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chromium compounds, including hexavalent chromium 
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ABSTRACT. Tests were conducted to de- 
termine the effects of base metal and 
welding electrode composition on weld- 
ing fume. Materials included HY-100 and 
HSLA-100 high-strength, low-alloy 
steels. Shielded metal arc welding 
(SMAW) was performed with E11018-M 
electrodes and gas metal arc welding 
(GMAW) with MIL-100S-1 electrode 
wire. These tests included measurement 
of fume composition, fume generation 
rates and worker breathing zone fume. 
Sampling of welding fume also was con- 
ducted in a shipyard. 

This study concludes that some ship- 
yard welding and cutting operations, ma- 
terials and processes will be impacted by 
the recent and anticipated reductions in 
exposure limits. Additional controls will 
be required to comply with these reduc- 
tions. Results indicate: 

• Exposure to hexavalent chromium 
can be expected when welding or cutting 
materials that contain chromium or chro- 
mates. These materials include stainless 
steels, high-chromium nickel alloys and 
some low-alloy steels. 

• The highest nickel levels occurred 
during SMAW and GMAW of stainless 
steels and nickel alloys. However, only 
the samples in enclosed spaces exceeded 
the proposed limit for nickel. 

• SMAW, GMAW and flux cored arc 
welding (FCAW) of stainless steels, car- 
bon steels and low-alloy steels produced 
the highest manganese levels. 

• Eight-hour TWA levels of hexava- 
lent chromium of up to 1-2 pg/m 3 were 
found during shipyard and laboratory 
sampling of SMAW of HY-100 using 
E11018-M and E12018-M electrodes. 
Similar levels also may be possible when 
welding with these electrodes on other 
materials. 
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Introduction 

Although recommended safe prac- 
tices for arc welding and thermal cutting 
processes are well established (Ref. 1), 
there is a continuing need to improve the 
work environment by minimizing worker 
exposure to potential hazards, including 
fumes and gases. The Occupational 
Safety and Health Administration 
(OSHA) and American Conference of 
Governmental Industrial Hygienists 
(ACGIH) are placing emphasis on the re- 
duction of worker exposure to fumes that 
contain oxides of nickel (Ni), manganese 
(Mn), and hexavalent chromium (Cr(Vl)). 
Several proposed and recent changes 
to exposure levels for these substances 
include the following: 

• An announcement by OSHA of 
the intention to reduce the Permissible 
Exposure Limit (PEL) for hexavalent 
chromium from the present ceiling level 
of 100 pg/m 3, as chromates, to an eight- 
hour time-weighted average (TWA) of be- 
tween 0.5 and 5.0 pg/m 3. 

• The ACGIH reduction of the 
Threshold Limit Value (TLV ®) for man- 
ganese fume from 1000 to 200 pg/m 3. 

• The ACGIH announced reduction 
of the TLV ® for insoluble nickel com- 
pounds from the present value of 1000 to 
200 pg/m 3. 
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The U.S. Navy and the shipbuilding 
industry are conducting studies to deter- 
mine the effects of these changes on 
manufacturing and repair operations in 
Navy facilities, public shipyards and pri- 
vate shipyards. An initial report (Ref. 2) 
was prepared by a Navy/Industry Task 
Group led by the Naval Sea Systems 
Command. This report documented the 
present situation and recommended fu- 
ture actions to address the issues identi- 
fied. The report concluded that workers 
who perform some shipyard manufactur- 
ing and repair operations, including 
welding, may be exposed to nickel, man- 
ganese, chromium and hexavalent 
chromium. The level of exposure de- 
pends on the process and materials used, 
the length of exposure and other factors 
in the working environment. 

The Task Group report further con- 
cluded that the anticipated OSHA reduc- 
tion in the permissible exposure limit for 
hexavalent chromium could have more 
impact on the shipbuilding industry than 
the ACGIH reductions in nickel or man- 
ganese. This is due to the wide use of ma- 
terials that contain chromium and the 
low exposure levels being considered. 
The greatest impact would occur if the 
PEL for hexavalent chromium is set at 
0.5 ug/m 3. 

These conclusions are based on data 
gathered during an initial study that in- 
cluded more than 150 individual per- 
sonal breathing zone samples taken in 
shipyards. These data are summarized in 
Table 1 and show 

• The highest manganese fume levels 
occur during shielded metal arc welding 
(SMAW) and gas metal arc welding 
(GMAW) of carbon steels, low-alloy 
steels and nickel-chromium alloys. 

• SMAW and GMAW of stainless 
steels and nickel alloys produced the 
highest nickel levels. 

• Workers are likely to be exposed to 
hexavalent chromium when welding or 
thermal cutting on stainless steels, nickel- 
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Table 1 - -  Ranges of Personal Breathing Zone Samples (Source: Ref. 2) 

Operation/Process/Material Ni 

Eight-Hour Time-Weighted-Average (TWA) IJg/m 3 
Mn Cr 

Shielded Metal  Arc Welding 
SMAW of steel 
SMAW of HY80 and HY-100 steels 
SMAW of Nickel Alloys 600 and 625 
SMAW of Stainless Steel (CRES) 

Gas Metal  Arc Welding 
GMAW of steel 
GMAW of H¥-80 and HY-100 steels 
GMAW of Nickel Alloys 600 and 625 
GMAW of Nickel Alloys 600 and 625 

in an enclosed space 
GMAW of Stainless Steel (CRES) 

Gas Tungsten Arc Welding 
GTAW of Nickel Alloys 600 and 625 
GTAW of Stainless Steel (CRES) 

Submerged Arc Welding 
SAW of HY80 and HY-100 steels 
SAW of Nickel Alloys 600 and 625 
SAW of Stainless Steel (CRES) 
Grinding of HY80 and HY-100 
Oxyfuel Cutting of HY80 
Oxyfuel Cutting of painted steel 

Cr(Vl) 

- -  225 - -  - -  
2.2-4.7 3.5-66 0.9-2.1 0.4-2.2 
2.5-57 1.9-122 2-32 1.8-58 
0.7-5.2 3.9-47 0.2-34 0.4-54 

- -  178 - -  - -  
- -  - -  - -  0.1-0.3 

0.8-3.6 1.2-14 1.2-2.6 0.2-2.2 
15-1290 0.7-150 40-380 0.2-2.2 

10.4 16.6 16.6 0.7 

- -  - -  - -  <0.1 
1.8 29 4.6 0.1-0.4 

1.6 3.4 0.8 - -  
1 1.1 0.5 - -  

0.8 1.3 0.3 <0.1 
5.2 13.7 2 0.29-0.57 

15-60 5.4-14 1.9-9.3 0.1-0.3 
- -  - -  - -  0.7 

chromium alloys and HY-80 and HY-100 
alloy steels. 

These results point out several con- 
cerns that require special attention. High 
exposures also may be expected when 
welding with any of the processes and 
materials listed above in enclosed or 
confined spaces, which are typical of 
ship construction and repair. Worker 
breathing zone samples for nickel, 
chromium and hexavalent chromium in 
open spaces were less than 100 pg/m 3. 
The samples during GMAW of a nickel 
alloy in an enclosed space resulted in the 
highest measured values. 

A second concern highlighted by the 
initial worker sampling was the level 
of hexavalent chromium measured dur- 
ing welding and cutting of HY-80 and HY- 
100 steels. Table 1 shows that SMAW of 
these steels could result in eight-hour 
TWA hexavalent chromium levels of up 
to 2.2 pglm 3. In addition, some samples 
for welders performing GMAW of HY-80 
and HY-100 low-alloy steels were above 
0.25 pg/m 3. These levels of hexavalent 
chromium were somewhat unexpected 
since the chromium levels in the welding 
electrodes used for these steels are low 
(between 0.1 and 0.3% chromium). 
These and other concerns identified by 
the Task Group resulted in recommenda- 
tions for further work, including 

• A detailed study of the hexavalent 
chromium exposure during welding and 

cutting of carbon and low-alloy steels. 
• Expanded worker breathing zone 

sampling of shipyard operations, pro- 
cesses and materials that have the 
potential for exposure to nickel, man- 
ganese and hexavalent chromium. 

• Development of a long-range ex- 
posure reduction plan that includes eval- 
uations of processes and materials with 
reduced emissions. 

Work on these issues is under way at a 
number of facilities. This paper presents 
the results of additional shipyard sampling 
and studies of welding fumes generated 
from HY-100 and HSLA-100 steels. 

S h i p y a r d  A i r  S a m p l i n g  

Personal and area air samples were 
collected on welding, cutting and goug- 
ing operations at a shipyard. The samples 
were collected to determine full-shift 
breathing zone fume levels according to 
ANSI/AWS F1.1. Analysis of hexavalent 
chromium was performed to draft OSHA 
Method 215. This recently developed 
method permits sampling at lower levels 
than previously possible. Complete pro- 
cess, environment and sampling data 
were recorded on a form equivalent to 
that in ANSI/AWS F1.1. 

Personal and area samples were taken 
during the following operations per- 
formed in open, enclosed and confined 
areas using both natural dilution and 

local exhaust ventilation: 
• SMAW of high-tensile-strength 

steel, HY-100 steel and Types 304 and 
309 stainless steel (CRES). 

• GMAW of HY-100 steel and weld 
cladding of nickel alloy 625. 

• Gas tungsten arc welding (GTAW) 
of stainless steel. 

• Oxy-propane flame cutting and 
plasma arc cutting of HY-100 steel and 
Type 304 stainless steel (CRES). 

• Air carbon arc gouging of HY-100 
steel. 

Tables 2 and 3 list the results of per- 
sonal and area samples of total fume and 
hexavalent chromium as eight-hour time- 
weighted averages. Hexavalent 
chromium samples of 1 pg/m 3 or greater 
were recorded for workers performing 
SMAW of stainless steel and HY-100 
steel, GMAW of nickel alloy 625 and 
plasma arc cutting of stainless steel. 
These operations also produced the high- 
est levels during area sampling, although 
only two area samples exceeded 
0.5 pg/m 3. 

Table 2 shows that several total fume 
samples exceeded 5000 pg/m 3 and hex- 
avalent chromium exceeded I pg/m 3 
even when local exhaust ventilation was 
used. With one exception, the highest 
samples were recorded in confined and 
enclosed spaces. While manganese was 
not measured, manganese can be esti- 
mated from the total fume samples. These 
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Table 2 - -  Personal Breathing Zone Air Sampling Data on Hexavalent Chromium for Welding, Cutting and Gouging Processes 

OSHA 
Method Total 

215 Cr Vl Fume (TF) 
Area TWA TWA 

Sample Type Process Base Metal Filler Metal tJg/m3 lJg/m3 

16769 E SMAW High Tensile Steel 7018-M 0.1 1141 
16853 O SMAW HY 100 11018 MR 0. I 464 
16888 O SMAW HY 100 11018 MR 0 131 
16827 E SMAW HY 100 12018-M2 1 7930 
16828 E SMAW HY 100 12018-M2 1 7676 
16771 E SMAW CRES 309 to High Tensile 309CB ('/~ in.) 0.6 445 
16876 E SMAW CRES 304 to High Tensile 309CB ('/~ in.) 7.6 998 
16878 E SMAW CRES 304 to High Tensile 309CB ('~ in.) 7 742 
16896 E SMAW CRES 304 to High Tensile 309CB ('/8 in.) 1.3 438 
16835 O GMAW HY 100 100S-1 (0.045 in.) 0.5 4024 
16889 O GMAW HY 100 100S-1 (0.045 in.) 0.4 10640 
16826 O GMAW Cladding Alloy 625 C-276 0.4 1233 
16845 O GMAW Cladding Alloy 625 C-276 1.3 363 
16833 O GTAW CRES 308L 308L ('Z~ in.) <0.1 136 
16854 E GTAW CRES 304 308L ('~ in.) 0.2 455 
16857 E GTAW CRES 304 308L (',~6 in.) 0.2 369 
16892 C Oxy/Propane Cutting HY 100 0.1 6083 
16901 C Oxy/Propane Cutting HY 100 0.1 5289 
16831 O Plasma Arc Cutting HY 100 0 100 
16894 C Plasma Arc Cutting CRES 304 2.2 1520 
16864 O Air Carbon Arc Gouging HY 100 0.1 4308 

E = Enclosed Area 
O = Open Area 
C = Confined Area 
LEV (1) = Local Exhaust Ventilation; 0-1000 ft/min Face Velocity 
LEV (2) = Local Exhaust Ventilation; 1001-2000 ft/min Face Velocity 
LEV (3) = Local Exhaust Ventilation; 2001-3000 ft/rnin Face Velocity 
LEV (4) = Local Exhaust Ventilation; >3001 ft/min Face Velocity 

Ventilation 

Nat. Dil. 
LEV (2) 
LEV (2) 
LEV (2) 
LEV (2) 
LEV (3) 
LEV (2) 
LEV (2) 
LEV (4) 
Nat. Dil. 
LEV (1) 
Nat. Dil. 
LEV (2) 
Nat. Dil. 
LEV (2) 
LEV (2) 
LEV (4) 
LEV (4) 
Nat. Dil. 
LEV (4) 
Nat. Dil. 

Table 3 - -  Area Air Sampling Data on Hexavalent Chromium for Welding, Cutting and Gouging Processes 

Area 
Sample Type Process Base Metal Filler Metal 

OSHA 
Method Total 

215 Cr Vl Fume (TF) 
TWA TWA 
tJg/m 3 pg/m 3 Ventilation 

16770 E SMAW High Tensile Steel 
16772 E SMAW CRES 309 to High Tensile 
16877 E SMAW CRES 304 to High Tensile 
16879 E SMAW CRES 304 to High Tensile 
16897 E SMAW CRES 304 to High Tensile 
16836 O GMAW HY 100 
16834 O GTAW CRES 308L 
16855 E GTAW CRES 304 
16858 E GTAW CRES 304 
16893 C Oxy/Propane Cutting HY 100 
16902 C Oxy/Propane Cutting HY 100 
16830 O Plasma Arc Cutting HY 100 
16832 O Plasma Arc Cutting HY 100 
16895 C Plasma Arc Cutting CRES 304 
16865 O Air Carbon Arc Gouging HY 100 
16866 O Air Carbon Arc Gouging HY 100 

E = Enclosed Area 
O = Open Area 
C = Confined Area 
LEV (1) = Local Exhaust Ventilation; 0-1000 ft/min Face Velocity 
LEV (2) = Local Exhaust Ventilation; 1001-2000 ft/min Face Velocity 

7018-M 
309CB (~ in.) 
309CB (~g in.) 
309CB (~g in.) 
309CB ('g in.) 

100S-1 (0.045 in.) 
308L ('3~ in.) 
308L ('36 in.) 
308L ('/~6 in.) 

0.1 1381 Nat. Dil. 
0.2 177 LEV (3) 
0.6 670 LEV (1) 
0.2 847 LEV (1) 
0.4 363 LEV (4) 
0.1 399 Nat. Dil. 

<0.1 139 Nat. Dil. 
0.3 564 LEV (2) 

<0.1 193 LEV (2) 
0.1 3987 LEV (4) 
0.2 6939 LEV (4) 

<0.1 163 Nat. Dil. 
0 160 Nat. Dil. 

4.3 2093 LEV (4) 
0.1 4995 Nat. Dil. 
0 334 Nat. Dil. 
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estimates suggest that manganese could 
exceed 200 pg/m 3 for test samples 
16827, 16828, 16835 and 16889. 

Estimates of Hexavalent 
Chromium Levels for 
Chromium-Molybdenum Steels 

The Task Group report identified 
chromium-molybdenum steels as materi- 
als that are welded and cut in shipyards. 
Hexavalent chromium sampling during 
SMAW of stainless steels and HY-100 
steels indicates that welding and cutting 
of chromium-molybdenum steels also 
may produce hexavalent chromium. 
Chromium-molybdenum steels contain- 
ing 1.25 and 2.25% chromium would 
be expected to produce hexavalent 
chromium levels between those mea- 
sured for stainless and HY-100 steels. 
While no samples were taken for these 
materials, breathing zone levels can be 
estimated based on shipyard data on total 
fume and the fume compositions pub- 
lished in the literature (Ref. 1). Table 4 
contains estimates of eight-hour TWA 
breathing zone levels for welding with 
E9018 chromium molybdenum elec- 
trodes. Literature shows that total fume 
generation rates for E8018 and E9018 
SMAW electrodes used for chromium- 
molybdenum steels are similar to those 
for electrodes used for low-alloy steels 

measured during shipyard sampling. 
Therefore, based on reported chromium 
compositions of fumes from E9018 elec- 
trodes, hexavalent chromium levels ex- 
ceeding 5 pg/m 3 are likely when SMA 
welding 2.25 chromium steels. Hexava- 
lent chromium also would be expected 
when welding 1.25 chromium steels with 
E8018 electrodes. Further testing of these 
steels is under way. 

Studies of Welding Fume from 
HY-100 and HSLA-100 Welding 
Consumables 

Test Procedures for Fume Studies 

The shipyard worker breathing zone 
sampling shows eight-hour TWA hexava- 
lent chromium levels of up to 2.2 IJg/m 3 
for SMAW of HY-80 and HY-100 low- 
alloy steels using both E11018-M and 
E12018-M electrodes. The widespread 
use of these steels and consumables in 
Navy ship construction prompted the 
need for further study of hexavalent 
chromium in fume during welding of 
these materials. The study included 
fumes from welding HSLA-100 high- 
strength low-alloy steel, which has a 
lower chromium content than HY-80 or 
HY-100. 

Tests were conducted to determine 
the effects of base metal and welding 

electrode compositions on the hexava- 
lent chromium content of welding fume. 
Tests included SMAW and GMAW pro- 
cesses on both HY-100 and HSLA-100 
steels. Table 5 lists the specifications for 
these steels. HY-100 contains between 
1.0 and 1.8% chromium, while HSLA- 
100 contains between 0.45 and 0.75% 
chromium. Tests also were conducted on 
0.5-in. (12.7-mm) thick A-36 (mild) steel, 
which contains virtually no chromium. 
The HY-100 (MIL-S-24645) and HSLA- 
100 (MIL-S-16216) plates were 0.75 in. 
(19 mm) thick. These plates were sup- 
plied directly from a shipyard and were 
coated with primer. The HY-100 steel was 
coated with a green primer and the 
HSLA-100 with red primer. 

SMAW was performed with 5/~2-in. (4 
mm) diameter MIL-E-22200, E-11018-M 
covered welding electrodes. E11018-M 
electrodes were purchased from two 
manufacturers to widen the range of test 
compositions. These electrodes are iden- 
tified as manufacturer "A" and manufac- 
turer "B." GMAW was performed with 
0.045-in. (1.2-ram) diameter (MIL-E- 
23765, MIL-100S-1) electrode wire and 
95% argon-5% CO 2 shielding gas. MIL- 
100S-1 wire from heat number 195286 
was used for all welding with the excep- 
tion of the final GMA welder breathing 
zone test. This final test was conducted 
with MIL-100S-1 electrode wire from the 

Table 4 - -  Estimated Maximum Eight-Hour TWA Welder Breathing Zone Levels for Selected Levels of Total Fume (Ref. 1) 

Process/Electrode 
Fume Component 3000 1000 

SMAW-E9018 
Chromium (Ill) 24 8 
Chromium (Vl) 24 8 
Nickel 3 1 
Manganese 177 59 

Source: Maximum percentages of elements in fume are based on data from Ref. 1. 

Total Fume (IJg/m 3) 
500 

4 
4 

0.5 
29.5 

200 

1.6 
1.6 
0.2 
11.8 

Table 5 - -  Specification Chemical Compositions for Base and Filler Metals (Weight Percent) 

Base Metal C Mn S P Si Ni Cr Mo Cu Cb V 1i Zr AI 

ASTM A-36 0.26 - -  0.05 0.04 . . . . . . . . . .  

HY-100 (to 1-'/4 in.) 0 .14-  0 .10-  0 .008  0 .015  0 .15-  2 .25-  1.0- 0 .20-  0 .25 - -  0 .03 0.02 - -  - -  
MIL-S-16216 0 .18  0 .40  0 .38  3 .50  1.80 0 .60  

HSLA-100 0 .06  0 .75-  0 .006  0 . 020  0 .40  3 .35-  0 .45-  0 .55-  1.45- 0 .02-  0.03 0.02 - -  - -  
MIL-S-24645 1.05 3.65 0.75 0.65 1.75 0 .06  

Filler Metal 
E11018-M 0 .10  1.30- 0.03 0.03 0 .60  1.25- 0.4 0 .25-  - -  - -  0 .05 - -  - -  - -  
MIL-E-22200/10 1.80 2 .50  0 .50  

MIL-100S-1 0 .08  1.25- 0 .10  0 .10  0 .20-  1.40- 0.3 0 .25-  0 .25 - -  0 .05 0 .10  0 .10  0 .10  
MIL-E-23765/2E 1.80 0 .50  2 .10  0.55 

*Single values are maximum. 

226-s I JUNE 1998 



same manufacturer but from heat 
195267. The specification compositions 
of these welding consumables are given 
in Table 5. 

Chemical analysis was performed on 
specimens removed from each of the 
steel plates and on all-weld-metal pads, 
deposited with each of the electrodes 
and electrode wires. In addition, the 
compositions of the primers on the HY- 
100 and HSLA-100 plates were deter- 
mined. The results of these analyses are 
shown in Tables 6 and 7. The HY-100 
plate contains more chromium than 
HSLA-100. A-36 contains virtually no 
chromium. The E11018-M electrode 
from Manufacturer B contains 0.31% 
chromium while the E-11018-M elec- 
trode from Manufacturer A contains less 
than 0.1% chromium. The compositions 
of both heats of MIL-100S-1 wire are 
nearly identical. Table 7 shows that the 
green primer coating on the HY-100 plate 
is composed of approximately 28% zinc 
(Zn), with lesser amounts of iron (Fe), sil- 
icon (Si) and titanium (Ti). The analysis 
reported 0.26% chromium in this primer. 
The red primer coating on the HSLA-100 
steel contained approximately 23% zinc. 
This primer also contained Fe, Si and Ti, 
and virtually no chromium. 

Analysis of Fume Composition and 
Fume Generation Rates 

Fume samples were collected and an- 

alyzed to determine how base metal 
composition affects fume composition. 
Total airborne fume generation rates also 
were measured for both SMAW elec- 
trodes and for the GMAW electrode wire 
on each of the three base metals. The test 
procedures followed the U.S. standard 
practices in ANSI/AWS F1.2, Laboratory 
Methods for Measuring Fume Generation 
Rates and Total Fume Emission of Weld- 
ing and Allied Processes (Ref. 3). Fume 
was generated by welding on the flat steel 
plates inside a fume chamber. Fume was 
collected from both of the SMAW elec- 
trodes and the GMAW electrode wire for 
each of the three steels. Table 8 lists the 
sample numbers and the welding param- 
eters are shown in Table 9. Mill scale and 
primer were ground from the plates prior 
to welding specimens FTM-1, FTM-2, 
FTM-3 and FTS-6 through FTS-11. To de- 
termine the effects of the primer on fume 
composition, specimens FTM-3 and 
FTM-5 were collected by GMAW di- 
rectly onto the primed HY-100 and 
HSLA-100 plates. The fume was removed 
from the filters and sent to a laboratory 
where hexavalent chromium was ana- 
lyzed using the wet chemistry method 
described by Moreton (Ref. 4). Other el- 
ements were measured using X-ray fluo- 
rescence spectrometry. 

Fume generation rates of SMAW and 
GMAW were measured on each of the 
three steels (HY-100, HSLA-100 and A- 
36). Prior to conducting each test, the 
plates were ground to remove all primer 

and scale. Total fume generation rate 
measurements were made in the fume 
chamber using the method specified in 
ANSI/AWS F1.2. Fume was captured in a 
fiberglass filter that was weighed, ex- 
posed to fume in the chamber and 
reweighed. The quantity of fume gener- 
ated during welding was determined by 
subtracting the initial weight of the filter 
from the weight, after exposure to the 
fume. ANSI/AWS F1.2 includes a cali- 
bration procedure that was used at the 
beginning of the tests to confirm the ac- 
curacy of the method. 

Fume generation rates were measured 
on each steel with both SMAW elec- 
trodes and with GMAW with MIL 100S- 
1 electrode wire and 95% Ar-5% CO 2 
shielding gas. Welding parameters are 
listed in Table 9. Three SMAW tests were 
conducted for each condition. GMAW 
tests were conducted at a wire feed 
speed of 400 in./min (169 ram/s) at 26, 
28, 30 and 32 V. Two tests were con- 
ducted for each material at each voltage. 

Worker Breathing Zone 

Personal breathing zone samples 
were collected in the laboratory to com- 
pare eight-hour TWA levels with the total 
fume compositions from the analysis de- 
scribed above. The tests simulated pro- 
duction welding conditions. Welding 
was performed in an enclosed space 
measuring 11.5 ft (3.5 m) by 14.5 ft (4.4 
m) by 8.5 ft (2.6 m) high, or 1417 ft 3 (65.6 

Table 6 - -  Chemical Compositions for Base and Filler Metal Used for These Tests (Weight Percent) 

Base Metal C Mn S P Si Ni Cr Mo V 

A-36 0.19 0.52 0.010 0.007 <0.10 <0.10 <0.01 <0.05 <0.01 

HY-100 0.17 0.32 0.003 0.011 0.27 2.57 1.40 0.27 <0.01 

HSLA-100 0.041 0.99 0.002 0.009 0.28 1.84 0.63 0.40 <0.01 

Filler Metal 

Manufacturer A 0.050 1.73 0.013 0.020 0.50 2.18 <0.10 0.39 0.011 
E11018-M 

Manufacturer B 0.053 1.60 0.011 0.015 0.26 2.00 0.31 0.38 <0.01 
E11018-M 

MIL-100S-1 0.066 1.30 0.002 0.007 0.19 1.86 0.12 0.36 <0.01 
Heat 195267 

MIL-100S-1 0.059 1.48 0.005 0.010 0.28 1.86 0.10 0.35 <0.01 
Heat 195286 

Table 7 - -  Chemical Composition of Primer Surface Coatings (Weight Percent) 

AI Ti Zn Cr 

Coating On HY-100 Steel 0.24 4.49 28.18 0.26 
Coating On HSLA-100 Steel 0.49 7.18 22.99 <0.01 

Fe Si Pb 

4.53 3.37 <0.005 
11.39 3.28 <0.005 
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Table 8 - -  Sample Numbers for Tests 

Base Material 
Process/Electrode Mild Steel HY-100 HSLA-100 Primed HY-100 Primed HSLA-100 

Manufacturer A FTS-6 FTS-7 FTS-8 - -  - -  
E11018-M 

Manufacturer B FTS-9 FTS-10 FTS-11 - -  - -  
E11018-M 

MILl 00S-1 FTM-1 FTM-2 FTM-4 FTM-3 FTM-5 

Table 9 - -  Welding Parameters for Fume Analysis and Fume Generation Rate Tests 

Process/Parameters SMAW Manufacturer A E11018-M SMAW Manufacturer B E11018-M 

Electrode Size Y32 in. (4 mm) Y~2 in. (4 mm) 

Shielding Gas - -  - -  

Polarity DCRP (+) DCRP (+) 

Current 160-170 A 160-170 A 
Wire Feed Speed - -  - -  

Travel Speed 8-12 in./min 8-12 in./min 
(3.4-5 mm/s) (3.4-5 mm/s) 

Voltage 21-22 21-22 

Gas Nozzle Diameter - -  - -  

Contact tube-to-work - -  - -  

GMAW MIL-100S-1 

0.045 in. (1.2 mm) 

95% Ar-5%CO 2 
Flow rate: 35 

CFH (16.5 L/min) 

DCRP (+) 

330 A 
400 in./min 
(169 mm/s) 

8-12 in./min 
(3.4-5 mm/s) 

27-28 V 

0.75 in. (19 mm) 

0.75 in. (19 mm) 

m3). The room had a single 6-ft-wide by 
7-ft-high (1.8 m by 2.1 m) door open dur- 
ing welding. Natural ventilation was 
used both inside and outside the room. 
Test plates were located on a 32-in.-high 
(812-mm) work table in front of the 
welder, who was seated. The fume plume 
rose naturally in front of the welder's hel- 
met. Table 10 lists the test conditions and 
the welding parameters used for these 
tests. Welding time (arc time) was 100 
min for the SMAW tests and 120 min for 
the GMAW tests. This gives operating 
factors of approximately 21% for SMAW 
and 25% for GMAW. 

Sampling cassettes were placed in the 
breathing zone inside the welder's hel- 
met, according to the procedures de- 
scribed in ANSl/AWS F1.1. The sampling 
pumps operated for approximately 
eight hours during each test. Pumps were 
calibrated using the prescribed NIOSH 
methods. The primary air-flow calibra- 
tion standard used a soap-film burette. 
The pump system included a 37-mm sup- 
port pad, air cassette and tubing repre- 
senting the actual sampling system. The 
system was calibrated at a sampling rate 
of 2 L/rain. One filter was analyzed for 
cadmium (Cd), copper (Cu), nickel (Ni), 

total chromium (Cr), zinc (Zn), silver (Ag), 
manganese (Mn) and iron (Fe) using 
NIOSH Procedure 7300. Analysis of hex- 
avalent chromium Cr(Vl) was performed 
to draft OSHA Method 215, version B, 
which uses magnesium chloride as a 
scavenger in the digestion process to pre- 
vent oxidation of Cr(lll) to Cr(Vl). 

Discussion of Results of Welding 
Fume Studies for HY-100 and 
HSLA-100 Welding Consumables 

Fume Composition 

Table 11 shows that the compositions 
of GMAW fumes from welds with MIL- 
100S 1 wire on the three steel plates 
(A-36, HY-100 and HSLA-100) are virtu- 
ally identical. The primary constituents of 
GMAW fume samples FTM-1, FTM-2 
and FTM-4 include approximately 65% 
iron, 0.9% silicon, 0.9% nickel and be- 
tween 5 and 6% manganese. Hexavalent 
chromium is less than 0.1% of the fume 
in each test. Wet chemistry methods used 
to analyze hexavalent chromium appar- 
ently are not sensitive enough to detect 
any differences below this level. Other 
elements are equal to or less than 0.2% 

of these fume specimens. Chromium in 
the fume from all three steels was less 
than 0.2% in spite of the difference in 
chromium content of the three steel 
plates. Table 6 shows that HY-100 con- 
tains 1.4% chromium and the A-36 plate 
contains less than 0.01% chromium. The 
metallic elements in each fume sample 
account for between 72 and 75% of the 
sample; the remaining percentage is oxy- 
gen. The similarity in composition of 
GMAW fume from these three steels 
agrees with published literature, which 
states that arc welding fumes primarily 
come from the electrode wire. 

Comparison of SMAW fume compo- 
sitions from Table 12 also fails to show an 
effect on fume composition due to the 
steel plate composition. The table shows 
differences in the compositions of fumes 
from electrodes "A" and "B." However, 
there are no significant differences in the 
fume compositions from the three steel 
plates. The differences between the com- 
positions of fumes from Manufacturer A 
and Manufacturer B are primarily in the 
percentages of titanium (Ti), calcium 
(Ca), potassium (K), sodium (Na) and flu- 
orine (F). These differences are probably 
due to the electrode coatings. Table 12 
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Table 10 - -  Welder Personal Sampling Test Conditions 

Total Pump Pump Arc 
Test Process/Electrode/ Time Flow Rates Volumes Time 

Number Base Metal (Min) (UMin) (L) (Min) 

1 SMAW Manufacturer B 480 2.0 960 100 
E11018-M 
HY-100 Plate 

2 SMAW Manufacturer B 487 2.0 974 100 
E11018-M 
HSLA-100 Plate 

3 SMAW Manufacturer A 480 2.0 960 100 
E11018-M 
HY-100 Plate 

4 SMAW Manufacturer A 480 2.0 960 100 
A-36 Plate 

5 GMAW MIL-100S-1 on 480 2.0 960 120 
HY-100 Plate 

6 GMAW MIL-100S-1 on 480 2.0 960 120 
HSLA-100 Plate 

Wire 
Welding Welding Feed 
Current Voltage Speed 

160-170 A 21-22 V 

160-170 A 21-22 V 

160-170 A 21-22 V 

160-170 A 21-22 V 

260-270 A 28 V 

260-270 A 28 V 

260in./min 
(110 mmg) 

260in./min 
(110 mm/s) 

Table 11 - -  Chemical Composition of GMA Welding Fume Using MIL-100S-1 Wire (Weight Percent) 

Base Metal Sample No. Cr (Vl) AI Ti Si Fe Ca Mn 

A-36 FTM-1 <0.1 <0.2 <0.2 0.8 65.2 <0.2 5.2 
HY-100 FTM-2 <0.1 <0.2 <0.2 0.9 65.1 <0.2 5.9 
Primed HY-100 FTM-3 <0.1 <0.2 0.2 0.6 38.9 <0.2 3.7 
HSLA-100 FTM-4 <0.1 <0.2 <0.2 0.9 64.1 <0.2 6.2 
Primed HSLA-100 FTM-5 <0.1 <0.2 0.3 0.6 46.7 <0.2 4.8 

K Ba Ni Cr Zn 

<0.2 <0.2 0.9 <0.2 - -  
<0.2 <0.2 0.9 <0.2 - -  
<0.2 <0.2 0.4 <0.2 29.2 
<0.2 <0.2 0.9 <0.2 - -  
<0.2 <0.2 0.9 <0.2 16.7 

also shows that elements of the electrode 
coating (calcium, potassium, sodium and 
fluoride) make up approximately 50% of 
the fume. Iron, silicon and manganese 
are the remaining principal fume com- 
ponents. Table 6 shows differences in the 
nickel and chromium contents of weld 
metals deposited by the electrodes from 
the two different manufacturers. How- 
ever, these differences were not 
detectable in the fume analysis. 

Tests FTM-3 and FTM-5 show how the 
composition of GMAW fume was af- 
fected by the primer coatings on the steel 
plates. Table 11 shows that fumes from 
these tests contain significant percent- 
ages of zinc, which is the principal metal- 
lic constituent of the primers. The 
percentages of other fume elements in 
these samples decreased in proportion to 
the amount of zinc in the fumes. 

Fume Generation Rates 

Results of total airborne fume genera- 
tion rate measurements for SMAW are 
shown in Fig. 1. This figure shows the 
average of three fume generation rate tests 
for each electrode and base metal combi- 
nation. The fume generation rates mea- 

sured for the E11018-M electrodes from 
Manufacturer B were approximately 25% 
higher than those from Manufacturer A on 
each of the three steels. Average fume 
generation rates for the E11018-M elec- 
trode from Manufacturer A ranged from 
0.316 to 0.381 g/min and for the elec- 
trode from Manufacturer B ranged from 
0.444 to 0.512 g/min. The average fume 
generation rates were about 15% higher 
for both electrodes when welding on the 
A-36 steel compared to welding on 
HY-100 steel. However, these differences 
may not be significant based on the small 
number of tests. 

Fume generation rates for GMAW 
with MIL-100S-1 electrode wire and 
95% Ar-5% CO 2 are shown in Fig. 2. 
These data are for a wire feed speed of 
400 in./min at welding voltages of 26, 28, 
30 and 32 V. Except for the test on A-36 
steel at 28 V, fume generation rates were 
lower at 28 and 30 V than at either 26 or 
32 V. This behavior is typical of fume gen- 
eration rates for GMAW with argon- 
based shielding gases. Except for the 
single A-36 data point at 28 V, fume gen- 
eration rates were within 0.1 g/min of 
each other for each of the three steels at 
each voltage tested. While the data indi- 

cate that fume generation was slightly 
higher when welding on A-36 steel and 
lowest when welding on HSLA-100 steel, 
these differences may not be significant. 

Worker Breathing Zone Tests 

Results of the laboratory worker 
breathing zone tests for SMAW and 
GMAW are shown in Table 13. The table 
lists hexavalent chromium, total 
chromium, manganese, nickel and iron, 
as well as several other minor metallic 
fume constituents. Table 13 includes an 
estimated total fume level for SMAW that 
was calculated from the iron sample 
value and the percentage of iron in the 
total fume given in Table 12. These esti- 
mates indicate that despite the very 
closely controlled laboratory conditions 
under which these tests were conducted, 
total fume during the A-36 steel test was 
lower than during the other tests. This 
conclusion is supported by the fact that 
sample values for Fe, Mn and Cr(Vl) also 
were lower for the test on A-36 steel. This 
demonstrates the variability of welder 
breathing zone testing even under well- 
controlled conditions and indicates the 
need for additional tests. 
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Table 12 - -  Chemical Composition of SMA Welding Fume (Weight Percent) 

Base Sample Cr 
Metal Electrode No. (Vl) AI 

A-36 Manufac- FTS-6 <0.1 0.3 
turer A 
E11018-M 

HY-IO0 Manufac- 
turer A 
E11018-M 

HSLA- Manufac- 
100 turer A 

E11018-M 

A-36 Manufac- 
turer B 
E11018-M 

HY-100 Manufac 
turer B 
E 11018-M 

HSLA- Manufac- 
100 turer B 

E11018-M 

Ti Si Fe Ca Mn K Ba Ni Cr Mo Nb V Cu Na Li F 

1.0 2.8 20.3 13.8 7.5 7.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 8.9 <0.2 18.1 

FTS-7 <0.1 0.2 1.1 3.0 18.3 14.1 7.3 7.9 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 9.1 <0.2 20.9 

FTS-8 <0.1 0.3 1.1 2.9 18.2 14.4 7.6 7.7 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 9.1 <0.2 19.2 

FTS-9 <0.I 0.4 0.3 1.8 20 .6  10.2 6.4 10.0 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 5.7 0.5 16.4 

FTS-10 <0.1 0.4 0.3 2.5 16.9 10.4 6.3 10.3 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 5.8 0.4 14.5 

FTS-11 <0.1 0.4 0.3 2.0 15.6 10.2 6.4 11.0 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 5.8 0.6 15.5 

0.6 

O.S 

0.4 

0.3 

0.2 

0.1 

0 
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B a s e  M e t a l  

Fig. 1 - -  Fume generation rates for SMA W with E1 l O18M electrodes. 

Welder breathing zone samples for 
hexavalent ch romium dur ing SMAW 
ranged from 0.94 pg/m 3 on HY-100 with 
E11018-M electrodes from Manufacturer 
B to 0.021 pg/m 3 for the same electrodes 
on HSLA-100. This difference in hexava- 
lent chromium is much larger than would 
be expected based on comparing other 
elements (Cr, Mn, Fe) for these two tests. 
Hexavalent  ch romium samples for 
SMAW wi th  the E11018-M electrodes 
from Manufacturer A were 0.17 pg/m 3 
on HY-100 and 0.089 pg/m 3 on A-36. 
Hexavalent chromium samples dur ing 
GMAW were 0.021 pg/m 3 for HY-100 
and 0,051 pg/m 3 on HSLA-100. The dif- 
ference between these measurements is 
not considered to be significant. Only 
hexavalent chromium data are available 

for the GMAW tests 
due to sampl ing 
problems wi th  the 
NIOSH 7300 tests. 

Total chromium 

o6 __ 
'~ 0 5  

°t;g ~0.2 
u. 0 1 ~  

26 28 30 
Voltage (volts) 

32 

• A-36 

• HY-100 

[] HSLA-100  

Fig. 2 - -  GMA W fume generation rates with MIL-1005-1 electrode wire 
at 400  in./min. 

breathing zone samples were less than or 
equal to 3 pg/mg for all of the tests. Nickel 
was 4 pg/m 3 during GMAW and SMAW 
wi th  the Manufacturer B electrodes. 
Nickel was 3 pg/m 3 during SMAW with 
the electrodes produced by Manufacturer 
A. Manganese for SMAW ranged from 
9 to 40 pg/m 3 and iron ranged from 37 to 
113 pg/m 3. The zinc in these samples 
l ikely resulted from small amounts of 
pr imer that remained embedded in the 
surface even after grinding to remove the 
coating. 

The SMAW tests show that hexavalent 

chromium breathing zone levels of nearly 
1 pg/m 3 are possible, even though hex- 
avalent chromium makes up a very small 
percentage of the total fume composition. 
Table 13 shows that nickel and man- 
ganese levels during SMAW with E11018- 
M electrodes were below the new and 
proposed TLV®s for these metals. 

Conc lus ions  

The fo l lowing conclusions can be 
drawn from these investigations in the 
shipyard and laboratory on weld ing 
fume: 
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Table 13 - -  Personal Air Samples In Enclosed Space with Natural Ventilation 

Base Filler 
Process Metal Metal 

SMAW HY-100  Manufac- 
turer B 
El1018 

SMAW HSLA-100 Manufac- 
turer B 
El1018 

SMAW HY-100  Manufac- 
turer A 
El1018 

SMAW A-36 Manufac- 
turer A 
El1018 

GMAW HY-100  MIL-100S-1 

GMAW HSLA-100 MIL-100S-1 

OSHA 
Method 215 
Cr(Vl) Eight- 

Hr TWA 
(pg/m 3) 

0.94 

Cr Mn Ni Fe Cd Cu Zn Ag 

<3 27 4 113 <1 2 41 <1 

0.021 <3 19 4 78 <1 

0.17 <3 40 3 113 <1 

0.089 <3 9 3 37 <1 

Total Fume 
(IJg/m 3) 

(Estimated 
From Fe 
Sample) 

668 

1 31 3 500 

1 5 <1 618 

1 5 <I  182 

0.021 NA NA NA NA NA NA NA NA 

0.051 NA NA NA NA NA NA NA NA m 

1) Hexavalent chromium can be 
expected when welding or cutting mate- 
rials that contain chromium or chro- 
mates. These materials include stainless 
steels, high-chromium nickel alloys and 
some low-alloy steels. 

2) The highest nickel levels occurred 
during SMAW and GMAW of stainless 
steels and nickel alloys. Worker breath- 
ing zone samples for nickel only ex- 
ceeded proposed limits in one series of 
tests in enclosed spaces. 

3) While none of the breathing sam- 
ples in this study exceeded the proposed 
level for manganese, SMAW, GMAW and 
flux cored arc welding (FCAW) of stain- 
less steels, carbon steels and low-alloy 
steels may produce higher manganese 
levels. 

4) Eight-hour TWA hexavalent chro- 
mium levels of up to 1-2 pg/m 3 were 
found during shipyard and laboratory 
sampling of SMAW of HY-100 using 
E11018-M and E12018-M electrodes. 
Similar levels also may be possible when 
welding with these electrodes on other 
materials. 

5) Hexavalent chromium was found 
to account for less than 0.1% of fume 
from SMAW with E11018-M electrodes 
and GMAW using MIL 100S-1 electrode 
wire on HY-100 and HSLA-100 steels. 
The wet chemistry method used to ana- 
lyze hexavalent chromium in total weld- 
ing fume was not sensitive enough to 
detect differences below this level. 

6) Base metal composition did not 
affect the percentages of elements other 
than hexavalent chromium in welding 

fume from SMAW with E11018-M 
electrodes nor from GMAW fume with 
MIL-100S-1 wire. While the highest hex- 
avalent chromium level occurred during 
the welding of HY-100 steel, firm con- 
clusions on the influence of base metal 
composition on hexavalent chromium 
content of welding fume cannot be 
drawn based on these limited tests. 

7) Shipyard and laboratory welder 
breathing zone levels of hexavalent 
chromium during GMAW of HY-100 and 
HSLA-100 steels with MIL-100S-1 elec- 
trode wire were less than 0.5 IJg/m 3. 

8) Estimates based on total fume lev- 
els measured in shipyards and known 
fume compositions suggest that SMAW 
of chromium-molybdenum steels with 
E8018 and E9018 electrodes could result 
in hexavalent chromium levels above 
5 lag/m3. 

9) Although the data generated dur- 
ing this study agrees with that gathered 
previously, additional worker breathing 
zone tests are recommended to fully 
characterize these base metals and weld- 
ing consumables. 
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