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Gas Metal Arc Welding (GMAW), Globular and
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Prediction of fume formation rate during metal arc welding and the composition of the fume
are of interest to occupational hygienists concerned with risk assessment and to manufac-
turers of welding consumables. A model for GMAW (DC electrode positive) is described
based on the welder determined process parameters (current, wire feed rate and wire
composition), on the surface area of molten metal in the arc and on the partial vapour press-
ures of the component metals of the alloy wire. The model is applicable to globular and spray
welding transfer modes but not to dip mode. Metal evaporation from a droplet is evaluated
for short time increments and total evaporation obtained by summation over the life of the
droplet. The contribution of fume derived from the weld pool and spatter (particles of metal
ejected from the arc) is discussed, as are limitations of the model. Calculated droplet tempera-
tures are similar to values determined by other workers. A degree of relationship between
predicted and measured fume formation rates is demonstrated but the model does not at
this stage provide a reliable predictive tool. 2001 British Occupational Hygiene Society.
Published by Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Concerns with the potential health effects of fume
emissions during metal arc welding have prompted
investigations of methods for reducing fume forma-
tion rate (FFR) and the concentration of hazardous
metals in the evolved fume. Both the FFR and the
fume composition may be influenced by a number of
factors and changes may be effected by process modi-
fication (Hewitt, 1994; Denniset al., 1997). Follow-
ing previous investigations in our laboratories into
mathematical models of fume composition, for
example Gray (1980) and Hewitt and Hirst (1991), an
investigation into theoretical prediction of FFR was
undertaken. Prediction of FFR combined with predic-
tion of fume composition from process parameters
would be of use both to manufacturers of welding
consumables and equipment and to occupational
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hygienists. It would facilitate risk assessment con-
siderations to be carried out alongside weld quality
and cost assessment at the process design and selec-
tion stages. Combined with a fume dispersion and
inhalation model it would allow prediction of welder
exposure to individual hazardous components of
welding fume, including compounds of Fe, Cr, Ni
and Mn.

Fume formed in GMAW is derived from three
main sources

1. Molten droplets at the tip of the electrode and fall-
ing through the arc (in dip mode the wire tip melts
but free droplets are not formed)

2. The weld pool
3. Spatter

Metal transfer modes in DC GMAW are dip,
globular and spray. Generally dip occurs at low cur-
rents and spray at high currents with globular occur-
ring between dip and spray modes. Shield gas compo-
sition affects this behaviour. Practical welding usually
avoids the globular mode and fume formation rates
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106 J. H. Denniset al.

Nomenclature

Ad drop surface area (m2)
Aw wire cross sectional area (m2)
Cp drop specific heat capacity (J kg21 K21)
e charge on an electron (C)
Ei evaporation rate per unit area for element i (kg s21 m22)
G Universal gas constant (J mol21 K21)
Hf wire latent heat of fusion (J kg21)
HL wire tip volumetric heat content (J m23)
HvFe latent heat of vaporisation Fe (J kg21)
HvMn latent heat of vaporisation Mn (J kg21)
I current (A)
jw wire current density (A m22)
k Boltzman’s constant (J mol21 K21)
L electrode extension (m)
La arc length (m)
Mi molecular weight element i (kg mol21)
od drop density (kg m23)
ow wire density (kg m23)
Pi pure vapour pressure element i (N m22)
Qc electron condensation heating (J)
QE evaporation energy loss (J)
QR resistive heating in droplet (J)
dQR/dt rate of change of resistive heating (J s21)
Rd droplet radius (m)
sd droplet resistivity (V m)
t time (s)
tf droplet falling time (s)
Ta ambient temperature (K)
Td droplet temperature (K)
Tp plasma (arc) temperature (K)
um droplet maximum velocity (m s21)
uw wire velocity (m s21)
vd droplet volume (m3)
Va anode potential (V)
Vc condensation potential of electrons (V)
Vwf droplet material work function potential (V)
w droplet transfer frequency (s21)
xi mass fraction element i in wire ()
Xi mole fraction element i in wire ()

for dip mode are usually lower than for spray mode.
In dip mode the welding wire is fed at a rate greater
than the melting rate, the wire shorts the arc leading
to rapid heating of the wire and formation of a narrow
neck which ruptures and the arc is re-established. This
process occurs many times per second. Rupture of the
narrow neck can result in production of micrometre-
sized particles and so form fume. Overall tempera-
tures are lower than for globular and spray welding
modes and droplets are not normally formed. Work
by Gray (1980) has indicated that the workpiece
makes a minor contribution to fume formation. For
GMAW Dennis and Mortazavi (1996) found 6–14%

fume came from spatter. Gray (1980) measured 35%
fume from spatter. In many cases the majority of
fume in globular and spray welding modes is pro-
duced from droplets. The predictive model for FFR
in GMAW considered here is limited to calculation
of evaporation from droplets and is not directly appli-
cable to dip mode. Fume may be formed by mech-
anisms other than evaporation, for example through
bursting of bubbles of CO formed in droplets. Contri-
butions to the fume from the weld pool, spatter and
mechanisms in the arc other than evaporation are out-
side the scope of the present model.
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107Fume formation rate in GMAW

METHODS AND MATERIALS

Fume was collected at the top of a conical fume
hood of similar construction to that recommended by
the American Welding Society (AWS, 1979). The
chamber covered both the workpiece and the welding
torch. An extraction pump system was used to remove
fume from the fume hood to where it was collected
on a Whatman GF/A glass fibre filter. The mass of
fume was measured by weighing the filter before and
after fume collection. Table 1 gives details on the
welding wire and welding conditions. The welding
power supply was a constant voltage Murex SMR 500
rectifier with TF2.0S wire feed unit and MXA503 air-
cooled torch. Using a constant workpiece to contact
tip distance (standoff) the arc length was varied, at
each set voltage, by altering the feed rate of the con-
sumable electrode until an arc length of 5 mm was
established. Arc length was measured using a pinhole
camera which projected an image of the arc onto a
graduated screen. The screen was positioned so that
the image was the same size as the arc. Current, volt-
age and wire feed rate were recorded using an
ARCWATCH modular monitoring system for
welding (Medcen Ltd). The associated monitoring
software was used to calculate the mean and standard
deviation from the mean for each of the parameters.
It was also able to identify the peak levels in each
parameter and then calculate the drop transfer fre-
quency from the interval between the bottom of the
peaks in either of the voltage or current signals. The
wire electrode extension was assumed to be standoff
less arc length although due to arc pressure the base
of the arc may be below the surface of the workpiece.

THEORY

The modelling procedure involved calculations for
the following five stages

1. Energy balance on wire and forming droplet to
give initial droplet temperature,Td(initial).

2. Initial evaporation rates for Fe and Mn calculated
from Td(initial) and wire composition.

3. Mass and energy balances on forming droplet over

Table 1. Welding wire and conditions

Wire electrode Murex Bostrand BW1

Typical wire composition C Mn Si S P Mo Fe
(wt%) 0.08 1.2 0.8 0.02 0.02 0.25 97.65
(mol%) 0.37 1.21 1.58 0.03 0.04 0.14 96.63
Diameter 1.2×1023 m
Stand-off (L+La) 3.5×1022 m
Arc length (La) 5.0×1023 m
Welding polarity DC electrode positive
Shield gas BOC Argoshield 5
Shield gas composition 93%Ar, 5%CO2, 2%O2

Flow rate 7.8×1024 m3 s21 (47 l. min21)

small time increments and summed over the for-
mation period.

4. Falling time calculation for droplet based on litera-
ture values for average droplet velocity as a func-
tion of current.

5. Mass and energy balances on falling droplet over
small time increments and summed over the fall-
ing period.

The time increment chosen for the forming droplet
was 1/100th of the formation time and for the falling
droplet 1/100th of the falling time. Computer spread-
sheet software, such as Microsoft EXCEL, running
on a 486 machine was more than adequate to perform
the calculations using these time increments. Time
increments should be short relative to rate of change
of droplet composition and temperature but the
shorter the time increment the longer the computing
time and the more memory required. The resulting
output from the spreadsheet gives droplet tempera-
ture, mass, composition and evaporation rate values
for each time increment for both forming and fall-
ing stages.

An extract from the spreadsheet, adapted for this
paper, is shown in Fig. 1.

The droplet mass increases with time at a rate
determined by the wire feed velocity, cross-sectional
area and density. The volume of the droplet is related
to its mass by the density of the droplet.

vd =
uwAwowt

od

(1)

Droplet density is evaluated as a function of droplet
temperature. A second order polynomial equation was
fitted to data for density of liquid 304 stainless steel
at different temperatures from Zachariaet al. (1991).
This approximated the density of the Si–Mn alloy
used for the model.

od = 758620.1546(Td)20.0001411(T2
d) (2)

The droplet mass had to be corrected by subtracting
evaporation losses. Assuming the droplet to be spheri-
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108 J. H. Denniset al.

Fig. 1. Example of modelling spreadsheet.

cal approximated the surface area of the droplet,
which is required for calculating the evaporation rate.

vd = (4p/3)R3
d (3)

Ad = 4pR2
d (4)

Initial droplet temperature was calculated from an
energy balance on the wire extension and molten
droplet at its tip as shown in Fig. 2. Metal enters the
system as solid wire at ambient temperatureTa and
leaves as molten metal atTd or as metal vapour. There
is a gain in internal energy by the metal and this is
derived mainly from resistance heating in the wire
and electron condensation from the arc.

Internal energy gain= Net energy input

Resistance heating in the wire was calculated using
a method described by Halmøy (1979). The heat con-
tent per unit volume at the end of the electrode exten-
sion as a result of resistance heating in the wire,HL,
was given by a second order polynomial curve fit to
Halmøy’s data

HL = 1.69×107 + 2.232×1027SLj2w
uw

D
+ 5.98×10223SLj2w

uw
D2

(5)

Electron condensation energy was given by

Qc = VcIt where (6)

Vc = Vwf + Va + S3k
2eD(Tp2Td) (7)

Work function potential is composition and tem-
perature dependent. According to Halmøy (1979) it
falls by about 1024V K 21 as temperature rises. He
quotes an average value of 4.4 V for Fe and a value
of 3.8 V for Mn. The droplet is over 95% Fe so the
value of 4.4 V was used with a correction assuming
a droplet temperature of 2500 K. Anode fall potential
was not measured. Richardson (1991) gives a typical
value of 2.0 V for an argon shielded Tungsten Inert
Gas (TIG) arc but work by Jo¨nssonet al. (1995) indi-
cates for GMAW a much lower value or even a nega-
tive value. Quinnet al. (1994) quote a value forVc

of 6.0 V for a GMAW model from which can be
derived a value of 0.85 V forVa assuming an arc
temperature of 10 000 K and a droplet temperature of
2500 K. Metcalfe and Quigley (1975) conclude a
value between 0 and 2 V for plasma arc welding and
use a value of 1 V in their calculations. It seems
reasonable to use a value of 1 V but this is an approxi-
mate figure. The third term on the right hand side of
Eq. (7) results from the loss of kinetic energy of elec-
trons in passing from the arc to the droplet. According
to Richardson (1991) electron temperatures and
ion/neutral temperatures are approximately equal at
pressures above 0.1 bar. This condition applies to the
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109Fume formation rate in GMAW

Fig. 2. Energy balance on wire electrode extension and molten
droplet at its tip.

majority of welding arcs hence arc temperature (Tp)
is used in place of electron temperature. Literature
values forTp in GMAW vary and depend on position
in the arc. Lancaster (1987a) gives values for the arc
column temperature of 6 000 K for an iron vapour
arc and 10 000–15 000 K for a 200 A argon arc. Qui-
gley and Webster (1972) give a value of 7500 K
while Hermans and den Ouden (1996) and Zhuet al.
(1997) use values of 10 000 K. Jo¨nssonet al. (1994)
give measured values from the centre of the arc axi-
ally outward with a value of 19 000 K at 0.2 mm and
9000 K at 5 mm. A mean value of 10 000 K was
assumed for this model.

The energy balance can be written as

uwAwow{ Cp(Td2Ta) + Hf} t = HLuwAwt

+ SVwf + Va + S3k
2eD(Tp2Td)DIt

(8)

Internal energy gain comprises sensible heat gain
and latent heat of fusion in going from solid to molten
metal.Cp is approximately constant between melting
point and boiling point but is composition dependent.
A value of 753 J kg21 K21 was used.Hf is also com-

position dependent. A value of 2.47×105 J kg21 was
used. Both these values are for steel and taken from
Zachariaet al. (1991).

Equation (8) can be re-arranged to give

Td(initial) = 5 1

1 + S 3kI
2euwAwowCp

D6HTa + SHf

Cp
D

+ SVwf + Va + (3k/2e)Tp

uwAwowCp
DI + S HL

owCp
DJ

(9)

The rate of evaporation from molten droplets was
estimated from the Langmuir equation derived from
kinetic theory of gases for evaporation into a vacuum.

Ei = X iPiS Mi

2pGTd
D0.5

(10)

Equation (10) gives the maximum possible evapor-
ation rate per unit area for component i assuming no
interaction between the components of the metal.
Turkdoganet al. (1963) demonstrated that in the pres-
ence of oxygen, metal evaporation at atmospheric
pressure can approach that predicted by the Langmuir
equation. This is known as oxidation enhanced vapor-
isation whereby metal vapour reacts with oxygen near
the surface of the metal forming an oxide, which con-
denses. The welding data given in this paper was
obtained using a shield gas which contained 2% O2

and 5% CO2 which would have provided an oxidising
atmosphere. CO2 can dissociate to give CO and oxy-
gen. Turkdogan’s experiments on Fe were carried out
at temperatures at or below 1873 K with the gas phase
maintained at the same temperature as the metal. In
the welding arc, droplet temperatures of over 3000
K have been measured and the surrounding plasma
temperature is considerably higher. It is unlikely that
oxidation enhanced vaporisation can occur under
these conditions but using the Langmuir equation
does provide a starting point which will over estimate
evaporation. An alternative way to estimate evapor-
ation rates would be by calculation of convective
mass transfer from the surface of the droplet. Such
calculations are beyond the scope of this paper. Only
evaporation of Fe and Mn were considered. Other
components of the wire were assumed to make up a
constant proportion of the droplet. Vapour pressures
of Fe and Mn were calculated using equations for
pure vapour pressures as a function of temperature.

LogPi = A + SB
Td
D + SC

T2
d
D (11)

The coefficients for Mn and Fe are given in Table
2. The equations were taken from Gray (1980) and
fit data from the National Physical Laboratory Data
Bank. Correction for interactions were not made and
the partial vapour pressures of Fe and Mn were given
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110 J. H. Denniset al.

Table 2. Vapour pressure equation coefficients

Element A B C

Fe 10.41682 215 724 23 930 000
Mn 9.50342 29246 22 940 000

by Ppi = PiX i. Fe and Mn molecular weights are very
similar so to simplify calculations mass fractions (xi)
were used in place of mole fractions. Following cal-
culation of the initial droplet temperature and evapor-
ation rate, mass and energy balances were performed
on the forming droplet. Resistance heating in the
droplet and evaporation losses were included. Calcu-
lations to estimate radiation and forced convection
energy transfers with the arc indicated these were
small compared to the evaporation loss but were com-
parable to the resistance heating at low currents. Esti-
mated droplet power inputs and outputs at detachment
are given in Table 3. Radiation and convection trans-
fers were ignored but could be incorporated into a
more complex model. Evaporation energy losses are

QE = Ad(EFeHvFe + EMnHvMn)t (12)

Resistance heating in the droplet was calculated by
assuming it to be a cylinder of radius equal to that of
the droplet at detachment (Rd = Rdmax) and length
equal to twice the radius of a sphere of equal volume
to the droplet. As the droplet grows the resistance
heating changes so it is necessary to integrate the equ-
ation for the rate of change of resistance heating,
dQR/dt.

dQR

dt
= sdI2S 2Rd

p(Rdmax)2D (13)

Using Eqs (1) and (3) and integrating Eq. (13) over
the time periodt1 to t2

QR = sdI2S 3
2pDS 4pod

3uwAwow
D1/3

w2/3(t4/3
2 2t4/3

1 ) (14)

Using the above equations mass and energy bal-
ances were performed on the forming droplet over

Table 3. Estimated droplet power inputs and outputs at
detachment excluding wire resistance heating and electron

condensation heating (in J s21)

Data QE/t QR/t Qconvection/t Qradiation/t
point

1 2180 27 26 15
2 294 39 19 10
3 297 55 18 8
4 2202 66 20 8
5 298 77 20 9
6 2134 88 19 8
7 2225 99 21 8

small time increments. FromTd(initial) droplet den-
sity was calculated and using Eq. (1) the volume of
the droplet. Resistance heating and evaporation losses
were also calculated and hence the mass of Fe and
Mn lost from the droplet as well as the net energy
gain. At the end of the first time increment new drop-
let temperature, mass and composition were calcu-
lated. The process was repeated for each time
increment up to the time at which the droplet
detached.

The arc plasma is a divergent conductor in which
current induced forces produce a high plasma velo-
city. The arc plasma flowing past the droplet produces
a drag force, which accelerates the detached droplet
across the arc. Experimental measurement of droplet
velocities by Needhamet al. (1960) demonstrated a
relationship between droplet maximum velocity and
current. There was considerable scatter in droplet
velocity at a given current but a linear regression line
represented the trend. For GMAW welding with a
mild steel, DC+ electrode and 0.005 m arc the line
equation is

um = 0.019(I)22.4 (15)

Assuming constant acceleration the average velo-
city is half the maximum velocity and so the falling
time is

tf =
2La

0.019(I)22.4
(16)

The diameter of the electrode for mild steel was
not given and this would affect droplet size and hence
velocity at a given current. It is acknowledged that the
estimation of droplet velocity requires further work if
an accurate representation is to be achieved.

Given the droplet falling time, mass and energy
balances on the falling droplet were calculated over
increments of 1/100th of the falling time. There is no
longer any gain in mass from the wire fed and energy
gain from electron condensation and resistance heat-
ing was considered zero. The only mass and energy
changes now are due to evaporation from the droplet
(radiation and convection ignored as previously
mentioned). Fe and Mn are lost as metal vapour and
the required heat of vaporisation results in cooling of
the droplet.

The droplet composition was re-calculated after
each time increment for the forming and falling stages
and the total loss of Fe and Mn from the droplet, over
its lifetime evaluated. Multiplying by the droplet
transfer rate (w) then gave the metal evaporation
rate (MER).

FFR was predicted from calculated metal evapor-
ation rate (MER) based on work by Haidaret al.
(1998). Haidar modelled condensation of metal vap-
our from arc onto workpiece. Assuming a thin bound-
ary layer at the surface of the workpiece, within
which all the metal vapour entering was condensed he
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111Fume formation rate in GMAW

Table 4. Constants used in equations (see also Table 1)

Cp 753 J kg21 K21 ow 7700 kg m23

G 8.314 J mol21 K21 sd 1.32×1026 V m
Hf 247 000 J kg21 Ta 293 K
HvFe 6 535 000 J kg21 Tp 10 000 K
HvMn 4 309 000 J kg21 Va 1.00 V
3k/(2e) 1.29×1024 J K21 C21 Vwf 4.18 V
MFe 0.05585 kg mol21

MMn 0.05493 kg mol21

predicted about 90% condensation with the remaining
10% forming fume. Analysis of fume from GMAW
shows that it contains approximately 65% metal with
the remaining 35% being mainly oxygen. Using these
two factors the following relationship was obtained

FFR(predicted)= S1.020.9
0.65 DMER(calculated)

(17)

The main equations from the theory section are
repeated below for convenience of reference and con-
stants used in calculations are given in Tables 1 and 4.

vd =
uwAwowt

od
(1a)

od = 758620.1546(Td)20.0001411(T2
d) (2a)

HL = 1.69×107 + 2.232×1027SLj2w
uw

D
+ 5.98×10223SLj2w

uw
D (5a)

Qc = VcIt where (6a)

Vc = Vwf + Va + S3k
2eD(Tp2Td) (7a)

Td(initial) = 5 1

1 + S 3kI
2euwAwowCp

D6HTa + SHf

Cp
D

+ SVwf + Va + (3k/2e)Tp

uwAwowCp
DI + S HL

owCp
DJ

(9a)

Ei = X iPiS Mi

2pGTd
D0.5

(10a)

LogPi = A + SB
Td
D + SC

T2
d
D (11a)

QE = Ad(EFeHvFe + EMnHvMn)t (12a)

QR = sdI2S 3
2pDS 4pod

3uwAwow
D1/3

w2/3(t4/3
2 2t4/3

1 )

(14a)

tf =
2La

0.019(I)22.4
(16a)

FFR(predicted)= S1.020.9
0.65 DMER(calculated)

(17a)

RESULTS AND DISCUSSION

A set of welding experiments was performed as
described in the Methods section. Table 5 gives the
experimental data set used as input to the model. The
results of the calculations to predict droplet tempera-
ture and FFR, over the current range used, are shown
in Fig. 3 (Td) and Fig. 4 (FFR). Figure 4 also includes
additional experimental FFR results obtained under
conditions close to those given in Tables 1 and 5. The
calculations produced droplet temperatures for each
time increment. Predicted temperatures for when the
droplet starts to form, when it is about to detach and
when it enters the weld pool are shown in Fig. 3.
The predicted values are consistent with experimental
determinations and other predictions of droplet tem-
perature, some of which are given in Table 6. Lancas-
ter (1987b) gives details of drop temperature variation

Table 5. Experimental data set

Data w uw (m I (A) FFR (kg s21)
point s21)

(s21)

1 33.4 0.091 175 4.67×1026

2 80.9 0.108 188
3 130.7 0.129 212 3.45×1026

4 122.4 0.148 240
5 158.7 0.175 256
6 182.8 0.185 269 4.68×1026

7 172.4 0.207 294 8.15×1026
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112 J. H. Denniset al.

Fig. 3. Predicted droplet temperatures.

Fig. 4. Fume formation rate, experimental and predicted.

Table 6. Summary of droplet temperature measurements
and predictions

Source Temperature Type

Model 2474–2710 K Predicted mean
Lancaster (1987b) 2673 K Thermocouple
Lancaster (1987b) 2273–2973 K Calorimetric
Pollard and Milner 2673–2773 K Predicted
(1971) surface
Halmøy (1979) 2000 K Predicted mean

with current for argon-shielded GMA using a 1.2 mm
mild steel wire. The measurements were done pyro-
metrically by Villeminot (1966). There was a linear
rise between 100 and 300 A from approximately 2600
to 3100 K. This is not followed by the predicted
results. Very limited data were collected for GMAW
in which current, wire velocity, droplet transfer fre-
quency, arc length and fume formation rate were all
measured. It is possible that the peak at 240 A in
Fig. 3 (resulting in Fig. 4 peak) was probably due to
erroneous input data measure. The three variable
inputs to the model, for the data set in Table 5, are
current, wire velocity and droplet transfer frequency.
The model is fairly insensitive to droplet transfer fre-
quency but is very dependent on the ratio of current
to wire velocity (I/uw). The ratio occurs in Eqs (5),

(9) and (14). The change in this ratio with current is
shown in Fig. 5. A smooth curve was fitted to the
points and the ratios derived from this curve were
then used to re-calculate FFR. The curve shown in
Fig. 4 is fitted to the resulting FFR predictions. The
original predicted values behave differently from the
experimental values at 240 A but the predicted curve
resulting from use of the smoothedI/uw values is a
much better fit to the experimental FFR values. More
input data is required for a statistically meaningful
comparison of the predicted and experimental FFR
results.

The production of fume during metal arc welding
involves a complex sequence of processes and there
are many questions raised by the simplified model
described here. The model relies on the Langmuir
equation for evaporation into a vacuum and the sig-
nificant limitations of this assumption have already
been indicated in the Theory section.

Our earlier experimental studies have shown that
shield gas composition can influence FFR. Removing
all the oxygen from the shield gas and surrounding
atmosphere dramatically reduces FFR. The proposed
model does not address such effects but simply
assumes that the oxygen and carbon dioxide
(dissociated to CO and1/2O2 in the arc) present pro-
vided sufficient oxygen for oxidation enhanced evap-
oration to approach that predicted by the Langmuir
equation. The supply of oxygen from the shield gas,
which contains 2% oxygen and 5% carbon dioxide,
would be sufficient for oxidation of the metal vapour.
It is assumed Fe initially forms FeO. FeO has a boil-
ing point of 2700 K and decomposes at 3400 K; it is
therefore unlikely to be present as a condensed phase
in the boundary layer between the droplet surface and
the arc plasma. Shield gas composition will also
affect anode potential,Va, which in turn will affect
the electron condensation energy available.

Other limitations to the proposed model are recog-
nised. We have assumed that 90% of the metal vapour
re-condenses on the weld bead or weld pool relying
on work by Haidaret al. (1998) but the welding con-
ditions are likely to affect this figure. The model
assumes spherical droplets of a constant size at any

Fig. 5. Current to wire velocity ratio.
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113Fume formation rate in GMAW

given current. Zhuet al. (1997) have shown there to
be a distribution of droplet sizes at a particular current
and the droplets are far from spherical for much of
their existence. This would affect droplet falling times
as well as temperature and evaporation. Contributions
to the fume from the workpiece are not included.
Such contributions have been demonstrated in our
earlier studies to be small in comparison to the total
quantity of fume produced. Contributions from spat-
ter have also been disregarded.

To limit complexity this basic model relies heavily
on empirical inputs. These include droplet transfer
rates, arc length and droplet falling time. A more
complex model could incorporate calculation of these
quantities using a theoretical approach. Droplet trans-
fer rates and shapes have been predicted by Haidar
and Lowke (1996) from theoretical considerations.
Halmøy (1979) has developed a method for calculat-
ing electrode extension using wire properties from
which arc length can be derived given the standoff.
Other possible improvements include incorporation of
radiation and convection energy transfers, more
accurate values forVa andTp and incorporation of the
effects of shield gas composition.

The model has been applied to one mild steel con-
sumable using direct current, electrode positive weld-
ing. The model is not sufficiently refined at this stage
to enable recommendations to be made for changes
to consumable composition, process parameters and
shield gas composition which will minimise fume
production. A degree of relationship between pre-
dicted and measured fume formation rates is demon-
strated but the model is far from providing a reliable
predictive tool.

Finally the model for GMAW is only applicable to
globular and spray transfer modes the latter of which
is commonly used for high deposition rate welding.
The model described here has many limitations but it
does provide a platform for future development.
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