 

Flux 

ta>wis = water-insoluble. 

Species 

total Cr 
Cr(III) 
wis(a)Cr(VI) 
ws*b>Cr(VI) 

Cr 

Cr 
Na 
K 

E01*e) 

2.6 
0.8 
0.3 
1.5 

7.0*0 

15.9 
0.7 
1.5 

E04 

0.03 
0.0 
0.01 
0.02 

«0<d> 

0.07 
0.4 
1.2 

Element (wt-%) 

E05'e) 

0.7 
0.0 
0.0 
0.7 

2.12*0 

4.2 
0.4 
2.4 

E11 

0.05 
0.02 
0.0 
0.03 

«0*d> 

0.2 
1.0 
0.08 

E12*e) 

5.1 
3.6 
1.0*0 
0.5 

32.5 

0.1 
<0.01 
0.02 

( b )ws = water-soluble. 
<c)Mainly from flux, i.e., no Cr in the electrode core metal. 
<d)Not determined by manufacturer, implying negligible concentration. 
(e)Fume E05 (HSLA-steel electrode) is similar to fume f rom E316L-16 rutile-coated stainless steel electrodes (Ref. 14), i.e.. all the 
chromium is water-soluble Cr(VI). Fumes E01 and E12 (hardfacing electrodes) contain water-insoluble Cr(VI), and Cr(lll), in addition to 
water-soluble Cr(VI). 
( l )The 1.0% seems rather high when compared to similar analyses for fumes from stainless steel and other hardfacing and HSLA-steel 
SMAW electrodes. However, the 1.0% water-insoluble chromium (VI) correlates with mitotic inhibition activity in sister chromatid 
exchange tests when a biological examination of the five fumes is carried out. The biological work is published in the Journal of 
Applied Toxicology under the title "Mitot ic inhibition and sister-chromatid exchange in fumes f rom hardfacing and HSLA-steel 
electrodes," by R. S. Baker, A. Arlauskas. R. K. Tandon. P. T. Crisp, and I. Ellis. 

ing amounts of Na and K silicates were 
added to the flux. Although the elec
trodes used in our study are of five 
different types, it seems that the sodium 
and potassium compounds in the flux 
have reactivities similar to each other. 
Reduction of the Na + K content of elec
trode fluxes may be a useful means of 
reducing the proportion of Cr(VI) in weld
ing fumes (Ref. 30). 

Conclusions 

The enrichment of fume in flux ele
ments (expressed as the ratio of their 
concentrations in fume and flux) follows 

the order: K > Na > F > Si > Ca > Ti. 
There is an inverse relationship between 
the fluoride concentrations in the fumes 
and the fume generation rate. The water-
soluble chromium (VI)/total chromium in 
the fume is highly correlated with the 
percentage of Na + K in the flux 
(r = 0.92). 

The results obtained in the current 
investigation (especially Cr(Vl)) may be 
used to calculate ventilation requirements 
in welding workshop environments by 
applying the relevant threshold limit value 
(TLV) indices (Refs. 41, 42). The FGR data 
for the electrodes are reported else
where (Refs. 15, 16). The present results 
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relate t o ' umes p roduced and col lected 
under cont ro l led condit ions at the rec
o m m e n d e d op t imum weld ing current 
and vol tage. It should be recognized that 
f ume compos i t ion may vary w i th arc 
vol tage (Refs. 19, 43) and, t o a lesser 
extent, w i th A C and DC weld ing (Ref. 
41). 

The data presented may prov ide guid
ance to industrial hygienists and occupa
tional health physicians in appraising spe
cific situations related to f u m e exposure, 
fume toxici ty and health status of w e l d 
ers. These data const i tute the first rigor
ous chemical analysis of f lux, fume and 
water-soluble fume, using b o t h major 
and supplementary methods . 

A ckno wledgments 

W e thank Mr . I. S. Barrow, Australian 
Iron and Steel, Port Kembla, fo r pe r f o rm
ing the XRF measurements; Mr . VV. Kor th 
fo r carrying out the ion-chromatographic 
determinat ion o f f luor ide and chlor ide; 
and Mr . D. Cheesman fo r wr i t ing the 
linear regression p rogram. The technical 
assistance of Mr . T. VV. Lewis and Miss 
E. A. I. W i l ke is also acknow ledged . The 
authors are indebted t o Mrs . C. Peacock 
for her painstaking care in typ ing the 
manuscript. The w o r k was suppor ted by 
a grant f r o m the Australian We ld ing 
Research Association. 

References 

1. Stern, R. M. 1983. Assessment of risk of 
lung cancer for welders. Archives of Environ
mental Health 38(3): 148-154. 

2. Ulfvarson, U. 1981. Survey of air con
taminants from welding. Scandinavian lournal 
of Work, Environment and Health 7 (Suppl. 2). 

3. Baker, R. S. 1982. Nickel and chromium 
(VI): evaluation of carcinogenic materials and 
cancer in welders. Australian Welding journal 
27(3): 53-57. 

4. Clapp, D. E., and Owen, R. |. 1977. An 
investigation of potential health hazards of arc 
welding fume growth with time. Welding jour
nal 56(12): 380-s to 385-s. 

5. American Welding Society Safety and 
Health Committee. 1979. Effects of Welding 
on Health, Miami, Fla., AWS. 

6. American Welding Society Safety and 
Health Committee. 1980. Effects of welding on 
health. Australian Welding journal 24(2): 7 -
15. 

7. Stern, R. M. 1981. Process-dependent 
risk of delayed health effect for welders. 
Environmental Health Perspectives 41(10): 
235-253. 

8. American Welding Society. 1973. The 
Welding Environment. Miami, Fla., AWS. 

9. Luckey, T. D., and Venugopal, B. 1977. 
Metal Toxicity in Mammals: Volume 1, pp. 
1-238, New York, N. Y„ Plenum Press. 

10. Venugopal, B.. and Luckey, T. D. 1978. 
Metal Toxicity in Mammals: Volume 2, pp. 
1-409, New York, N. Y„ Plenum Press. 

11. Langard, S. 1982. Absorption, transport 
and excretion of chromium in man and ani
mals. Biological and Environmental Aspects of 
Chromium, ed. S. Langard, Elsevier, pp. 149-
169. 

12. Thomsen, E., and Stern, R. M. Collec
tion, analysis and composition of welding 
fumes. Danish Welding Institute, Report 
81.09. 

13. American Welding Society. 1983. Char
acterization of Arc Welding Fume, Miami, Fla., 
AWS. 

14. Tandon, R. K„ Payling, R., Chenhall, 
B. E., Crisp, P. T., Ellis J., and Baker, R. S. 1985. 
Application of x-ray photoelectron spectros
copy to the analysis of stainless-steel welding 
aerosols. Applications of Surface Science 20(4): 
527-537. 

15. Tandon, R. K., Ellis, I., Crisp, P. T., and 
Baker, R. S. 1984. Fume generation and melting 
rates of shielded metal arc welding electrodes. 
Welding lournal 63(8): 263-s to 266-s. 

16. Tandon, R. K., Crisp, P. T., Ellis, ]., and 
Baker, R. S. 1985. Generation rate, particle-size 
and chemical measurements of fumes from 
some hardfacing and HSLA-steel electrodes. 
Welding and Metal Fabrication 53(2): 43-47. 

17. Baker, R. S. U., Arlauskas, A., Tandon, 
R. K., Crisp, P. T„ and Ellis, ]. 1985. Toxic and 
genotoxic action of electric-arc welding fumes 
on cultured mammalian cells. Journal of 
Applied Toxicology. In press. 

18. Varian Techtron. September 1972. Ana
lytical methods for flame spectroscopy. Aus
tralia. 

19. Tandon, R. K„ Crisp, P. T„ Ellis, )., and 
Baker, R. S. 1983. Variations in the chemical 
composition and generation rates of fume 
from stainless steel electrodes under different 
AC arc welding conditions. Australian Welding 
journal 28(1): 27-30. 

20. British Standards Institution. Methods 
for the sampling and analysis of fume from 
welding and allied processes. Part 7. Particulate 
matter. IIW/IIS Doc. VI I I -729-77. 

21. lapanese Welding Engineering Stan
dard. Methods for chemical analysis of weld 
fumes. IIW/IIS Doc. VI I I -717-77. 

22. Working Croup F. Interlaboratory cali
bration of a standardized analytical method of 
hexavalent and total chromium in welding 
fumes. IIW/IIS Doc. VI I I -1036-82. 

23. Instrumentation Laboratory Incorporat
ed. 1979. Atomic absorption methods manual: 
Volume 1: Standard conditions for flame oper
ation. Massachusetts. 

24. NIOSH Measurements Research Branch. 
1981. Latest NIOSH method for hexavalent 
chromium. 319-1-319-7. 

25. Sandell, E. B. 1959. Colorimetric Deter
mination of Trace Elements (3rd Edition), pp. 
392-397, New York, N. Y., Interscience Pub

lishers. 
26. Orion Research Incorporated. 1977. 

Orion ionalyzer instruction manual. Form 
IM94, 96-09/7721, Massachusetts. 

27. Korth, W „ and Ellis, ). 1984. Ion-chro
matographic determination of chloride and 
fluoride in electrolyte from the halogen tin-
plating process. Talanta 31(6): 467-468. 

28. Kubaschewski, O., and Hopkins, B. E. 
1962. Oxidation of Metals and Alloys, pp. 
1-15, London, England, Butterworths. 

29. Stern, R. M. Production and character
ization of a reference standard welding fume: 
introduction. Danish Welding Institute, Report 
76.00. 

30. Kimura, S., Kobayashi, M., Godai, T., 
and Minato, S. 1979. Investigations on chromi
um in stainless steel welding fumes. Welding 
journal 59(7): 195-s to 204-s. 

31. Pohl, C. A., and lohnson, E. L. 1980. Ion 
chromatography — the state-of-the-art. journal 
of Chromatographic Science 18(9): 442-452. 

32. Willard, H. H., Meritt, L. L, ]r., Dean, 
|. A., and Settle, F. A., Jr. 1981. Instrumental 
Methods of Analysis, pp. 640-663, Belmont, 
California, Wadsworth Publishing Company. 

33. Stokinger, H. E. 1984. A review of the 
world literature finds iron oxides noncarcino
genic. American Industrial Hygiene Association 
Journal 45(2): 127-133. 

34. Pantucek, M. B. 1975. Hygiene evalua
tion of exposure to fluoride fume from basic 
arc-welding electrodes. Annals of Occupation
al Hygiene 18(2): 207-212. 

35. Sjogren, B. 1984. Urinary fluoride con
centration as an estimator of welding fume 
exposure from basic electrodes. British Journal 
of Industrial Medicine 41: 192-196. 

36. Sandvik, A. B. 1977. Sandvik Welding 
Handbook. Sandviken, Goteborg, Sweden. 

37. Pantucek, M. 1971. Influence of filler 
materials on air contamination in manual metal 
arc welding. American Industrial Hygiene Asso
ciation Journal 32(10): 687-692. 

38. Aylward, G. H„ and Findlay, T. ). V. 
1966. Chemical Data Book. New York, N. Y„ 
John Wiley. 

39. Mertz, W. 1975. Effects and metabo
lism of glucose tolerance factor. Nutrition 
Reviews 33(4): 129-135. 

40. Koshi, K., and Iwasaki, K. 1983. Solubili
ty of low-solubility chromates and their clas-
togenic activity in cultured cells. Industrial 
Health 21(2): 57-65. 

41. Miller, T. M., and lones, R. C. 1979. An 
assessment of the fume characteristics of Aus
tralian electrodes —for manual metal arc weld
ing. Australian Welding Research 6: 1-9. 

42. Gray, C. N., Hewitt, P. J., and Dare, P. R. 
M. 1982. New approach would help control 
weld fumes at source. Part 1: biomedical 
ground. Welding and Metal Fabrication 50(7): 
318-324. 

43. Gray, C. N„ Hewitt, P. J., and Dare, 
P. R. M. 1983. New approach would help 
control weld fumes at source. Part 3: MMA 
fumes. Welding and Metal Fabrication 51(1): 
52-55. 

236-s I SEPTEMBER 1986 


