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Fume emission when
welding stainless steel

Health aspects of chromium compounds in welding fume are a subject of much current concem, and- ,

hence there is particular interest in measurements of fume emission in stainless steel weldin “:“;
J Moreton, E A Smars and K R Spiller measured fume emission rates from a variety of stamless‘-"
consumables, and demonstrated effects of changing welding process and conditions. :

:":'r.-':,'
e

lj‘?l E

A previous article described measurement
of fume emission rates using a fume box
technique, and subsequent chemical ana-
lysis of fumes from a range of open arc
welding processes.! The feasibility of test-
ing consumables from different processes
by the fume box method aliows between-
process comparisons to be made for fume
emission potential, especially in cases
where the quantity and/or toxicity of the
fume may be critical. With the current
worldwide concern regarding health
aspects of chromium compounds in
welding fume,? measurements of fume
emission during welding of stainless steel
are of special interest.

In the study reported here, fume
emission rate measurements were made
by the fume box technique® on typical
18:10:3 Cr:Ni:Mo stainless consumabies,
as follows:

4—manual metal arc (MMA) electrode;

B~metal active gas (MAG) consumable
with Ar-200, shielding gas;

C—flux cored wire (FCW) self-shlelded
consumable;

D—metal cored wire (MCW) gas shielded
consumable

Specifications are given in Table 1. All
these consumabies can be used for the
same welding application. The MAG con-
sumable B was also testad (B1-B5) under
five different welding conditions, to pro-
vide an indication of the possible range of
fume emission rates for a single consum-
able within a process. Because of the
possibilities of using dip, globular, spray
and pulse modes of metal transfer, the
range of corresponding fume emission
rates with a given MAG consurnable is
probably greater than with those
consumabies used for the other processes.

Although there is 2 considerable prac-
tical demand for 2 fume emission rate test
method, no standard for such a method

Janer Moreion. MA. is o Principal Research
Chemist in the Materials Department of The
Welding Institwie: Erik Smars, DEng, is
Manager of R & D in Welding Technology.
AGA. Lidingoe, Sweden: and Bob Spiller is a
Senior Welding Engineer in the Producnon
Svsrems Depariment of The Welding Institute.
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currently exists in the UK. The method
used is derived from the Swedish
Standard* for measurement of fume emis-
sion rates and related parameters for
MMA consumabies only. Therefore, the
work described employs what are cur-
rently Welding Institute in-house test

_methods. The results, however, have a

general comparative significance.

EMISSION RATE

MEASUREMENTS

Welding fume emission raie (FER)
measurements were made on consum-
ables A, B, C and D using the fume box
described in ref. 1. Horizontal-vertical
fillet welds were made on 250X50X10mm,

. 316 stainless steel testpieces in the fume

box, and the paniculate fume emitied was
extracted on to a 240mrm diameter
preweighed filter. The weight of fume
collectad per unit arcing time (or per unit
weight of deposited metal) gives the FER
of the consumable.

Welding details are given in Table 1.
Results of the fume analyses are given in
Table 2. The analysis of the stainless steel
base plate materials used in the test. and of_
the consumabies (coatings. cores, sheaths
and wires) was made by Xray fluorescence
spectroscopy, and is reported in Table 3.
Because of the diversity of welding
conditions required by the different
consumables, it was not possible to use the
same welding equipment for all tests. The
fume emission rate of the MAG wire, B,
was investigated under a range of para-
meters. with Ar-2%0; gas shield: dip
transfer. Bla and Blb, globular, B and B2,
spray, B3 and B4, and pulse, B3.

For the MAG welding tests (Bl1-BS
inclusive), it was considered important to
define ciosely the mode of transfer of each
test, not only in terms of monitored
welding parameters (Table 1), but aiso to
ensure that the welds produced in the
fume box were of a comparable standard
to those common in industry. Prior to
welding. the required parameters for the
various modes of metal transfer were
established. The fillet weld specimens
were then completed by 2 welder of
average ability who had experience in
using the gas shielded arc welding process.
Tests Bla and Blb. using a dip transfer

D-3

e ed]

.,_‘a

condition are replicate sets usmg"
different welding power sources and illus:
trate that possible varying mductanmsand'
widely differing open cireuit voltages g:“"
constant arc voltage appear not 10 .
influence the FER resuits. 1t was not pru- iz
ticable in either power source to adjust the
inductance, this being a preset fanor
within the power units for a given wire, -
diameter. In all MAG tests, each ﬁllet"’.‘
weld was made using the convenhon:l‘ .
leftward technique, i.e. traversing th:
welding gun from right to left, the gin ;.
preceding the deposited weld beaﬁ;,
Throughout the trials the nozze of th%a_
welding gun to work distanee was main='";
tained to within 10-15mm. Observations of;’
the weiding operation and of the E&
welds produced using each of the sejected -
modes of metal transfer and associated=~"
welding parameters clearly indicated that
acceptable welds were being produced. On :
completion of the welding programme,
the fillet welded specimens were seeded™
into their representative groups and
visually examined, with measurements
being 1aken to determine the leg lengths of
_each weld. The results  of this exarm- »
“pation. albeit a subjective one, ‘alf___
summarised in Table 4. TN
For each set of cxperiments, AD;
B1-BS, gravimetric tests were made wnﬂ L
humidity-siable glass fibre filters. Tbe >
fiters were weighed before and aﬂ.el’ i
welding, as were the corresponding !
plates. These weights, and the relevmt
arcing times were used to calculate tht
fume emission rates illustrated in Fig. 1 " .
terms of mg/g of deposited metal ang
meg/sec of arcing time. .
For the MMA consumable (A), uommlf .
arcing time was 60sec, for the MAG m-_
(B) it was usually 30sec, and for the
and MCW consumables, C and E
respectively, it was reduced to 20sec. -
" During sampling, for each expemnenf'-?
bulk sample of at least 1g fume W z.
coliected where possible, on a2 by
diameter filter paper. This fume Was, r -
removed by careful brushing with a
hair brush. and stored in a dry box for for |
analysis, by the following technm“‘-"- A,

a Fluorine (samples A and B only) byv!“"
hydrolysis, using a volumetri¢ finish
thorium nitrate;
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Table 1 cnnwmablci and weiding parametars

Waeiding parametars

Dia, Current, Voitage, Q/C. WFS, Stickour, Gas Gas flow,
Code Process . Standard grade mm A v v m/min  mm shield I/rmin A
A Manual metal arc (MMAJ BS 2926 (1970) 4.0 145+10 28-29 70DC+
1912 3LR
AWS A5, 4 81
. ) E316L-16 _
B Gas shielded solid wire BS 2901 Pt2.316593 1.2 190£10 19-20 a5DC+ 6.0 15 ‘Ar/2%0, 16
(MAG) AWS A5.977 . ) .
ERI16L Si . : -
c Fiux cored wire (FCW) AWS AS. 22 80 2.0 250=10 24 370+ 5.5 20-25 o
‘self-shieided E316LT-3 : : )
D Matal cored wirs (MCW) AWS AS. 22 80 1.6 290+10 24-25 32DC+ 7.2 15-20 Ar/2%0, 16
gas shielded E316LT, 1, 2.3 B )
Bia MAG dip transfer AsB 1.2 150-160 17.9 88DC+ &2 10 Ar/29%0, 16
{mean)
B1db MAG dip transfer AsB ' . 1.2 150-160 17.0 260C+ 4.8 10 Ar/2%0, 16
: {mean) .
a2 MAG giobular transfer _-As B- 1.2 T210-220 21.6 70DC+ 6.7 15 Ar/2%0, 16
. {maan) )
B3 - MAG spray transfer AsB 1.2 275-280 25.2 36DC+ 11.6 15 Ar/2%0; 16
(maan)
B4 MAG spray transfer AsB 1.2 280-290 27.6 410C+ 9.3 15 Ar/2%0; 16
. {maan)
B85 MAG puise transfer AsB ) 1.2 165-170 220 74DC+ 4.6 10 CAr/2%0, 16
: {mean) {mean)
Tabie 2 Chemical anaiyses of fumes. wt ) Co
: Totai :_""
Code Si Ti Zr Al Fe Mn Ca Mg Na K Li F Ba Ni Mo Nb v Cu Cr Grvt
A 10.0 2.1 <02 1.4 §1 50 04 <02 7.3 199 <02 149 <01 04 <02 <01 <01 <0.1 5.0 a1
B 1.7 01 <02 0.2 333 126 <02 <02 02 <01 <02 - <01 4.9 0.6 <0.1 <01 06 134 0.2
c 40 27 <02 24 134 48 1.9 0.9 17.0 3.0 <02 155 <0t 1.3 0.4 <0.1 <0.1 <0. 8.1 2.7
J 36 0.2 <02 0.8 319 93 <02 <02 04 <01 <02 - <0.1 4.7 0.8 <0.1 <01 <0.1 117 0.2
Bla 27.6 11.0 <0.1 <01 <0.1 <0.1 3.8 08 <01 <01 02 985 03
82 29.9 99 <01 <0.1 <0.1 <0.1 45 0.8 <01 <01 0.2 100 03
83 345 75 <0.1 <04 <0.1 <0.1 5.7 1.1 <01 <01 02 89 04
Ba* _ 36.0 14.7 <0.1 <0.1 <0.1 <0.1.-4.47 <01 <0.1 <01 05 116 02
g85* 22.4 17.6 <0.1 <D <0.1 <0.1 26 <01 <0.1 <0.1 04 82 0.2
* Aeduced anaiytical accurscy since only 0.3g furne available. B
Table 3 Consumabies analysis, wt % -
a) Mates .
Plate £ s P Si Mn Ni Cr Mo v Cu ~ Nb T Co
23587 0.045 0.014 0.047 070 2.01 10.5 170 238 0.06 0.38 <001 <0. 0.25
23776 0.043 0020 0.036 0.70 1.57 9.6 177 0.31 0.03 0.28 <0.01 0.30 0.16

) MMA coating

Consumable ' _ ' _
coating Si T 2r Al Fe Mn Ca Mg Na K Li F- €O, Ba Ni C Mo Nb V Cu
A 81 179 0.2 20 939 48 43 04 14 23 <02 23 28 01 1.0 =111 03 01 02 <01

¢) Consumables

c S P Si ~ Mn Ni Cr Mo v Cu Nb Ti Co

VIMA core, A 0014 0005 0013 006 1.32 12.8 185 2.68 0.04 0.10 <0.01 0.017 005 '

MAG wire, B 0.027 0005 0024 071 189 124 184 253 0.06 Q.22 <0.01 0.02 0.05

MCW wire, D - 0.015 0016 0.011 078 1.43 11.5 18.5 2.23 0.0t 003 <0.01 0.0V 0.01
AG wire,B1.5 0,029 0010 0026 082 1.69 12.7 18.9 252 005 Q.14 <0.01 0.02 0.09

tha:(:onsurnable C has not been included, since it wasimpossible to separate core and sheath of a 2.0mmdiameter FCW in a satisfactorymanner for
analysis.
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.b Total hexavalent chromium, by alkeline -
carbazide-

extraction and s-diphenyl
colorimetric finish, based on the method
described by Moreton e/ als Total
chromium figures were obtained by 2
fusion technique described in the same
T
¢ Sodium and lithium (samples A.B,Cand
D only) by fume emission spectrophoto-
metry;

d Xray fluorescence analysis was per-
. formed for the remaining elements, on a
- pead fused from a mixture of fume,
lanthenum oxide and lithium tetraborate.®

RESULTS AND DISCUSSION
Application of the fume box

This study confirms previous findings that
the fume box is an appropriate tool for
fume sampling. and measurement of fume
emission rates of MMA, MAG, and flux
and metal cored wire welding. Compared
with the Swedish Fume Box' designed
solely for MMA tests, the revised box
allows improved access of the MAG gunin
gas shielded arc welding and a more
conventional gun angle, while the larger
chamber volume means that there is less
disturbance of the gas shield. The only
difficulties were encountered with the
pulse arc condition. MAG wire, test B3,
when the fume emission rale was 0 low
that there were problems in collecting
sufficient furne sample for analysis.

me emission rates

_:producibility of fume emission raie
results. as illustrated in Fig. 1, has been
showne & to depend critically on variations
in current, and particularly voltage during
tests. and is similar for all four processes
tested. No values for standard deviations
(sd) were calculated, since only three or
four replicate lests were made for each
. consumable, but previous work suggesis a
value for 2sd of about =10%. Figure 1
shows, for each set of tests, the range.
which in all cases is about 10% of the value

of the average for a set of observations.
FER results for MMA. MAG and MCW
consumables lie~within the respeclive
ranges predicted by previous results held
on the Fume Emission Database (FED).\-?
although the number of results held on the
database is still small, and does not allowa
balanced statistical assessment. Similarly,
results for the MAG tests B, Bla or Blb.
B2 and B4 lie within the range expected
from the corresponding results on the
Database. The low arc voliage spray
condition. B3, produces an FER greater
than average. whereas the pulse condition,
B5 gives an FER considerably less thanthe
expected range for MAG. However, no
tests had been performed previously on

the pulse arc MAG condition. '

Chemical analysis
The results of chemical analysis of the
fume (Table 2) are in line with previous

tional hygiene interest are the chromium
contents of the fumes, Since the Occupa-
tional Exposure Limit (OEL)® for the
trivalent form, CrlIl is 0.5 mg/m3, whilst
the OEL for the hexavalent species, CrvL,
is 0.05 mg/m>, there is clearly 3 strong
incentive to reduce amounts of chromium
in fume in general. and proportions of
CrV1 in fume in panicular.

Fumes A and C give 5% otal chromium,
for the MMA and FCW tests respactively.
The CrVI contents for A and Cof4.1 and
2.7% respectively, represent 8 large pro--
portion (i.e. 80 and 60%) of the total Cr.
Such proportions of Crill/CrVl in the.
fume have been noted previously with
MMA and FCW consumables.! s

Wire B is a solid MAG wire, and wire D
an MCW type described by the manufac-
turer as containing no flux. It is in accord
with previous experience that the total
chromium in furne from MAG wire is
about 12% and that very lirtle of this
chromium is in the hexavalent state (Table
2).5 12 For the tests B and B1-B5, MAG
wire, the CrVI amounts in the fume
obtained by alkaline leach and the

s-diphenyl carbazide method were low for
all sampies., and only just above the limit
of detection (0.1-0.2%). Total Cr was’
obtained on small weight fume samples
B1.BS by a fuming technique. and there -
was no marked compositional variation |
through the set. -
Previous fume analyses from the same
wise were 9-13% by six. co-operating
analysts.* 4
Nickel contents of the fumes are a5
- expected from previous experience S [t is
known that Ni is present in an insoluble'-';
form as the oxide in welding fumes and :
therefore the OEL' of 1 mg/m? is reles |
vant. One anomaly in the results (Table 2)
is the small amount of sodium, at the '
detection limit, in fume B, from the MAG ‘
process. This is thought to be caused by
airborne  contamination, but is not
jmportant from an occupational hygiene
viewpoinL Also, in fume B, the coppes
amount of 0.6% is higher than normal, but .
similar levels have been found previously .
in fume from this consumable.s :d
The reduced analytical accuracy result.
(ing from small fume sample weights

Fumé emission rale, mp/g

A c D
la) mmMa  FCW  MCW MAD

Fume emission rale, mg/sec

ol
bl A [+ D B

B8
MAG

globulgr 00

Bla

Bib B2 B3

MAG MAG MAG MAG MAG -

dip . gebuicr spray Sproy - pulse
(low V) (nighV) T

8o B2 83 "85, ik -

1 Fume emission rates: #) Expressed in mg/g of deposited metal; &) Expressed as moluc"'f'ag,’

time.

P s

_analogous results. Of particular occupa- T e
- "1‘é'v'._'
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Table 4 Summary of resuits following visusl assessment of welded specimens

Mode of meal
trangfer

Test spacimen
numbaers

Gensral comments -

B1a (3 specimens) Dip

Bead profile convex with a slightly pronounced rippied surface. The weld toes fusing into each piate with a

5mm lag length fillet weid present. Fine spatter achering to the plates.

B1b (3 specimens) Dip

Bead profile convex, the convexity being more pronounced than those produced in group B1a. The bead

was however of a smoother rippled surface. The weld toes, aithough'fused into @ach plate, were distinctly

rolled along the base plate with a Smm leg length. There was aiso marked reduction in the fine spatter

formation,

Waids B1a and B1b may be considered as typical of indu-strinl practice for this joint type and piste
thickness.

82 (3 specimens) Globular

' B3 (3 specimens) Spray (low volts)

Bead profile only slightly convex with a herringbone ripplod-suﬂaeé. Theweld toes fusing smoothlyinto the
parent plates but assuming a ‘scalloped’ éffect with a mm leg length. Some fine spatter.

Bead profile slightly convex with a smooth fine herringbone rippled surface. The weld 1oes fusing into the

parant piates with a _sligm 'scalloping’ along the base plata toe, with a 7mm leg length. No spatter.

Bd (3 specimens) Spray (high voits) Bead profile fiat 1o slightly concave with a smooth very fine herringbione rippled Surface. The weld toes
fusing smoathly into the parent plates with 2 6mm leg length. No spatter.

B5 (3 specimens)  Puise

Bead profile fiat to slightly convex with a semi herringbone nippied surface. The weld toes, although fused

into the parent plates were slightly irreguiar slong the length of the specimen with » 7mm leg length. No

Spattar.

available in 1ests B4 and BS means that no
firm conclusions should be based on the
compositional variations of Fe, Ni,-Mn,
ete, of tests Bl-B5. However, fume
analyses for test B, with the same wire,
were in good agreement with fume
analyses carried out in 1983. where
31-33%Fe, 12-15%Mn and 3-5%Ni were
found by six analysts, These results are
thus in general agreement with the series
B1-BS.

Table 3 provides data on consumable
analyses. Two separate reels of wire B
were used for the tests, and had marginally
different composition. Such differences
were not thought to be significant Results
are not given for wire C, as it was not found
possible to separate the core and sheath of
this flux cored consumable for analysis.

IMPLICATIONS FOR
STAINLESS STEEL WELDING
This work with MMA, FCW, MCW and
MAG processes (all of which are applic-
able to routine stainless steel fabrication)
illustrates the range of fume emissions
which can be obtained. and suggests that
use of the MAG process is feasible to
reduce the CrV1/Crlll ratio 10 one which
is preferable from an occupational hygiene
viewpoint. This is the case providing that
total fume amounts are also adequately
. controlled by local extraction. It should be
bormne in mind that whilst it is fairly well
documented that MAG welding invariably
produces only low amounts of hexavalent
chromium in the fumeJ’ ! 12 there are
differences in FERs and fume composi-
tion with different MAG consumables.
Shielding gas mixtures may also have an
effect However, equally notable are the
variations in FER which can be obtained
by use of different welding conditions
applied 1o the same consumable, within 2
band of commercially acceptable resultant
weld qualities. Thus, it has been shown
possible when smploying a low voltage
spray ar¢ mode of transfer in test B3 to.
obtain a very high fume emission rate.
This result points 1o the importance of
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considering fume formation during
preliminary trials to establish welding
procedures for fabrication purposes.

‘Far more important is the discovery that
conventional pulse arc welding is capable
of producing very low fume amounts
indeed (commensurate with conventional
TIG and the hot wire TIG process!) at the
same time as having a deposition rate of
the order of the dip mode. Although it is
known that the pulse arc condition is
guilty of producing enhanced amounts of

- azone (not readily measurable in the fume

box). this test points the way to a possible
considerable overall reduction in pollu-
want levels, particularly in situations where
the reduction of particulate fume is critical
(e.e. welding in a hyperbaric environ-
ment).”* Figure 2 shows the results in
terms of a measure of the toxicity of fume
from different processes. The value of the

FER has been divided bv an additive’

threshold limit value* for fume given by:

1
A*B * c )
a bc
where A, B. C are the % weights of
elements of hvgienic significance in the
fume. and a, b and c are the corresponding
occupational exposure limits.

This calculation is one step in the
classification of fumes into classes, which
forms part of the Swedish Standard. This
standard. and in particular, its adoption of
fume classes is not accepted inthe UK, nor
is the method of adding together compo-
nents of a mixture of pollutants presently
accepted bv the Health and Safety Exe-
cutive, although the additive formula
above 15 used by the American Conference
of Governmental Industrial Hygienists
(ACGIH) for airborne pollutant
mixtures in general. | '

Nevertheless, as an aid to considering
the relative hazards of fumes from

TLViyme = mg/m?

different processes and consumables used

for welding stainless (and high alloy)
steels, the diagram can be thought
provoking. Using UK OEL values' in the
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calculation, the combination of low FER,
and the absence of significant amounts of
CrVI in the fume potentiallv makes the
fume from pulse arc welding (test BS) an
order of magnitude less hazardous than
the equivalent MMA conditions during
the deposition of equal amounts of weld
metal. For conventional dip and spray
MAG conditions, the three factors of: a)
very low CrVL; b)average FER: and ¢) high
total Cr (12-15% compared with ~8% for
MMA), have 10 be borne in mind when
considering control of fume emission at
source.

These considerations thus suggest that
it is perhaps unacceptable to adopt the
same value of OEL for particulate welding
fume'® from two different processes,
although nominally these processes may
deposit weld metal of similar composition.

_-The authors suggest that considerably
more research is required into fume
emission rates of competing open arc
processes (e.g. different shielding gas
mixtures, and a range of stainless. and
highly alloyed MAG wires) before any
firm conclusions can be drawn.

CONCLUSIONS .

1 The fume box has proved a usefui tool
for measurement of fume emission rates
of consumables from the MMA. MAG,
FCW and MCW processes.

2 Fume emission rates found in this
investigation lie within the ranges, process
by process, expected f{rom previous
experience.

3 The MAG process, with a single stainless
steel wire, type 316593, and Ar-2%0,

shielding gas, used under a wide range of
welding conditions. has shown iself

capable of lower fume emission rates than
the self-shielded (MMA and FCW)
Processes.

4 For the MAG process. small alterations
in arc voltage within the spray range can
have marked (factor of three) effects on
total fume emission. The higher fume
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emission rates were oblained with the low
-arc voitage.

. 5§ The pulse arc transfer mode during
. MAG welding has extremely low fume
emission rates.

6 Of particular interest is the presence of

_ hexavalent chromium, CrVI in fume.
secause of the recent debate concerning
possible carcinogenic hazards relating to
CrVL. These investigations indicate that
gas shielded welding gives emission rates
of CrV1 that are jower than those given by
self-shielded methods by a factor of 1/15
to 1/25. For pulse transfer MAG welding,
the-samne factor is of the orderof 17100. If a
‘low" voltage spray transfer mode is used,
the factor reverts to 174 to 1/5.

7 No measurements of ozone formation
were made. In considering the potential
air pollution problems when welding
stainless steels, attention should also be
paid to the ozone, particularly when using
the pulse arc MAG proeess.
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METCON FILE SRS
Authors Moreton J, Smars E Asnd Spiller KR

Tive Fume emission when welding
stainless steel .

Refsrence Metal Construction 1985 17 (12}
7%4-798 L

Fume emission rates ware determined fos -
MMA [AWS A5.4 81, E316L-16) MAG-
(Ar+2950,, metal cored wire AWS A5.22 80, |
E316 LT. 1, 2. 3 or solid wire AWS ABQTT..
ER316L Si. dip. spray (various voltage lovelsl. -
giobular or puised metal teansfer), or seif-
shielged flux cored wire welding (AWS
80, E316LT-3). Horizontat-vertical fillet
welds were mads in a fume box on Type Ne -
stainiess steel (17%Cr, 10%Ni. 2.38 oF
0.31%Mo) and perticulate fume wis
collected for weighing and chemical analyss
(especially for total chromium and .
chromium). Puised MAG welding gave veTY
low leveis of fume, -

2 Relative toxicity of fume from different welding pre $: ) Expr d as mg/sec/ TLV fume’; R 3
b Expressed as mg/g. ‘TLV fume’. e
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