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Filler Metal in GMA Welding 

Joule heating and heat flow from the anode surface through 
the liquid tip govern melting rate while remainder of heat 
generated at anode surface determines drop temperature 
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ABSTRACT. The physical processes gov
erning the generation and the flow of 
heat in a consumable mild steel wire 
were investigated to determine the influ
ence of the welding parameters on melt
ing rate and drop temperature. The work 
is limited to processes where the wire is 
at positive polarity. The analysis of the 
heat balance is based on measurements 
of the melting rate as a function of the 
electric current and the extension length, 
at a given wire diameter. 

The ohmic power developed in the 
wire was calculated from the measured 
data. It was found that it is, in general, not 
sufficient to account for the observed 
melting rate. Consequently, there must 
be a flow of heat from the anode surface 
on the molten tip, through the liquid 
metal, to the solid part of the wire. The 
corresponding heat flow rate was 
derived from the experimental data; it 
was found to depend on current and 
melting rate. 

Simple physical models are presented 
that describe the transport of heat 
through the liquid and account for the 
experimental results. In the model for 
globular drop transfer, the dominant 
mechanism is fluid flow, which is caused 
by the Lorentz force. In the case of spray 
transfer, the heat flow is ascribed to 
thermal conduction through the liquid 
metal that is flowing down the pointed 
wire tip. The models yield expressions for 
melting rate and drop temperature as 
functions of current, extension length, 
and wire diameter. 

An analysis was made of data reported 
by Lesnewich on the critical current for 
the transition from globular to spray 
transfer. This transition occurs in a current 
range where the downward force on a 
drop is mainly due to the impact of the 
incoming liquid, and to electromagnetic 
effects. It was found that the total down
ward force is roughly equal to the sus
taining force by the surface tension, at 
the critical current. 

Introduction 

This paper describes an investigation 
of the flow of heat and mass from a 
consumable wire to the weld pool. This 
subject is of interest, because the influx 
of drops of hot metal supplies a major 
part of the total power supplied to the 
weld pool (Ref. 1, 2). The work is limited 
to gas metal arc (GMA) and to stationary 
processes where the electric current I, 
the electrode or wire velocity, vw , and 
the length of the electrode or wire exten
sion, L, are constant in time. We define 
the extension length as the distance 
between the melting front and the point, 
where the current enters the wire within 
the contact tube —Fig. 1. 

The flow processes mentioned above 
are described by the melting rate rh, and 
the drop temperature, Tdr. The latter two 
quantities are determined by the heat 
generated in the wire, and the heat flow 
through it. The work presented here 
deals with these processes. It leads to 
expressions for rh and T^r as functions of 
I, L, and the wire diameter, d w . Further
more, an analysis is given of the mecha
nism which governs the transition from 
globular to spray transfer. 

The work presented here is limited to 
processes where the wire is positive with 
respect to the workpiece. A power I ip is 
then generated at the surface of the 
liquid tip by electron absorption, where <p 
is a practically constant factor, to be 
discussed below. The other important 
mechanism by which heat is supplied to 
the wire is joule heating. The resistance, 

Information contained in this paper was pre
sented, in part, at the 62nd Annual AWS 
Convention in Kansas City, Missouri, during 
April 25-30, 1982. 

IH. WASZINK andG./.P.M. VAN DEN HEUVEL 
are with the Philips Research Laboratories, 
Eindhoven, The Netherlands. 

R, of the wire extension depends on I, L, 
d w and vw , for a given wire material (Ref. 
3, 4). Consequently, the latter four 
parameters govern the total power sup
plied to the wire, i.e., I2 R + I tp. 

Previous work (Ref. 4) shows that the 
ohmic power developed in the solid part 
of the wire is generally not sufficient to 
raise the temperature of the material 
from room temperature to the melting 
point, and then to melt it. Consequently, 
there must be a flow of heat from the 
anode spot to the solid, through the 
liquid tip. The power, thus transferred, 
will be denoted by Q. The melting rate 
is then determined by the total power 
supplied to the solid, i.e. I2 R + Q. 

Suppose the wire material, the compo
sition of the shielding gas, and the gas 
flow rate are given. The melting rate is 
then determined by I, L, and d w , as is 
known from experience. On the other 
hand, we have that rh is a function of the 
power I2 R + Q, and that R is a function 
of I, L, rh, and d w . It then follows that Q 
can only be a function of I, rh, L, and d w . 
Furthermore, it is unlikely that Q depends 
directly on L, because it is governed by 
processes occurring in the liquid tip. The 
drop temperature is determined by m, 
and the remainder of the power gener
ated at the anode surface, i.e. I <p — Q, if 
heat losses by evaporation and joule 
heating in the drop are neglected. Conse
quently, the drop temperature is also a 
function of I, rh, and d w only. 

The dependence of Q on the latter 
parameters was derived from experimen
tal results. The experiments described 
here consist of measurements of I, rh, and 
L for mild steel wires, having diameters of 
1.2 and 1.6 mm (0.05 and 0.06 in.). These 
results yield the power I2 R + Q. Further
more, the resistance R was calculated 
in the manner described elsewhere 
(Ref. 4). 

The results of those calculations were 
in good agreement with measured val
ues, which confirmed the usefulness of 
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Fig. 1 — Illustration of model to calculate wire 
resistance 

the procedure. Both experimental and 
numerical procedure were rather labori
ous. However, it appeared from the 
results that the calculation could be sim
plified by the omission of the thermal 
conduction term in the energy balance 
for the wire, as discussed in the next 
section. 

The same approximation was made by 
Halmoy (Ref. 3), and the equation which 
is derived for the resistance is similar to 
his. Nevertheless, the derivation is in
cluded here for two reasons: 

1. Because it will be shown that the 
omission is justified. 

2. Because this derivation is necessary 
for a clear description of the procedure 
adopted here. 

The power I2 R + Q, and R, thus 
obtained, gives the heat flow rate Q. The 
dependence of Q on the welding param
eters was found to be essentially differ
ent for globular and spray transfer. Sim-
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Fig. 2 — Temperature distribution in the wire 
near the melting front. Mild steel, <j> = 1.2 mm, 
I = 137 A, L = 37 mm, vw = 0.068 m/s. The 
conduction term in equation (1) is less than 
0.5% of the ohmic term if z > 0.83 mm; this 
point is indicated by an arrow on the z-axis 
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pie physical models for the heat flow 
through the liquid tip are presented and 
account for the observed dependence in 
each case. These results are then used to 
derive expressions for rh and T<jr as func
tions of I, L, and d w . 

The last section deals with the physical 
mechanism which causes the transition 
from globular to spray transfer. The 
conditions for the occurrence of the 
transition are derived from an analysis of 
the forces on a droplet. The results are 
consistent with the experimental data 
reported by Lesnewich (Ref. 5). 

Joule Heating of the Filler 
Metal Wire 

The resistivity of steel varies strongly 
with temperature (Ref. 4). Therefore, a 
calculation of the wire resistance includes 
a calculation of the temperature profile. 
The latter function follows from the 
energy balance equation, which reads 
(Ref. 4): 

One boundary condition is that T reaches 
the melting point, Tm, at z = 0. The 
temperature Tm is taken to be 1809 K, the 
value for pure iron (Ref. 6). The other 
boundary condition is that T has a fixed 
value, TL, at the point where the current 
enters the wire, i.e., at z = L. The tem
perature TL was taken to be 350 K, i.e. 
77°C or 170°F (Ref. 4). 

Equation (1) states that the material is 
heated by joule heating and by thermal 
conduction. The results discussed in Ref. 
4 show that T decreases steeply with an 
increase in z, just above the melting front. 
Consequently, there is heat flow from 
the liquid into the solid. The results 
quoted also show that the conduction 
term, i.e., the first term in equation (1) is 
of importance only if z < 0.5 mm (0.02 
in). For z > 0.5 mm (0.02 in.), equation 
(1) thus reduces to 

M(T)pm svwg + ^ Q = 0 ^ p s • (2) 

d_ 

dz «} 
Cp5(T) pms vw — + 

1 Ps CO 
(1) 

= 0 

where X, pm, cp, and p are the thermal 
conductivity, the mass density, the specif
ic heat, and the resistivity, respectively, 
Sdal ir dw / 4 , and the subscript s refers to 
solid metal. The coordinate z is taken to 
be zero at the melting front (assumed to 
be a plane perpendicular to the axis) and 
to increase towards the contact tube — 
Fig. 1. 

Equation (1) holds for a stationary situ
ation, in the absence of radial variations in 
T. Terms which were found (Ref. 4) to be 
of minor importance have been omitted. 

with the boundary condition that T = TL 

at z = L. 
The calculation can now be simplified, 

because we are not primarily interested 
in the function T (z), but in R, an inte
grated quantity. Consider the solution of 
equation (2) down to z = 0 —Fig. 2. It is 
different from the solution of equation (1) 
for z < 0.5 mm (0.02 in.); at z = 0 it 
attains a value T0 < Tm —Fig. 2. The wire 
resistance can be calculated in good 
approximation from the T (z) profile giv
en by equation (2), for the following 
reasons: 

1. The interval where the conduction 
term is of importance ( » 0.5 mm, i.e., 
0.02 in.) is small with respect to L (10-40 
mm, i.e., 0.39-1.57 in.). 

2. To is usually well above the Curie 
temperature (1042 K), so that ps varies 

1.5 
FdO^Jkg-'sT'rrf1) 

Fig. 3-Relation between quantities which govern the wire resistance. Mild steel; H and F 
calculated from Ps (T) (Ref. 4) and cps (T) (Ref. 6) 



only slightly with 
Equation 

yielding: 

where rh = 

and F (TM 

T. 
(2) can readily 

rh S 

Pms V 

fS* 

= F (T0) 

w J, 

<T '>nT' 

be integrated 

(3), 

TL 

It also follows from equation (1) that: 

I2 R = rh H (T0), (4) 

where H (T)^f r cp, 0"') d r . 

TL 

The quantities H and F are functions of 
T only, for a given material and given TL. 
Consequently, H is then a function of F. 

Equation (3) yields F (T0) as a function 
of the welding parameters I, rh, L, and d w . 
Equation (4) then yields R if the function 
H (F) is known. The latter function can 
either be calculated from the properties 
of the material, or measured (see follow
ing section under heading of Experimen
tal Procedure). 

Figure 3 shows H and To as a function 
of F for mild steel. It is seen that H varies 
practically linearly with F, for F > 
0.85 X 1 0 1 2 J k g - 1 f i - 1 m - 1 

1300 K. We then have: 
i.e., 

H = a F - , (5) 

where the constants a and fi depend on 
the wire material. 

It follows from the definitions of H and 
F that a is the resistivity for T > 1300 K. 
For mild steel we have that: 
a = 1.35 X 10~6 fi m, and /3 = 0.54 X 
106 J kg"1 , for TL = 350 K. 

Equations (3), (4), and (5) yield: 

D _al /3m 
(6) 

Equation (6) gives R as a function of the 
welding parameters for a given material, 
as did the numerical treatment based on 
equation (1) described in Ref. 4. The 
results of the two calculation procedures 
have been compared for wires of mild 
steel and stainless steel with d w = 1.2 mm 
(0.05 in.), 100 < I < 250 A, 25 < L 
< 55 mm, 15 < R < 35 m fi. The differ
ence between the corresponding values 
of R was found to be 1% or less. 

Equation (6) is equivalent to the equa
tion (6) of Ref. 3. In previous measure
ments (Ref. 4, 7, 8) of R, it was found that 
R varied only slightly with I at constant L 
and d w . This result is in agreement with 
the equation (6) of this paper since the 
second term on the right is small with 
respect to the first in the particular cases 
investigated. 

solid -rn 

,, i A L *•* — solid + liquid 

Qg/-— liquid 
Fig. 4 - Illustration of model 
for Q < rh A Hm 

Thus far, in the case that has been 
considered, the ohmic power is not suffi
cient to raise the temperature to Tm at 
z = 0. The heat flow Q from the anode 
spot to the solid through the liquid will 
then supply the heat of fusion, A Hm, and 
the power necessary to raise the temper
ature from To to Tm. We thus have 

Q = r h { A H m 4 - H (TJ - H (T0) } (7) 

The quantity H (T0) follows from F (T0), 
either with equation (5) or by interpola
tion in the function H (F) —Fig. 3, while 
F(T0) follows from the welding parame
ters with equation (3), so that 0 can be 
calculated from I, rh, L, and d w . It follows 
from equations (3), (5), and (7) and the 
definition of F that: 

<I2L 

H,S Ht 
(8) 

where Ht = H (Tm) + A H m + ^ . This 
equation will be used in a later section. 

Equations (6) and (8) hold only if equa
tion (5) holds. If this condition is not 
satisfied, then a table of the function H (F) 
has to be used instead of equation (5). 

The analysis given above is valid if 
Q > rh A Hm, i.e., if I2 L/rh S < F ( T J -
equations (3) and (7). On the other hand, 
some of the experiments yielded values 
of I2 L/m S > F (Tm). Equations (3) and (4) 
show that I2 R is then larger than the 
power required to heat the solid up to 
Tm. Apparently, a part of it is used to melt 
the metal. In this case we have 
Q < rh A Hm. The solid material will now 
reach Tm at a distance Lm < L below the 
contact tube — Fig. 4. Further down there 
is a region, indicated by A L in Fig. 4, 
which contains both liquid and solid, at 
T = Tm. Heat is supplied here by joule 
heating and by the heat flow Q. Equation 
(3) yields: 

(V) 

1.8 

mild steel 

•fi 1.6 mm 

SF(V) 

Fig. 5 — Measurement of curve of H vs F (cf. 
Fig. 3). Solid line = measured curve, broken 
line = curve corresponding to equation (5). SH, 
1 V= 1.89 X 103 I; SF, 1 V = 10.8 X IO3 ) 
Or1 

Let the resistance of the wire sections 
indicated by Lm and A L in Fig. 4 be Rr and 
R2, respectively. We now have that 

I2 RT = rh H ( T J (10) 

and R2 = p (T J (L - L J / S (11) 

where p (T J is the resistivity of the mix
ture of liquid and solid. The resistivities of 
the liquid and the solid (Ref. 9) are practi
cally equal at T = Tm, and we put 
P (Tm) = 1.40 X 10"6 fi m. Equations (9) -
(11) now yield: 

R = RT 4- R2 = 
pfTJL 

{ P (Tm) F (T J - H (T J } 

(12) 

I2 Lm/m S = F (T J (9) 

Equation (12) strongly resembles equa
tion (6). Moreover, we have that a =» 
p (T J . The expression between brackets 
in equation (12) replaces fi in equation (6). 
It has the value of 0.65 X 106 J kg - 1 , 
while (3 = 0.54 X 106 ) k g - 1 for mild 
steel. The last terms in equations (6) and 
(12) are, generally, of minor importance, 
so that these two expressions for R are 
practically the same. The power supplied 
to the region containing liquid and solid 
(A L in Fig. 4) is used to melt the metal, at 
T = Tm, so that: 

m A H m = Q + l 2 p ( T J ( L - L J / S (13) 

Equations (9) and (13) yield: 

0 = m { A H m + p (T J F (T J -

I 2 P ( T J L 1 (14) 

rhS / 

Equation (14) also yields equation (8) 
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li Table 1—Properties of Wire Electrode Materials 
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Fig. 6 —Measurement of extension length for 
globular (A) and spray transfer (B) 

because p (T J ss 
satisfied if To = T r 

and equat ion (5) is 

Experimental Procedure 

Properties of the Material 

Curves o f H vs. T w e r e measured in 
the manner descr ibed by Halm0y (Ref. 3). 
In the exper iment , a piece of w i re , having 
a length L, is f ixed b e t w e e n t w o contacts. 
At a t ime t = 0, a current (150-300 A) is 
appl ied to it. The tempera ture then rises, 
and, neglecting heat losses, w e have: 

SH(t)s J l ( t ' )V( t ' )d t ' 

= S L pms H (T) 

a n d S F ( t ) s f l 2 ( t ' ) d t ' 

= Pms S2 F (T) 

(15) 

(16) 

where V is the vol tage across the w i re , 
and T the tempera ture at t ime t. 

The signals SH and SF w e r e measured as 
a funct ion of t by means of an integrating 
circuit, and displayed o n an x-y recorder. 
The H (F) curve is thus obta ined. There 
wil l be a tempera ture d r o p at bo th ends 
of the w i re , because of conduct ion to the 
contacts. It fo l lows f r o m the t reatment by 
Carslaw and Jaeger (Ref. 10) that the 
per tu rbed region, in the present case, is 
several mill imeters long, depend ing on I 
and S. Therefore , the vo l tage V was 
measured b e t w e e n t w o tungsten 
probes, 0.2 m ( 7 % in.) apart, resting on 
the w i re . Each p robe was about 20 m m 
(0.79 in.) away f r o m the contact . The 
durat ion of a measurement (i.e., the t ime 
in wh ich the melt ing tempera ture is 
reached) has t o be less than 1 second (s) 
in order to reduce heat losses. Figure 5 
shows a typical curve. 

Determination of the Extension Length 

Direct-current exper iments w e r e car
ried out w i t h a constant-current source 
(ripple < 0.5%). The we ld ing to rch was 

Diameter, 
Wire mm 

Composition, 
wt-% 10~6 fi m 

0, 
1 0 6 J kg 

Mild 
Steel 

Stainless 
Steel 

Iron 

1.2 
1.6 

1.2 
1.6 

2.0 

Fe, 1.6 M n , 0.8 Si, 0.1 C 
Fe, 1.6 M n , 0.8 Si, 0.1 C 

Fe, 18 Cr, 8-9 Ni, < 0.04 C 
Fe, 18 Cr, 8-9 Ni, <0.04 C 

Fe 99.99 

1.32 ± 0.05 
1.32 ± 0.05 

1.3 ± 0.1 
1.3 ± 0.1 

1.10 ± 0.05 

0.65 ± 0.05 
0.65 ± 0.05 

0.17 ± 0.04 
0.15 ± 0.04 

1.15 ± 0.10 

the same as was used in the previous 
measurements (Ref. 4). A mi ld steel elec
t rode w i re was used. Its compos i t ion is 
given in Table 1. The shielding gas was 
argon (8 4- 20 liters (L)/min). The w i re 
was posit ive w i th respect t o the w o r k -
piece. 

Current and e lect rode w i re speed 
we re measured in a convent ional man
ner. A high-speed fi lm was made fo r each 
setting, and the extension length was 
obta ined f r o m the f i lm images. In the case 
of globular transfer, the length L0 (Fig. 6A) 
was measured immediately after the 
detachment of a d rop . In some cases, the 
melt ing f ront rose by about one w i re 
diameter after a detachment and 
descended again be fo re the next one . 
The length L0 was then taken to be the 
length indicated in Fig. 6A minus d w / 2 . 

In the case of spray transfer, the dis
tance was measured b e t w e e n the con 
tact tube and the posi t ion w h e r e the 
diameter of the cone was d w / 2 —Fig. 6B. 
The length L0 is not necessarily the exten
sion length, as it is not k n o w n w h e r e the 
current enters the w i re w i th in the contact 
tube. These tubes w e r e of the same type 
as used previously (Ref. 4), and the same 
correct ion was appl ied, i.e., L was taken 
to be L0-F 1.25 m m (0.05 in.). 

Results 

Table 1 gives a and 0 fo r a number of 
e lectrode w i re materials. The initial t e m 
perature was 300 K (81°F) dur ing these 
measurements, whi le it is taken to be 350 
K (171 °F) dur ing we ld ing (Ref. 4). It f o l 
lows f r o m the definit ions of F and H that 
/3 (TL) = f3 (300 K) - 1.5 X 103 (TL - 300 
K), for mild steel, whi le a is independent 
o f TL . The values o f a and LH for mild steel 
are in agreement w i t h the calculated 
values g iven above . 

Dur ing the we ld ing exper iments, there 
we re at tempts to adjust I and v w such 
that L was an integral mult iple of 10 m m 
(0.39 in.), wh i ch wil l be indicated as the 
nominal value. The actual values, wh i ch 
we re used in the der ivat ion of Q , w e r e , 
in general, d i f ferent by a f e w mill imeters. 
The measured data cou ld not be given in 
a single graph, because there are three 
variables (I, v w , L) for each diameter. 
Therefore , they are given in Table 2. The 
p o w e r Q was der ived f r o m I, L, v w , and 
d w w i t h equations (7) or (14). The fo l l ow-

(Ref. 6); 
F ( T J = 1 1 9 
3); and other 

ing data w e r e used: 
A H m = 0.25 X 106 J k g - 1 

H ( T J = 1 . 0 X 1 0 6 j k g - 1 ; 
X 101 2 J k g - 1 fi-1 t r r 1 (Fig 
data as g iven above . 

Figures 7 and 8 show Q as a funct ion 
of 1. The main source of error in Q is the 
uncertainty in L (sw 1 mm). The cor re
sponding error in Q is about 50 W . Figure 
9 shows the ratio of Q to the total p o w 
er suppl ied to the solid w i re , ie., 
m {H (Tm) 4- A H J . It is seen that Q is the 
major source of heat at l o w L and l o w I, 
whi le it becomes less impor tant as L and I 
increase. 

Table 2—Measured Data for Mild Steel 
(g—Globular Transfer; s—Spray Transfer) 

dw. 
mm 

1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.2 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 
1.6 

Lo. 
m m 

8.8 
10.6 
8.1 
9.9 
7.9 
8.1 
9.2 
19.4 
21.4 
19.0 
19.5 
19.1 
18.6 
29.3 
29.9 
29.4 
28.7 
29.2 
29.0 
29.4 
38.0 
39.3 
39.8 
38.7 
39.5 
23.2 
18.7 
18.0 
20.4 
38.5 
39.1 
38.6 
39.6 
39.5 
50 
57.4 
58.2 
59.7 

I, 
A 

114 
117 
156 
206 
253 
302 
372 
103 
129 
194 
253 
298 
373 
93 
144 
184 
241 
286 
286 
322 
89 
131 
185 
245 
289 
181 
249 
352 
455 
162 
251 
327 
392 
453 
138 
216 
302 
395 

Vvv, 
mm/s 

37 
38 
52 
83 
98 
128 
167 
34 
47 
86 
123 
155 
214 
35 
64 
98 
137 
181 
181 
230 
35 
65 
119 
182 
248 
38 
56 
85 
131 
38 
72 
111 
154 
197 
30 
74 
130 
218 

Transfer 
type 

g 
8 
g 
g 
s 
s 
s 

g 
g 
g 
s 
s 
s 
g 
g 
g 
s 
s 
s 
s 
g 
g 
g 
s 
s 

g 
g 
s 
s 
g 
s 
s 
s 
s 

g 
g 
s 
s 
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Fig. 7-Heat flow into the solid wire. Mild steel, dw = 1.2 mm. Lengths 
indicate the nominal extension length. Vertical arrows indicate transition 
from globular to spray transfer 
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Fig. 8-Same as Fig. 7 for dw = 1.6 mm 

Table 3-

d w , 
mm 

0.8 
1.1 
1.6 
2.4 

-Fluid Velocity 

Vc, 
m/s 

1.0 
1.1 
1.0 
1.1 

and Forces 

« 2 

0.23 
0.11 
0.05 
0.02 

on Drop at Transition-

mc 

10' 

0.8-
0.8-
0.9-
1.1 -

Vc, 
3 N 

- 1.6 
- 1.3 
- 1.4 
- 1.4 

-Mild Steel 

tern, 
10" 

0.3 -
0 . 2 -
0.2 -
0.1 -

N 

0.5 
0.4 
0.4 
0.2 

j r d n 

10"3 

1 . 3 -
1.2 -
1.3 -
1 . 4 -

7, 
N 

1.8 
1.6 
1.6 
1.5 

best fit was obtained for tp* = 6.0 ± 
0.5 V, H* = (0.70 ± 0.07) X 106 J kg"1 , 

and Q* = 125 ± 50 W. The r.m.s. devia
tion of the points from equation (17) is 40 
W. The curves for spray transfer show 
initially a steep decrease in Q with 
increase in rh, and a levelling off at higher 
values of rh. They cannot be represented 
by a linear relation. 

The difference between the curves for 
different L in Figs. 7 and 8 cannot be due 
primarily to the difference in L, since the 
latter will not affect the heat flow in the 
liquid tip directly. Therefore, the differ
ence must be due to the difference in 
melting rate. Figure 10 shows Q as a 
function of rh, with I as a parameter. The 
points were obtained by interpolation in 
the curves in Figs. 7 and 8, and graphs of 
rh vs. I at constant L. 

It is seen that Q varies linearly with rh, if 
I < 200 A, i.e., for globular drop transfer. 
The slope of the lines appears to be 
practically independent of I. Moreover, 
the extrapolated values of Q at rh = 0 
are approximately proportional to I. It 
thus appears that Q varies linearly with 
both rh and I. 

Fig. 9 — Contribution of heat flow through 
liquid tip to total power supplied to the solid 
wire. Lengths indicate the nominal extension 
length 

The data points in Fig. 10 were 
obtained by interpolation between mea
sured data, while small differences 
between the actual and the nominal val
ues of L were neglected. Therefore a 
least-squares fit was made of the func
tion: 

Q '<p' ! - H * r h - Q * (17) 

to the points measured for globular trans
fer and d w = 1.2 mm (0.05 in.), by adjust
ment of the constants <p*, H*, and Q* . 
There are not enough data for d w = 1.6 
mm (0.06 in.) to perform this analysis. The 

Heat Transfer Through the Drop 

This section describes a simple model 
for the heat flow through the drop. This 
model is applicable if the transfer is glob
ular. It accounts, semiquantitatively, for 
the observed dependence of Q on I and 
rh. 

The power Q can, in principle, be 
transported from the anode surface to 
the solid metal by conduction and by 
fluid motion. The contribution by con
duction is given by 

Qx M S (TA - T J / A z, 

where A z is the average distance 

<3 
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Fig. 10 — Plots of Q vs rh at constant I. Points obtained by graphical interpolation in Figs. 7 and 8 and 
curves of rh vs. I. Open circles, etc., refer to dw = 1.6 mm, other points to dw = 1.2 mm. Solid 
lines = globular transfer, lines drawn through points for dw = 1.2 mm; broken lines = spray 
transfer, lines drawn through points for both diameters 
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between the melting front and the 
anode, and TA the temperature of the 
latter. Since A « 40 W rrT1 K~1 (Ref. 9), 
TA ^ 2800 K (Refs. 11, 12) and A z falls 
between 0.5 and 1.0 mm, it follows that 
Q will be between 40 and 80 W. Figures 
7 and 8 show that Q reaches values up to 
800 W. It thus appears that conduction 
does contribute to Q, but that convec
tion must be the dominant process. The 
convection can be caused by buoyancy 
forces, by electromagnetic forces (Ref. 
13) and by a gradient in the surface 
tension (Ref. 14, 15) (Marangoni convec
tion). The ratio of the buoyancy force to 
the electromagnetic force is (Ref. 16), 
approximately, 4 7r2 g A pm\rA/pi2 where 
rd is the drop radius (ss 1 mm), Apmi the 
change in mass density, g the acceleration 
due to gravity, and p. the permeability. It 
follows from the magnetic susceptibility 
of liquid iron17 that p. ss p-o (14-2 
X 10 -4) « po, where p$ is the permeabil
ity of vacuum. Taking I = 150 A, and a 
temperature difference of 1000 K, which 
yields Apmi ss 900 kg m - 3 , the ratio is 
about 0.01. Therefore, the buoyancy 
force will be neglected. 

Marangoni convection is caused by a 
tangential force at the surface which is 
proportional to a gradient in the surface 
tension, y. There is a strong temperature 
gradient across the drop, which causes a 
gradient in 7 for two reasons: 

1. Because 7 is temperature-depen
dent. 

2. Because the composition is not 
homogeneous. 

This effect is not considered here 
because it requires an extensive analysis 
of the composition gradients which is 
outside the scope of this paper. 

An electromagnetic force is exerted on 
the fluid if the electrical current diverges 
within the drop, as was shown by 
Maecker (Ref. 13). Detailed calculations 
of fluid flow in the weld pool caused by 
this mechanism were made by Shercliff 
(Ref. 18), Sozou (Ref. 19), Andrews and 

CrainejRef. 20), and Atthey (Ref. 16). The 
force T per unit volume is given by 
T = j X B, where j is the current density, 
and B the magnetic induction. Introducing 
cylindrical coordinates (r, 9, z) (Fig. 11), 
we find for the radial and axial coordi
nates that: 

and 

fr = -h 

fz = + j r B0 (19) 

The forces fr and fz are proportional to 
I2. Moreover, the force fz depends on the 
angle between j and the axis. This angle 
will, in general, increase with increase in I 
(Ref. 21), so that a stronger than quadrat
ic dependence of fz on I is possible. The 
radial force causes an increase in pressure 
at the axis. This excess pressure 
decreases with decrease in current densi
ty. Therefore, there will be a downwards 
flow if the current diverges (Fig. 11). The 
velocity of the liquid, v, is given by the 
Navier-Stokes equation, which, for sta
tionary flow, reads: 

Pml (v • V)v = -tp + vV
2t-rt (20) 

where p is the pressure, 77 the viscosity, 
and the subscript L indicates the liquid. 

The inertia term, i.e., the term on the 
left of equation (20) is proportional to v2, 
and the viscosity term (the term which 
contains 77) is proportional to v. The other 
terms are proportional to I2 (Ref. 13). 
Consequently, the velocity will be pro
portional to I if the inertia force is much 
larger than the viscous force. On the 
other hand, v will be proportional to I2 if 
the viscous force is dominant (Ref. 22). 
The ratio of the inertia force to the 
viscous force is given by the Reynolds 
number (Ref. 23), Re = pm| v Xo/17, where 
XQ is a typical magnitude of the length of 

the system considered. This length can be 
taken to be the drop size ( ~ 1 mm) if 
there is a homogeneous flow in a major 
part of the drop. Anticipating the discus
sion to be given below, we take v ss 0.2 
m • s~1. For pm| and 77 we take the values 
at 2700 K, a typical drop temperature 
(Ref. 7, 8), i.e., pm! = 6100 kg • rrT3, and 

(18) j, = 2.2 X 10~3 kg r r r 1 s"1 (Ref. 24). It 
then follows that Re ss 500. Consequent
ly the viscous force will be negligible near 
the axis, and v oc I. 

An estimate for v was derived from 
the experimental results by Woods and 
Milner (Ref. 25). They passed a current 
through a mercury bath and measured 
the axial flow velocity. One of the elec
trodes had a diameter of 15 mm (0.59 
in), the other one of either 3 or 6 mm 
(0.12 or 0.24 in.). The experiment with 
the 3 mm (0.12 in.) diameter electrode 
yielded v oc I2, and that with the 6 mm 
(0.24 in.) diameter electrode v oc I. The 
current-carrying regions in the latter sys
tem and in a welding drop are similar in 
shape. The lower end of the filler metal 
wire (dw = 1.2 mm, i.e., 0.047 in.) corre
sponds to the upper electrode in the 
mercury bath. 

Transformation of the results obtained 
by Woods and Milner (v/ l = 0.25 X 10"3 

m s~1 A - 1 ) to a system of liquid iron 
having a size of B of the original system 
yields v / l ss 2 X 10 - 3 m s - 1 A - 1 (Appen
dix A). The treatment by Maecker yields 
an upper limit to the ratio v / l given by 
(2 P-Q/TT2 d, v

2 pmi)'/2 (Ref. 26). This expres
sion has the value 5 X 10 - 3 m s_ 1 A - 1 for 
liquid iron, and d w = 1.2 mm (0.047 in.). 
The results obtained by Woods and Mil
ner with the 3 mm (0.12 in.) diameter 
electrode show that the viscous force 
can also become dominant. This behav
iour indicates a low Reynolds number. 
Consequently, the relevant length scale 
must then be much smaller than the size 
of the whole system. The latter situation 

anode surface 
Fig. 11 — Current 
density in drop 

ju - m 

anode surface 
Fig. 12 - Convection in drop 

Fig. 13 — Illustration of model for spray transfer: A—actual situation; B —model 
described in text 
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may occur if the flow occurs only in a 
narrow cylinder near the axis. 

The arguments given above show that 
the heat flow through the drop must be 
due to convection, which can be caused 
by the Lorentz force. The fluid flow will 
be downwards near the axis. The veloci
ty will most likely be proportional to I, but 
may be proportional to I2. The ratio v / l is 
expected to be of the order of 10~3 m 
s_1 A - 1 . A simple model will now be 
given which accounts for the empirical 
relation shown as equation (17). 

The liquid enters the drop with velocity 
vw, and is accelerated downwards by the 
Lorentz force (Fig. 12). The lower surface 
of the drop is moving downwards at a 
speed vA. Let the fluid velocity and the 
mass flow rate immediately above it be v 
and p., respectively. Since vA < v, the 
fluid will be forced upwards into the 
outer region of the drop. A similar flow 
pattern was observed by Abonnenc (Ref. 
27) in experiments on drop growth from 
capillary tubes. The liquid will be heated 
to a temperature TT when it passes the 
anode spot. The growth rate of the drop 
is equal to rh, while p. > rh. W e now 
hypothesize that the remainder p, — rh is 
forced against the solid wire and gives off 
me heat absorbed near the anode spot, 
o that 

Q = a ( p - r h ) c p l ( T 1 - T J (21), 

where a is a parameter which describes 
the heat transfer between the flow and 
the solid surface (0 < a < 1). 

Equation (21) yields Q = 0 if p. = rh, 
i.e., if the liquid is not accelerated. There 
will be a boundary layer of stationary 
liquid just above the anode spot. The 
power \cp, generated at the surface will 
partly be used to evaporate some of the 
liquid (Qev watt). The remainder will be 
transferred by conduction through the 
boundary layer, to the incoming liquid, 
which is assumed to be at temperature 
Tm. It then follows that: 

I95 - Qev = A cpi (Ti - T J 

Equations (21) and (22) yield: 

(22) 

Q = (23) 
a l<p - a iti cpi (TT - T J - a Qev 

Equation (23) becomes identical with 
equation (17) if we put: 

H* = a cpl (TT - T J , 

and Q* = a Qe v 

The power absorbed at the anode 
surface (Ref. 18) can, in good approxima
tion, be written as: 

\<p = I (<p0 + 2.5 k T e /e) (24), 

where ipo is the work function, k is 

Boltzmann's constant, Te is the electron 
temperature in the plasma, and e is the 
electron charge. 

The contributions by thermal conduc
tion from the plasma and by thermal 
diffusion are not accounted for. Equation 
(24) holds if the potential drop at the 
anode is negative, and this is the case if 
the current density at the surface is less 
than the random current density in the 
plasma, j r (Ref. 28). The latter is given 
by: 

j r = VA ne e (8 k Te/7rme)'
/2 

where ne is the electron density in the 
plasma, and me the electron mass. 

Taking for ne and Te the values 
obtained by Ton (Ref. 29) in the core of a 
plasma-GMA arc (1022 m - 3 and 7000 K, 
i.e., 6727°C or 12140°F, respectively), 
we find that equation (24) holds if j < 200 
A/mm2 . The latter inequality is just satis
fied in the arc discussed here. With the 
value for Te quoted above, and v?o = 4.4 
V (i.e., the value for pure iron (Ref. 24)), it 
follows that ip as 5.9 V. Jelmorini et al. 
(Ref. 7, 8) who measured Tdr, derived 
from their results that <p ss 5.5 V. 

The present experiments yielded 
•p* = 6.0 ± 0.5 V, and we put a = 1, 
and tp = 6.0 V. It then follows that 
Qev = Q* = 125 ± 50 W, and that 
T, - Tm = H*/cpi = 900 ± 100 K, i.e., 
900°C or 1620°F (cp, as 800 ) k g - 1 K - 1 , 
Ref. 6). The result is that a as 1 implies a 
near perfect thermal contact between 
the hot fluid and the solid. It follows from 
equation (23) with a = 1 that Ti is equal 
to Tdr as discussed below. We thus have 
Tdr = 2700 ± 100 K (2400 °C or 4400 °F), 
which is in excellent agreement with the 
results of the measurements by Jelmorini 
et al. (Ref. 7, 8). 

A surprising result of both their mea
surements and the present analysis is that 
Tdr hardly varies with I, between 100 and 
200 A. It now follows that p. is, roughly, 
proportional to I, because \<p is the domi
nant term on the left of equation (22). 
Taking the cross-sectional area of the 
region of downward flow to be S (=s 1 
mm2) we find that v / l a 1 X 10"3 m s"1 

A - 1 . This value agrees in order of magni
tude with the value given above. 

The value derived for Qe v corresponds 
to an evaporation rate of 17 mg s_ 1 (the 
heat of evaporation of iron is 7.4 X 106 J 
k g - 1 —Ref. 6). A large fraction of the 
metal vapor will be ionized (Ref. 29) (the 
ionization energy of iron is well below 
that of argon), and the ions will drift 
towards the cathode, i.e., the weld pool. 
Moreover, there is a gas flow towards 
the workpiece caused by the Lorentz 
force (Ref. 13). Consequently, only a part 
of the vapor will escape from the arc, 
and Qev yields an upper limit for the rate 
of emission of metal vapor. Measure
ments by Heile and Hill (Ref. 30) of the 
fume formation rate (FFR) yield values 
between 2 and 8 mg s_1 for GMA arcs at 

currents below 250 A. Therefore, it is 
consistent with their data to ascribe the 
term Q* in equation (17) to evapora
tion. 

An estimate will now be made of the 
thickness of the boundary layer above 
the anode surface. The conductive heat 
flow through it is given by: 

\<p - Q e v as S A A ( T A - T J / 5 

where 5 is the thickness of the layer, and 
SA the area of the anode spot. 

Upon insertion of the data obtained by 
Pintard (Ref. 11) for TA, and those given 
above, with SA = 2 mm2, it is found that 5 
is of the order of 0.1 mm (0.004 in.), for 
100 A < l < 200 A. 

In summary, we can say that the 
following model agrees in order of mag
nitude with the experimental data on 
globular transfer. The liquid metal is 
accelerated downwards by the electro
magnetic force in the region around the 
axis, and reflected from the inner surface 
of the drop. A boundary layer is formed 
at the drop surface above the anode, and 
heat is transferred through it to the flow
ing liquid. The power, thus transferred, 
and the flow velocity are both approxi
mately proportional to I, so that Tdr is 
practically independent of I. A part of the 
hot metal reaches the melting front and 
gives off its excess thermal energy to the 
solid metal. 

Heat Transport in the Case 
of Spray Transfer 

This section describes a model for the 
heat flow from the anode surface to the 
solid metal in the case of spray transfer. 

Spray transfer is characterized by a 
continuous flow of liquid metal down the 
conical tip of filler metal wire. Analysis of 
film images shows that the velocity of the 
liquid below the tip is between 1.0 and 
2.5 m • s_1, and that the thickness of the 
flowing film which surrounds the tip is of 
the order of 0.1 mm (0.004 in.). The outer 
surface of the liquid acts as an anode, its 
temperature increases in the direction 
from the base to the top of the cone (Ref. 
12), and can reach the boiling tempera
ture Tb (3135 K, i.e., 2862°C or 5184°F, 
for Fe, Ref. 6). The liquid is accelerated 
downwards by the electromagnetic 
force discussed above. The heat evolved 
at the surface is partly being carried away 
by the flowing material, and partly trans
ferred to the solid cone, by conduction. 
A simple model is now discussed which 
yields the latter part, Q, as a function of I 
and rh. 

The conical tip is replaced by a cylinder 
having the same length —Fig. 13. High
speed films show that the length of the 
tip is approximately one wire diameter, 
and we take the length to be d w . The 
radius of the cylinder, rc, is chosen such 
that the outer surfaces of the cone and 
the cylinder are equal, i.e., rc = d w v'S/S 
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or 5'/2/8. Heat is evolved at the outer 
surface of the flowing layer at a rate of )<p 
per unit area. As a result, the temperature 
of the liquid increases with an increase in 
z. Furthermore, there is a conductive 
heat flow in the radial direction, from the 
outer surface to the solid-liquid boundary 
(cylindrical coordinates as in Fig. 11). 

The Reynolds number for the flow 
around the tip, with the length of the 
cylinder as the length scale, is about 3000. 
The critical value (Ref. 32) for the onset of 
turbulence in the flow along a plate is 
3.2 X 105, and we take the flow to be 
laminar. An estimate of the thickness of 
the thermal boundary layer (Ref. 33) 
yields 0.2 mm (0.008 in.); this is of the 
same order of magnitude as the film 
thickness. Therefore, the temperature of 
the liquid is taken to vary linearly in the 
radial direction. 

Flow velocity, v, and the thickness of 
the layer, h, are taken to be independent 
of r and z. Furthermore, it is assumed that 
h « rc. A part, lt, of the electric current 
will enter the liquid in the tail below the 
solid. This part will not contribute to Q. 
An estimate of lt (Appendix B) gives that 
I, as Zrh, with Z as 105 A - s kg - 1 . The 
anode surface will not extend up to z = 0 
but only up to some value z = z-i 
(Fig. 13). 

The assumption is now made that the 
area around the cylinder which acts as 
anode is proportional to i = I — lt. Fur
thermore, it is taken to extend up to 
z = 0 if i = I. The length of the current-
carrying part of the cylinder is then given 
by lc dsi d w — zi = i d w / l . The heat cur
rent density, j q , into the solid through the 
melting front, in the radial direction is 
then given by: 

• x T w 
,q ~ (h/2) 

where T(z) def T (z) - Tm, and T (z) is the 
temperature of the liquid averaged over 
a cross-section perpendicular to the axis. 
The energy balance equation for a sta
tionary situation then reads (Appendix 
C): 

with i Zrh (28) 

dt 2 x t 
dz h 2 v 

W 
ml Cp| ' 

= 0 (25) 

where « = A/pmi cp|. _ 
The boundary condition is that t = 0 

for z = z-|. Equation (25) then yields: 

*-S{1-
2 K (z - Z l ) \ \ exp ( J 

(26) 

h2v 

It now follows that: 

Q = 2 TT rc f j q (z) dz = \<p X 

(27) 

The temperature of the outer surface 
cannot be higher than Tb. Consequently, 
the maximum value of t is tmax 
= '/2 (Tb — T J . If equation (26) yielded a 
higher value, then it was replaced byTmax, 
and equation (27) was modified accord
ingly. The quantities h and v which 
appear in equation (27) have to be 
expressed as functions of I and rh. 

The relevant relations follow from an 
examination of the forces on the liquid. 
The Lorentz force, discussed in the previ
ous section, again accelerates the liquid 
downwards. The thickness of the veloci
ty boundary layer (Ref. 32) is about 0.1 
mm (0.004 in.), i.e., about the thickness of 
the whole flowing layer. Consequently, 
the viscous force is one of the dominant 
forces. The system is stationary, and the 
two forces are balanced, so that: 

f h s s 7 / v / ( h / 2 ) (29) 

The actual wire tip generates liquid 
over its entire surface. Consequently, the 
flow rate is zero for z = 0, and rh for 
z = dw . It is taken to be rh/2 in this 
model. We then have: 

rh/2 = 2 7r rc h pmi v (30) 

Equations (29) and (30) yield h and v 
as functions of f and rh. The expression 
2 K lc /h2 v, which appears in equation 
(27), becomes proportional to f ' / 3 / rh4 / 3 . 
We now write f = Cem ik, where Cem and 
k are constants, yet to be determined. 
Plots of the ratio Q/rh as a function of 

l/m (Figs. 14 and 15) show that the points 
measured for different extension lengths 
all lie on a single curve. It then follows 
from equations (27) and (28) that the 
expression i k / 3 / rh4 / 3 depends only on the 
ratio l /m, if the model is to agree with the 
experimental results. 

This condition is satisfied if k = 4, so 
that f = Cem i4- The case that f oc i2 was 
discussed in the previous section. We 
ascribe the faster increase in f with i to an 
increase in the angle between the current 
density and the axis, as the current is 
increased. Previous measurements (Ref. 
34) of the electromagnetic force on a 
droplet yield values of about 10~3 N for 
drops having a volume of a few mm3, for 
I ss 150 A. On this basis we estimate Cem 

to lie between 10"4 and 10~2 N m"3 A"4 . 
Furthermore, the gravity force was taken 
into account. This effect does modify the 
calculated curves somewhat, but it does 
not improve the fit to the experimental 
points. Therefore, the corresponding 
correction is not discussed. 

The next step is to fit the calculated 
curves to the experimental points by 
variation of Z and C?m. Figures 14 and 
15 show curves of Q/rh vs l/rh calcu
lated from equations (27)-(30) with 
Z = 1.2 X 105 A s k g - 1 and two values of 
Cem. The following points of agreement 
between experiment and calculation are 
to be noted. 

The model gives Q = 0 for l/rh < Z (all 
the current enters the tail), and an 
increase in Q/rh with increase in l/rh for 
l/rh > Z. The experimental points show 
this behavior, with Z in the range 
between 0.9 X 10s and 1.4 X 105 A s 
k g - ' , which is of the expected order of 

15 
(Vm 

dtfUkg-M 

1.0 

0.5 

dw = 1.2 mm 

1.0 3.0 4.0 
m(10sAs kg"1) V' 

Fig. 14 — Plots showing relevance of ratio l/rh In description of heat transfer. Mild steel, dw = 1.2 
mm. J- i = 10 mm, 0-L = 20 mm, x-L = 30 mm, EFL = 40 mm, points derived from experiment 
(Figs. 7 and 8). Broken lines = equations (27)-(30); solid line = equation (31) with Z = 1.2 X 10s As 
kg'1. Cem in m.k.s. units 
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1.5 
Q/m 

(106Jkg"') 

1.0 

0.5 

dw=1.6mm 

t Cem=8x10"3 

0^=0.1x10-

0 1.0 2.0 3.0 4.0 

l/m (105A s kg-1) 

Fig. 15 —Same as Fig. 14 for dw = 7.6 mm. V-L = 60 mm 

3.0 4.0 
l/m(105Askg-1) 

Fig. 16 — Comparison of approximate expression for Q/rh with experi
mental points. Boxes and triangles —experimental points for dw = 1.2 
and 1.6 mm, respectively. Same data as in Figs. 14 and 15. Solid 
line = equation (34) 

magnitude. 
It follows from equations (27) and (28) 

that the slope of the curve will increase 
with increase in l/m just above l/rh = Z, 
and decrease at high l/rh, where the 
curve approaches the limit 

Q/rh = (l/rh -Z)tp (31). 

Equation (31) corresponds to the case 
where all the heat generated at the 
anode surface above the tail is trans
ferred to the solid (Q = i tp). Figure 14 
shows that the experimental points do 
approach the limiting curve at high l/rh. 

The values of Cem (Figs. 14 and 15) are 
of the expected order of magnitude. The 
corresponding values of h and v lie in the 
ranges 40-150 pm, and 0.3-1.5 m/s, 
respectively. The calculated temperature 
of the outer surface at z = d w lies in the 
range between 2400 K (i.e., 2127°C or 
3861 °F) and Tb. 

It must be emphasized that several 
simplifying assumptions have been made. 
As a result, there can only be a semi-
quantitative agreement between model 
and experiment, and this is in fact 
obtained. A more detailed description 
cannot be given as long as there is no 
information on the distribution of the 
current density over the anode surface. 

Summarizing, we conclude that the 
following processes govern the heat flow 
from the anode spot to the solid wire in 
the case of spray transfer. A part of the 
electric current enters the iiquid in the tail 
below the solid wire tip. The heat 
evolved there at the surface does not 
contribute to Q but serves to raise the 
temperature of the liquid. The liquid sur
rounding the tip is accelerated by the 
Lorentz force. The heat evolved at its 
outer surface is partly transferred to the 
solid by conduction. This part contributes 
to the heating and subsequent melting of 
the solid. The remainder is carried away 

by convection and raises the tempera
ture of the liquid metal. 

Melting Rate and Drop 
Temperature 

Equation (8) and the relations derived 
in the previous sections are combined 
here to relations between rh, I, L, d w , and 
the properties of the wire material. Equa
tions (8) and (23), with a = 1, now 
yield: 

a I2 L/S + \<p- Qev 

Ht + Cp| (Tdr - Tm) 
(32) 

for globular transfer. 
The first term in the numerator is due 

to joule heating, the second to electron 
absorption, and the third to evaporation. 
The latter contribution might be depen
dent on I. It appears as a constant term, 
because the present results do not allow 
a more detailed analysis. Equation (32) is 
valid only if equation (5) holds. For the 
mild steel wire, it becomes: 

rh = 5.5 X 10 - 1 3 l2.L/S 4-2.4 X 
10~6 I - 5.0 X 10"5 

(33) 

in m.k.s. units. This expression is only 
applicable if the sum of the two first 
terms on the right is much larger than the 
third, as is usually the case. 

Equation (27) yields Q as a function of I 
and rh for spray transfer. It is, however, 
rather complicated, and does not lead to 
a simple relation such as equation (32). 
Therefore, we write as an approximation 
that: 

Q/rh = tp (l/rh - Z*) (34) 

for l/rh > Z* = 1.5 X 105 As kg"1 , and 
Q « 0 for l/rh < Z* (see Fig. 16) 

Equation (34) states that Q is linear with 

I and rh, just as equation (17) which holds 
for globular transfer. The coefficient of I 
in the expressions for Q (I, rh) is equal to 
tp in both cases, while the coefficients of 
rh are not very different. This is very 
surprising, because the mechanism of 
heat transport for spray transfer is essen
tially different from that for globular 
transfer. 

Combining equations (8) and (34) we 
find: 

a l2.L/S 4- \tp 

H, + Z*tp 
for l/rh > Z* (35) 

vhile rh = ^ - ^ for l/rh < Z* (36) 
H, S 

Insertion of the data for mild steel 
yields, for spray transfer: 

rh = 5.1 X 10"1312.L/S + 
2.2 X 10"6 I 

for I.L/S < 8.6 X 106 A • m~1, 

and rh = 7.7 X 10"13 I2.L/s 

(37) 

(38) 

for I.T/S > 8.6 X 106 A m" 1 (m.k.s. units). 
The difference between equations (33) 

and (37) is small, because of the small 
difference between equations (17) and 
(34). The most convenient way to display 
these results is by plotting rh/l as a 
function of I.L/S. Figures 17 and 18 show 
the results for globular and spray transfer, 
respectively. The work by Lesnew
ich (Ref. 5) contains points for 
I.L/S > 8.6 X 106 A • m~1, where equa
tion (38) is applicable. These points are 
also shown in Fig. 18. There is a reason
able agreement between the relations 
derived above and the measured data. 

Equations (33) and (37) are only valid if 
equation (5) is satisfied. This is the case if 
l2.L/rh S > 0.85 X 1012 m.k.s. units (Fig. 
3), i.e., if rh/l < 1.18 X 10"12 I.L/S. This 
limit is indicated in Figs. 17 and 18. The 
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Fig. 17 — Display oi equation for mass flow rate 
as a function of welding parameters. Mild 
steel, globular drop transfer. Boxes and trian
gles—experimental points for dw = 1.2 and 
1.6 mm, respectively. Solid line = equation 
(33) with I as indicated; dotted broken 
'ine = limit of validity of equation (33) 

lower part of the curve, where equation 
(5) does not hold, was calculated with a 
table of the function H (F). The points at 
low values of I.L/S do not deviate strong
ly from equations (33) and (37). The 
ostensible agreement is caused by the 
fact that the terms which are quadratic in 
I in equations (33) and (37) become insig
nificant at low L, while rh/l then 
approaches a constant value. 

The present results can be compared 
with those obtained by Lesnewich (Ref. 
5), who found an empirical relation 
between rh, I, L, and d w . His equation, 
rewritten in m.k.s. units, reads: 

rh = 1.74 X 10 - 1 4 I2.L/S126 4- 2.1 X 
10~6 I 4- 0.073 IS (39) 

Figure 19 shows his and our data 

points, and plots of the various equations 
given above. 

The temperature of the transferring 
liquid, Tdr, is determined by whatever is 
left over from \tp, after evaporation and 
heat flow to the solid tip. We thus have 

Vp = rf! Cp| A Tdr + Q 4" Qe (40) 

where A Tdr
 def Tdr - Tm. 

Equation (40) is identical with equation 
(23), because a = 1, so that T-i = Tdr. 
Figure 20 shows A Tdr for globular trans
fer, derived from equation (40) and the 
experimental data for Q (Figs. 7 and 8), 
vyith tp = 6.0 V, cp! = 800 ) kg " 1 K -1, and 
Qev =125 W. It also shows the results 
obtained by jelmorini et al. (Ref. 7, 8), and 
the value given by equations (17) and 
(40), i.e., H*/cp|. The result that A Tdr is 

15 

m/I 
dO^kgs^A4! 

10 

spray 

r, "=1.2x10 

1 0 IL^S(106Am"1) 20 

Fig. 18 - Same as Fig. 17, but for spray transfer. Boxes and triangles same 
as in Fig. 17 x — data from Lesnewich (Ref. 5); solid line = equation (35) 
with Z* as indicated; broken line = equation (38); dotted broken 
line = same as in Fig. 17 (i.e., limit of equation (33) validity) 

1500 

ATdr 

(Kl 

1000 

500 

T b - T m 

• a 
A 

°* „ °° 
-b *v^x- x 
a 

o °° 

A 

• A 

globular 

-

- - — H/Cp, 

1 _[ 

10 
lL/S(106An-T1) 

20 

Fig. 20 - Difference between drop temperature and temperature of 
fusion. Boxes and triangles indicate dw = 1.2 and 1.6 mm, respectively; 
points from data given in Figs. 7 and 8, and equation (40). Broken 
line = equations (17) and (40); x-data from Jelmorini et al. (Ref. 7) 
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Fig. 19— Comparison of present results with those obtained by Lesne
wich (Ref. 5). Mild steel x-measured, dw = 1.1 mm (0.045 in.), data 
from Fig. 2ofRef. 5; 0 — measured, dw = 1.2anddw = 1.6mm, present 
experiment. Broken line = equation (39), i.e., equation (12) by Lesne
wich (Ref. 5), with dw as indicated. Solid line = equation (33), I = 150 A. 
Dotted line = equations (37) and (38) with Z* = 1.5 X 10s A • s kg'1 

0 10 20 
IL /s(10 6 Am- 1 ) 

Fig. 21-Same as Fig. 20, but for spray transfer. Points derived with 
Qev = 125 W. Broken line = equations (34) and (40) with 0 = 0. Dotted 
broken line = equation (41) with Qev = 0 
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Fig. 22 —Diagram to 
illustrate transition 
from drop to spray 
transfer 

Fig. 23 (right) - Plot to 
verify equation (46a). 
Mild steel. Experi
mental data from Fig. 
21 of Lesnewich 
(Ref. 5) 

P 0.8 mm 

2A mm 

0.05 0.10 , ,0.15 
. , , (10"6kg s1A2) 

and approaches d w as I is increased. The 
drop is then formed at the pointed tip of 
the wire, and liquid metal flows down
wards along the conical surface into the 
drop. A part of the current, \i, will pass 
through the drop, and the remainder, l2, 
through the surface above it —Fig. 22. 

The dominant downward forces on 
the drop are the electromagnetic force, 
Fem and the force rh v, where v now 
represents the velocity of the liquid 
which enters the drop. The former is 
given by: 

Fern = t MO In/4 ir (43) 

where e is a geometrical factor (Ref. 34), 
0 < f < 1. 

Transferring the results discussed 
above to the welding process, we pre
dict the transition from drop to spray to 
occur when the total downward force is 
equal to the sustaining force by the 
surface tension, i.e. when: 

m v 4- Fem = IT d N y (44) 

where dN is the diameter of the neck of 
the drop, at the onset of instability. 

Furthermore, we have that: 

•Pmi v (45) 

practically constant is the consequence of 
the processes occurring in the drop, as 
discussed above. No information is avail
able on Qev for the spray data. There
fore, we take, for lack of a better alterna
tive, the same value as used above. 

Figure 21 shows A Tdr for spray trans
fer. The values for Qe v = 0 are higher by 
about 100 K (i.e., 100°C or 180°F). It is 
seen that the points for one wire diame
ter fall on a single curve. The curve for 
d w = 1.2 mm (0.05 in.) shows a maximum 
which corresponds to the point in Fig. 14 
where the distance between the actual 
curve and the limiting curve — equation 
(31) —is largest. 

The value of A Tdr, as predicted by 
equations (34) and (40) does not depend 
solely on I.L/S, if Qe v # 0. Figure 21 
shows the constant value for Qe v = 0. 
The flow Q vanishes when l/rh < Z* (i.e., 
when I.L/S > 8.6 X 106 A m_1) in the 
present approximation. Equations (36) 
and (40) then yield: 

AT d r = ¥>rit 

a Cpi 

_S_ 
IL 

Ht Qev 
a cpi 

_S_ 

l2L 
(41) 

The curve for Qe v = 0 is shown in Fig. 
21. The correction for Qev # 0 is not 
likely to be important, because rh 
increases quadratically with I in this 
region. As a result, A Tdr will tend to 
decrease, which will reduce Qev. 

The data given above allow reason
able estimates of the flow of material and 
heat from the wire to the weld pool. 

The Transition from Globular to 
Spray Transfer 

This transition occurs at a well-defined 
current lc, which depends (Ref. 5) on L 
and d w . It strongly resembles the transi
tion from drop to jet type emission, 
observed in experiments with liquids issu
ing from a capillary tube (Ref. 35-38). 
These experiments show that single 
drops are detached if the velocity of the 
liquid, v, is below a critical value, vc. If 
v > vc, then a jet emerges. This jet is, 
generally, unstable, and disintegrates into 
small drops (Ref. 39, 40). The experi
ments show that: 

const, TT y d (42) 

where rhc is the mass flow rate for v = vc, 
and d the nozzle diameter. 

The constant was found (Ref. 36-38) to 
lie between 0.3 and 2.0. The force 
exerted by the incoming liquid on a 
pendent drop is rh v, while w y d is the 
sustaining force by the surface tension. 
Consequently, equation (42) shows that 
the transition occurs when the down
ward force, rh v, becomes approximately 
equal to the sustaining force. Drops can
not be formed when v > vc. 

This result is now used to explain the 
transition from drop to spray transfer in 
welding. The latter transition was investi
gated experimentally by Lesnewich (Ref. 
5). His measurements yielded lc, for mild 
steel, over wide ranges of I and d w , and 
his data are used in the present analysis. 
The diameter of the droplets decreases 

The calculations discussed above indi
cated that the velocity of the liquid, 
which flows down the cone is, generally, 
about 1 m/s. The velocity and the 
ratio x fef I-,/., at I = lc, are taken to be 
constants, for a given wire diameter. 
Equations (43)-(45) yield: 

rh r v r 4-
( X2 MO lc 

4 IT 

I.yi^^Y 
\ IT pm| Vr / 

(46) 

where rhc and vc are the values for 
l = lc 

Equation (46) can be written as: 

D , 2 + a 2 

Vi 
(46a) 

where a and b are constants. 
Consequently, the model predicts a 

linear relationship between rh c
/ 2 / l c

2 , and 
rhc/ lc

2. Plotting these quantities as 
derived from the data measured by Les
newich (Ref. 5), we find straight lines, i.e., 
linear relationships —Fig. 23. The velocity 
at I = lc, i.e., vc and the constant t x2 then 
follow from the values of a and b as 
determined from Fig. 23, with y = 1.0 N 
m" 1 (Ref. 34). 

The extension length has no direct 
effect on the processes discussed above. 
Nevertheless, the critical current depends 
on it, because the relation between rh 
and I depends on L —equation (32). 
Therefore, there is a range of values for 
lc, dN, and the forces on the droplet, for a 
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given diameter. The latter forces, der ived 
in the present analysis, all lie in the range 
b e t w e e n 0.1 X 1 0 " 3 N and 2.0 X 1 0 - 3 N. 
A n exper imental investigation (Ref. 34) of 
the forces on droplets y ie lded values in 
the same range. The critical veloci ty is 
f ound to be about 1 m/s , and d N is 
b e t w e e n 0.4 and 0.6 m m (0.016 and 
0.024 in.). Table 3 gives a survey o f the 
results. 

The main po in t in this analysis is that 
the measured data d o indeed yield the 
linear relat ion pred ic ted by the mode l . 
Fur thermore, the values der ived for the 
force, the f luid veloci ty, and the neck 
diameter are reasonable. It thus appears 
that the transition f r o m globular to spray 
transfer is gove rned by the same p ro 
cesses wh ich lead to the transit ion f r o m 
d rop to jet f l o w f r o m capillary tubes. The 
transition occurs at a critical current , lc , 
w h e r e the total d o w n w a r d force o n a 
d rop becomes approximate ly equal to 
the sustaining force. Drops cannot be 
f o r m e d if I > lc , because b o t h rh v and 
Fem increase w i t h an increase in I. 

Conc lus ion 

The relation b e t w e e n the p o w e r sup
plied to the solid w i re and the we ld ing 
parameters was de termined. The d o m i 
nant processes are joule heating and heat 
f l o w f r o m the anode surface th rough the 
liquid t ip, so that these processes gove rn 
the melt ing rate. A simple analytical 
expression was der ived for the resis
tance, R, of the w i re extension in terms of 
the electric current, I, the extension 
length, L, the mass f l o w rate, rh, and the 
e lect rode w i re diameter, d w . It is valid 
w h e n the quant i ty I.L/S is above a g iven 
min imum value (S = ir d ^ / 4 ) . 

If this condi t ion is not satisfied, then the 
calculation has to be d o n e numerical ly, 
but it remains simple. The relations 
obta ined, together w i t h measured data 
o n the we ld ing parameters, y ie lded the 
p o w e r f l ow , Q , f r o m the d r o p into the 
solid w i re . The latter was f ound to 
depend on I and rh; the relation being 
di f ferent for globular and for spray trans
fer. Simple physical models account for 
the exper imental results and yield 
approx imate analytical relations b e t w e e n 
Q , I, and rh. 

Heat f l o w is ascribed to convec t ion if 
the d r o p transfer is globular, and to 
thermal conduct ion in the case of spray 
transfer. Combina t ion of the equations 
fo r R w i t h those for Q yields expressions 
for mass f l o w rate and d r o p tempera ture 
as funct ions o f I, L, and d w . 

The w o r k was carr ied ou t w i t h mi ld 
steel filler metal w i re . The mode l , wh ich 
describes the processes o f heat genera
t ion and heat f l o w in the w i re , al lows the 
extension to o ther high-resistivity 
materials, e.g., stainless steel. The mode l 
is not directly applicable to aluminium or 
copper . 

The transit ion f r o m globular to spray 

transfer was found to occur w h e n the 
d rop is f o rmed at the conical end o f the 
w i re t ip, and the d o w n w a r d fo rce on it, 
wh ich is the sum of the Lorentz fo rce and 
the fo rce exer ted by the incoming l iquid, 
becomes approximate ly equal to the sus
taining fo rce by the surface tension. 
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