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VARIATIONS IN THE CHEMICAL COMPOSITION AND GENE RATION RATES OF FUME FROM
STAINLESS STEEL ELECTRODES UNDER DIFFERENT AC ARC WE LDING CONDITIONS -

AWRA CONTRACT 90
By R.K. Tandon*, P.T. Crisp*, J. Ellis* and R.S. Baker**

ABSTRACT

The generation rate and chemical compaosition of fume from marual metal arc welding type AWS AS.d E316L-16
electrodes (3.15 mm) were stucied under a wide range of current (80-1204) and voltage (20-30V) conditions using an
AC electrode deposition rmachine. Welcing conditions, generation rates ang chemical analyses were reproducibie to within
5% For esch sstting on the power supply, there was an optimum arc iength which minimised fume generation. The rates of
fume generation were up to & times greater than the minimur: under kign voitage conditions and up 0 1.5 times greaver
under low voltage conditions. Marked variations were found in the elemen tal composition of fumne aroduced under different
welding conditions using power supply settings of 100 and 120A, The metal content oaf the fume increased uncer low voltage
conditions, excsnt in the case of chromiurn ar 100A wnere a iinear increase with ars voltage was observed. At 100A, sodium
and potassium had similar abundances in the fume, while at 120A potassium was nine times as abundant as sodium. _

The results are discussad in terms of arc termperature, gas shielding effects anc e volatility and thermodynamic sabil-
ity of fume components. For sach power supply setting, the ratas of release of ingividual metais in fume (g metal/kg elec-
trode) have minimum values at the same arc conditions as the minimurn in total fume generation rate; rates of metal release
under unfavourable conditions may be up to three times the minimum valug. Data on rares of furme generation and 2lement
relsase permit the occupational heaith aspects of welding o be evaluated and may lead to improvements in the formulation

and operation of welding rods to minimise the emission of potentially toxic constituents.

{ii) An automatic ceposition machine (Steel Mains Pty
Ltd! with a horizontal werk table driven by a varia-
ble soeed motor set at 150 mm min=' and an elec-
troce feeder mechanism set at 45° to the table.

An aiectronic controlier (Steel Mains Pty Lid) for the
elecirode feeder mechanism which mainiains a con-
c1amt preset voltage Detwesn the electrode and the

1 INTRODUCTION

Welders commonly experience increased fume pro-
duction when the arc length is increased beyond its normal
value or when the current setting on the power supply is
raised. Variations in the rate of fume gemeration have been {iii)
reported for a variety of electrodes under different cur-
rent and voitage conditions [1-3]. Kimura eral. [3] found

that the rate of fume generation increases with the ap- work by raising or lowering the electroge.
parent power (V.A) of the arc. The elemental composi {iv) A galvsnises steel hood (base dimensions 30 em x 30
tion of welding fume has aiso been shown 10 vary with the cml with z Fiprafax skirt connected by galvanised

arc conditions [2]. Studies to cate have concentrated on
examining a broad range of electrodes an¢ provide only a
small amount of data for each electrode under difierent arc
conditions. We report here the first pnase of an exhaustive
study of the welding fume from a single type of stainkess
steel MMA electrode under @ wide range of precisely con-
trolled arc conditions. The data may be used to test pro-
posed theories of fume formation and is essential for
gvaluating the toxicology of stainless sieei welding fume.

2 EXPERIMENTAL

2.1 Equipment for fume generation and collection
The automatic weicer and fume coliection sysiem

(Figures 1 and 2} comprised the following:

(i) An AC Weldare 230 power supply with rated input
current 13.5A at 415V, set on low current range
(open circuit voltage 78V).
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©T  steel tubing (15 o |.D, wrigkles at bends filled with
plastic) to a galvanisec steq cowl (base dimensions
25cm x 20 em).

{v] A high-olume air samplat (General Metal Works
Mode! 2000) with mator sheed regulated by a varia-
bie transformer and [itted with a 20 cm x 25 em
glass-fibre filter paper (Mesflow rate = 14 ¢s=7),
Welding was initiated by piacing a 1 cm ball of steel

wool betwesn the electrode and the work. The voltage:

setting on the electrode feed controller kept the are length
within close limits with a bunting action of = 2 mm super-
imposed on the downward feed. The fiow rate of the high-
volume air sampier was the minimum reguired to prevent
escape of fume from beneath the hood skirt.

2.2 Chemical analysis of fume and flux

Fume was generated using 3.15 mm E3I16L-16
electrodes on stainless steel 304 plates 6.25 mm thick.
Fume from 2.2 electrodes was collegted on the filter paper,
dried at 100°C and weighed prior to the chemical analy-
sis. The fume deposit was carefully brushed from the filter
paper. The deposit was examined for glass fibres or brush
hairs and contaminated sampies were rejected. Duplicate
0.1g samples of fume were extracted with nitric/hydro-
chioric and nitric/perchioric acids following the method
described by Miller and Jones {4]. Acid insoluble material
was removed by fiitration, ignited and weighed, The filtrate
was analysed for the metais iron, chromium, manganese,
nickel, copper, potassium, sodium, calcium, magnesium,
using atomic absorntion spectrophotometry and for fluor-
ide using an ion selective electroge. Atornic absorption
measurermnents were made on an Instrumentation Lab-
oratory Model S51 instrument using flame atomisation with
automatic backgroung correction in the double beamn
mode. ‘An air-acetylene flame was used for all elements
except chromium ang caicium, where nitrous oxide-acety-
lene was used. The matrices of standard and unknown soiu-
tions were matched and standard instrument and analy-
tical conditions {5) were used. Appropriate ionisation sup-
pressants and releasing agents were added ¢ standards and
unknowns for the following elements: potassium (1000
pprn ¢aesium), sodium (2000 ppm potassium), caicium
{2000 ppm potassium) and magnesium (10000 ppm lan-
thanum), Fluorice analyses were macge using an Orion
Model 901 ionanalyser and a Model 94-09 fluoride selective
electrode. Standards were prepared containing tne same
concentration of iron (H1) as the unknowns and all
fluoride concentrations were measured using solutions at
pH = 5.6 ¢ontaining sodium acetate (0.9M), hydrochloric
acid (5M), sodium’ tartrate {0.5M) and trishydroxymethy-
laminomethane (0.9M). A second-order pelynomial least-
squares fit was applied to the fume generation data vsing
standard prograrmmes on 3 Univac 1100 computer.

Qualitative analyses of the electrode flux coating
were carried out by x-ray fluorescence (X RF) spectrometry.
Samples of flux coating were pelietized by fusing with
lithium metaborate and anaiysed using a United Scienti-
fic instrument fitted with an energy dispersive 5i (Li)
detector and a Tracor Northern TN20C0 -muitichannel
analyser.

3 RESULTS

The compositions of the stainless steel 304 base metal
and the weld deposit from E316L-16 electrcdes are given
in Table 1. Qualitative XRF analysis of the electrode flux
indicated tne following components: titanium, Zirconium,
(major); potassium, calecium, chromium, manganese, nickel,
silicon, niobium {minor); iron, rubidium, strontium, alum-
inium (trace). Phosphorus, moiybdenum, sulphur and chior-
ine were not detected; magnesium and sodiurmn were not
determined. . : :

The reproducibility of fume generation rates using
the autom.atic deposition machine (relative standard devia-
tion of six determinations) was 2% at 21.5V, 91A and 1%
at 37.5V. 101A. Replicate vaiues for the rates of fume

Australian Weiding Resrarch, December 1982

TABLE 1 COMPOSITION OF THE BASE METAL
(5.5.304) AND THE WELD DEPOSIT (E316L-16
ELECTRODES)

! Percentage by weight!
i

Element Base meral | Wald depesit®
. ($.5.304) i {E316L-16)
Fe 70.64 : ) 54,98
Cr 1835 ! 15.02
Mn ' 1.29 1.76
Ni . 85 ; 1134
Cu 0.05 . 0.04
Mo 0.17 . 2.27
Nb- < 0,008 : 0.02
Ta - o 0.01
T - E 0.02
Si : . 0s5é 0.49
c ' 0.05 : 0.023
P 0.03 . 0.017
s ‘ 0.02 P 0.004

1. Parcentage vaiues ior iron were obtained by difference,
2. Cersificate of analysis oroviged by the manufacturer for a batwen
of miectrodes. :

-
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FIG 3 ISOFUME CURVES FOR 3,15 mm E316L-16
ELECTRODES. MACHINE — ELECTRODE CHARAC-
TERISTIC CURVES AT 85, 83, 100, 110 AND 120A
SETTINGS ARE SHOWN AS LINES OF BEST FIT TO
THE EXPERIMENTAL DATA POINTS ( ® ). FUME GEN-
ERATION RATES (g FUME/kg ELECTRODE MELTED)
ARE INDICATED AT EACH POINT ON THE MACHINE-
ELECTRODE CURVES. ISOFUME CURVES (10.0, 15.0,
20.0 g FUME/kg ELECTRODE) ARE DRAWN USING A
BIVARIATE LEAST-SQUARES POLYNOMIAL FIT. THE
DASHED LINE (----) INDICATES THE MINIMUM
FUME GENERATION RATE IN EACH OF THE
MACHINE-ELECTRODE CURVES

gemeration during sample collection were determined per-
iodically and lay within 5% of each other. The hunting
action of the electrcde feeder mechanism (designed to
mimic the manipulation by an experienced welder) caused
2 variation of = 0.5V and = BA. Average voltage and cur-
rent values at a particular power supply setting varied by
=3%.

Variations in the rate of fume generation under
different welding conditions are shown in Figure 3, Points
with similar fume generation rates were contoured using
a least squares curve fit to yield "isofume” lines (goodness
of fit BB%). The effect of V.A. upon the rate of fume
generation is given in Figure 4. The effects of arc voltage
on the fume composition and rates of element release in
fume are given in Figures S5 and 6 for 100A and 120A
power settings. Duplicate chemical analyses differed by
an average of 2% (maximum 5%). Approximately 20% of
the fume was agid insoluble.
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FIG 4 EFFECT OF APPARENT POWER (V.A.} ON THE
RATE OF FUME GENERATION USING 3.15 mm
E316L-16 ELECTRODES AT POWER SUPPLY SET-
TINGS OF 85, 23, 100, 110 AND 120 AMPS, '

DISCUSSION

Within the iimits of stable arc, fume generation
rates varied by a facter of four (Figure 3). For each elect-
rode-machine curve, there was an arc length (corrsspond-
ing to particular current and voltage values) which result-
ed in'a mimimum fume generation rate. The rate of fume
generation varied so critically with arc iength that even
"an experienced welder raight choose to operate under
conditions which woulc result in substantially more than
the mimimum rate of fume generation. An inexperienced
weider using the same machine setting might easily pro-
cuce fume at twice the minimum rate. The highest and
lowest voitages do not represent practical welding condi-
tions, but were chosen in order to probe the physical and
chemical processes occurring in the arc. Thne increase in
fume production with ingreasing arc iength (increasing
voliage) is probably due to more vapour being expelied
from the arc [3] as it becornes larger and hotter (greater
rate of energy dissipation). The relationship between
furmme generation rate and apparent power in the arc
{Figure 4) supports this view: for each setting of the
power supply, the relationsnip is approximately linear in
the region away from the short arc (low voltage) condi-
tion. Kimura er a/. [3] have reported a sirnilar linear rela-
uonship between fume generation rate anc apparent power
for a variety of electrodes. The increase in fume genera-
tion under short are conditions Qoes not appear to have
been reported praviously, It may resuit from the erratic
operation of the are causing spattering and loss of gas
shielding.

The fumes generated at power supply settings of
100A and 120A have generally similar eiemental composi-
tions (Figure 5). The most notable exceptions are sodiumn
and potassium: at 100A sodium and potassium have similar
abundances, while at 120A potassium is nine times as abun-
dant as sodium, Sodium and potassium salts with the same
anion boil at similar temperatures (6] and are likely there-
fore to have similar volatilities in the arc. Ejection of liquid
droplets from the arc is unlikely to favour onme alkali metal
over another. The different ratios of sodium to potassium
may be explained by each metal being associated with a
different anion (either in the original flux or in the are)

- 10 produce compounds with different volatilities. Al-
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FIG 5 EFFECT OF ARC VOLTAGE ON THE COMPOSI-
TION OF WELDING FUME FROM 3.15 mm E316L-16
ELECTRODES AT 100A AND 120A POWER SUPPLY
SETTINGS

TABLE 2 PHYSICAL AND THERMODYNAMIC
PROPERTIES OF RELEVANT METALS AND METAL
OXIDES

T I
Metal | EOI'II‘I? Compogition | Meiting | AG,° of

i point of stable point of metal oxide

T oxide oxide= | per male of

i 2000°C (°c) maetat

! H ] tkd mer™?

! ! at 2000°C
iron ; 2750 FeD 1424 -120
Chromium i 2480 C'q03 2400 =255
Manganese | 2100 Mn0 1875 =200
Nickel 2730 Ni 1660 - 30
Coooer 2600 Cuz0 1230 - 15
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1. Handbook of Chemistry and Physics, 55th edition, 1974.75,

2. Kupascnewski, O. ano Hepkins, B.5.. Oxidanon of Mertais and
Alloys, Bumterwortns, London, 1962,

3. Richardson, F.D. and Jefies, J.M.E., J. Iroen St, Inst., 1948, 160,
261.

through the ratio of sodium to potassium varied, the
surn of mean sodium and potassium concentrations in fume
evolved at 100A and 120A settings respectively was con-
stant

There is a marked increase in the abundance of
most elements in fume produced under low voltage
conditions, especially with a power supply setting of 100A.
These increased abundances must be associated with de-
creased abundances of constituents which have not vet
been determined (e.g. titanium and zirconium), Under the
cooler conditions of a short arc, metals such as titanium
and zirconium, which form refractory compounds, may be
relatwely less volatile than at higher temperatures. Chrom-
ium is exceptional in havmg # lower abundance in fume
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FIG 6 EFFECT OF ARC VOLTAGE ON THE RATES OF

. ELEMENT RELEASE IN FUME FROM 3,15 mm E316L-16
ELECTRODES AT 100A AND 120A POWER SUPPLY
SETTINGS

produced under low voltage conditions Than under normal
welding conditions at 100A. This may be cue 10 an in-
creased concentration of oxygen in the erratic arc leading
o the formation of poorly-volatile chromium (H1) oxide.
Cnromium {l11) oxide is more stable than iron, manganese,
mickel and copper oxides at 2000°C (Table 2) and should
be formed oreferentially from the vapour of the electrode
asllcy. While reliable data for the bailing noints of metal
oxides could not be optained, the order of the metting
points (Tabie 2) indicares that chromium (I11) oxioe should
be less volatile than the other metal oxides.

The approximately linear relationship Detween the
chromium content of the fume and arc voltage at a power
supply setting of 100A is noabie: the abuncance of
chremium in the fume doubles as the arc voltage inc-
reases from 20 1 30V. Since chromium compounds are
suspected of having adverse health effects [7], this re-
sult may be significant.

The composition of the welding fume is very dif-
ferent from the composition of the electrocie meral. Com-

" parative figures for the 2iectrode core wire and fume gen-

erated with a 120A power supply setting are given in
Table 3 (average fume compositions at 100A are similar).
It appears from the work of Gray er &/ (8) that the voiatil-
isation of elements from the molten electrode core wire is
an important mechanism for the formation of fume parti-
cles in the arc. The simplest model assumes that the metals
behave ideally and that their partial pressures above the
liquid alloy surface may be calculated from Raoult’'s Law
(9). Due to the dilution of electrode core wire elements in
the fume by volatilised flux constituents, comparisions
must be made relative to a particular element. Table 3 gives
this comparison in terms of “enrichment factors” reiative
1o iron. For the major elements, chromium, manganese
and nickel, direct application of Raoult's Law provides
values which are in fair agreement with the experimental
values. Mowever, the concentration of copper in the fume

Australian Weiding Research, Decerﬁber 1_982

TABLE 3 COMPARISON OF ELECTRODE AND FUME
COMPOSITION USING THE 120A POWER SUPPLY
SETTING

Reiative enrichment factors®

Metal | %in | %in ' Experi. | Raoults® | Gray,
| eisctrode | fume? | mental | Law | eral®
" core wire! | . :

Fe - 850 | &5 1| 1

Cr i 180 ¢ 51 3 ! 4 2

Mn i 18 | 33 19 i n o7

Ni o113 0.7 06 09 i 05

Cu [ 004 0os | 10 | 18 | -

H..e 13

1, Vaes for the weld ceoosit metal have Deen used.

2. Average of values obtained at 23.4, 26.0, 28.8, 33.6 and 37.8V.

3. The relative enrichment factor (E) for eacn mexal irelative 1o
iron) is given by

Cenetal in fume x Giron in aleatroos
et3l in electrode x“iron in fume
where C values are CONCENTTALIONS EXDIEISEc as Dercentage Dy
weignt,

4, Caiculated rom the composition of the equilibrium vapour ob-
taineg bv direet anoiication of Raoult's Law t¢ liquid elestrode
alloy at 26009C (towi vapour cressure = 1 atm).

5. Based on Raoult’s Law caleulations by Grav er o/, {8] for a sim-
ilar eiectrode alloy (68.7% Fe, 18.7% Or, 1.9% Mn, 12.9% Ni,
2.3% Mo} using estimatec activity coefficient.

differed by an order of magnitude from the Raoult's Law
prediction, and this may reflect non-ideal behaviour of this
trace comstitwent in the liguid metai soiution. A more rig-
orous model is one which Takes into account the activity
coefficients of the metals in the liquid alloy. Such a model
has beer used by Gray eral. [8] for metal iner: gas welding
using an electrode core wire of similar composition to that
used here. Their results have been used to calculate enrich-
ment factors which are presented in Tabie 3 for compari-
son. The concentration of nickal in tne fume is better
represented by this model,

The amount of aach element released in furme per
kilogram of electrode consumed (Figure §) may vary by a
factor of between two and four under gifierent welding
conditions. The variation with arc voltage is larger at the
higher power supply setting (120A). The minimum rate of
all elements reieased in the fume (g element/kg eiectrace
consurmed) occurs under arc conditions corresponding
to the mimimum rate of total fume generation (Figure
4). The results demonstrate the importance of welding
under optimum arc conditions in orgder t© minimise the
release of metal aerosois to the work environment.

5 CONCLUSIONS

Within the limits of stable arc. the guantity and
chemical composition of welding fume ‘rom a stainless
cteel slectrode varies greatly and for reasons which are not
clearly understood at present, Due to increasing concern
about the occupational health aspects of stainiess steel
welding, it is important that the extent and causes of these
variations be derermined. Such knowledge should enable
welding rods to be chemically formulated and operated in
a manner wnich will minimise the release of potentially
toxic constituents. The present study will be continued to
provide further data on the chemical composition of fume
and it is hoped that this may contribute 1o an undersiang-
ing of the mechanisms of fume generation.
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