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ABSTRACT. The effect of simple 
fluxes on heat transfer and arc stabil
ity has been investigated for both 
nonconsumable and consumable 
electrode arc processes using mild 
steel plate material. One and two 
component fluxes were made by sin
tering chemicals in the solid state to 
avoid composition alterations due to 
agglomeration or fusion. 

Weld bead penetration and surface 
condition were used as the criteria to 
assess heat transfer and arc stability 
characteristics, and the performance 
of each flux was judged by com
parison w i th a weld pass made wi th 
argon gas shielding. 

Chemical compounds used in flux 
formulations have individual effects 
on heat transfer and heat balance 
wh ich depend on electrode polarity 
and electrode emission character
istics. Arc instability is also greatly 
affected by flux composit ion, and in 
extreme cases can lead to individual 
"spots" of molten metal rather than a 
weld bead. The t ime spent on one 
weld area is therefore variable, and 
affects penetration consistency and 
possibly ripple formation and weld 
bead uniformity. There are indica
tions that these effects are linked 
wi th the nature of electron emission 
of coated substrates, and w i th the 
effect of ion additions from fluxes to 
the anode and cathode fall areas, but 
the pattern is only consistent over 
a narrow range of simple materials. 
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Officer, Department of Materials, Cran
field Institute of Technology, Cranford, 
Bedford, England. 

In t roduct ion 

In recent years some attention has 
been focussed on the effect of im
purities in shielding gases and 
residual elements in base metals on 
heat transfer and arc stabil ity in arc 
welding processes. 

In gas tungsten a r c - w e l d i n g 
(GTAW) small amounts of oxygen in 
argon shielding gases affect heat 
transfer by causing increased pene
tration in aluminum (Ref. 1) and 
reduced penetration in nickel alloys 
(Ref. 2), possibly by affecting the 
anode drop. Residual elements in 
base metals can also affect heat 
transfer, and Ludwig (Ref. 3) found 
that penetration increased as the 
residual chlorine level increased from 
6 ppm to 32 ppm in refined zirconium 
alloys. He attributed this to the in
creased anode drop created by a 
negative space charge of Cl ions at 
the anode. Chase and Savage (Ref. 4) 
also found that controlled additions of 
trace elements in a pure nickel base 
metal caused both increases and de
creases in gas tungsten-arc (GTA) 
weld penetration, but they could f ind 
no adequate correlation w i th physical 
properties or chemistry to account for 
their observations. 

Ludwig (Ref. 5) investigated ran
dom variations in gas tungsten-arc 
heat transfer which has been ob
served in stainless steels. He found 
that easily ionized chemical com
pounds added to the base metal led to 
variations in anode spot size and 
reductions in arc voltage, leading in 
turn to decreased penetration. He 
postulated that similar effects in com
mercial plate material could be 

caused by slag inclusions picked up 
from refractory furnace linings during 
the steel manufacturing process. 
Deliberate additions of fluxes have 
been exploited by Gurevich et al (Ref. 
6) to increase gas tungsten-arc weld 
penetration in t i tanium alloys. They 
also reported similar effects in stain
less s tee ls , mo l ybdenum and 
niobium, and apparently had no diff i
culty w i th variations in penetration 
which Ludwig observed when slag 
compounds were entrained in the 
base metal. 

Arc instabilities caused by fluxes 
occur in consumable electrode arc 
processes, and Hazlett (Ref. 7) found 
that this led to variations in penetra
t ion and bead shape when individual 
chemical compounds used in elec
trode manufacture were used as sub
merged arc fluxes (e.g. Na 2 Si0 3 , 
CaC03). Moreover, particles of slag
like compounds (e.g. oxides) on metal 
surfaces can cause arc instability 
leading to alterations in heat transfer 
due to anode plasma jets, as observed 
by Wilkinson and Milner (Ref. 8). Pin-
tard (Ref. 9) has shown that coatings 
on the base metal or on the electrode 
affect both the weld penetration and 
the electrode melting rate. 

Electrode polarity is ano the r 
variable in consumable electrode 
welding, and Pintard found that the 
electrode melt ing rate decreased and 
penetration remained constant as 
flux emissivity increased on electrode 
positive polarity, whi le penetration 
decreased and the electrode melting 
rate was approximately constant as 
flux emissivity increased w i th elec
trode negative polarity. 

The physical complexity of electric 
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welding arcs has led to great difficulty 
in analyzing the effect of chemical 
elements or compounds which enter 
the arc plasma region from a shield
ing gas, base metal, or flux. For fluxes 
and slags in particular, there is little 
information concerning the effect of 
an individual chemical compound on 
arc stability and heat transfer. Com
mercial fluxes are the result of long 
formulation experience, and even ex
perimental fluxes like those of 
Gurevich (Ref. 6) are the result of 
empirical experimentation. Funda
mental information on flux formula
t ion is very nearly nonexistent, and 
much work remains to be done in this 
field. The gradual trend towards the 
use of automated arc welding pro
cesses serves to emphasize the fact 
that any random variations in arc sta
bility and heat transfer due to im
purities or slag compounds must be 
minimized by obtaining a good work
ing knowledge of their causes. 

In this investigation the effect of 
simple one and two component fluxes 
on heat transfer and arc stability has 
been studied using non consumable 
and consumable electrode systems 
w i th mild steel base metal. 

Exper imenta l 

The basic consideration for this 
work was the simplif ication of slag 
systems in order to achieve a funda
mental assessment of heat transfer 
in arc welding. 

The fluxes used in all of the 
experimental work (see Table 1) were 
sintered in the solid state in order to 
avoid any changes in chemical 
composition due to reactions w i th 
crucibles during fusion or the addition 
of binding agents in agglomeration 
processes. The sodium silicate used 
in the latter process is known to have 
a beneficial effect on arc stabilization, 
and its presence could easily alter the 
inherent arc stability of a simplif ied 
flux mixture. 

The init ial flux compounds were 
chosen for high thermodynamic 
stability, suitable melt ing and boiling 
points, and a minimal tendency to 
react or alloy w i th the mild steel base 
material and electrode metals. These 
conditions were best satisfied by the 
alkaline earth fluorides, wh ich also 
provided a progressive series of 
cations (from Mg to Ba) having vary
ing atomic weights, thermionic work 
functions, etc. 

A second series of more complex 
fluxes used the alkaline earth 
fluorides w i th the greatest differ
ences in properties (MgF2 and BaF2) 
as bases for alkaline earth oxide addi
tions. Oxide additions were made at a 
level of 30 mo1 % to maintain a con
stant cation balance despite varia
tions in atomic weight. Finally two 
fluxes, NaF and MgO-NaF, were 

made wi th an alkali f luoride, NaF, to 
assess the effect of a fluoride from a 
different chemical group. 

For both the nonconsumable and 
consumable electrode work, dc power 
was used and argon shielding gas 
f lowing at 15 l /m in protected the 
molten flux-metal from the atmo
sphere. Weld runs in argon only 
(using no flux) were used as refer
ences for each system. 

The runs were sectioned trans
versely and longitudinally (for 25 - 30 
mm) to assess penetration charac
teristics. 

To minimize any compositional vari
ables in the consumable electrode, all 
submerged arc runs were made wi th 
one reel of electrode. Al l of the base 
plate test sections used for welding 
were cut from one large mild steel 
plate for the same reason. The chem
ical composition of the steel plate and 
electrode is given in Table 2. 

GTA welds were made without 
fi l ler metal on plates 50 mm x 180 
m m x 5 m m ( 2 x 1 0 x 3 / l 6 i n . ) thick, 
clamped to a moving carriage. A stan
dard argon tungsten arc torch carry
ing a 3.2 mm diam electrode was 
clamped above the plates, and runs 
were made w i th a 5 mm arc gap on 
electrode negative polarity at a nom
inal voltage of 17 V and current of 
300 A. Al l arcs were initiated in 
argon on bare plate, and then 
traversed across an area 150 mm 
long (6 in.) covered wi th flux to a 
depth of 3 mm ( 1 / 8 in.). The traverse 

Table 1 — 

Flux 

NaF 
MgF2 

CaF2 

S r F 2 

BaF2 

MgO-MgF 2 

MgO-BaF2 

BaO-MgF2 

BaO-BaF2 

MgO-NaF 

Flux Com 

Fluoride, 
w t % 

100 
100 
100 
100 
100 
78.2 
91.0 
48.7 
72.8 
71.8 

positions 

Oxide, 
w t % 

— 
— 
— 
— 

21.8 
9.0 

51.3 
27.2 
28.2 

Oxide, 
mol % 

— 
— 
— 
— 
30 
30 
30 
30 
30 

speed was fixed at 300 m m / m i n (12 
ipm). Bead width and penetration 
were measured as criteria of heat 
transfer characteristics. 

Submerged arc runs were made on 
similar plates 100 mm x 250 mm x 5 
mm (4 x 10 x 3 / 1 6 in.) thick wi th flux 
spread on the surface to a depth of 25 
mm (1 in.). Electrode stickout was 
kept constant at 20 mm ( 3 / 4 in.) and 
traverse speed at 600 m m / m i n (24 
ipm). The wire feed speed was nom
inally 226 m/hr (175 ipm) for elec
trode positive operation, and 495 
m /h r (325 ipm) for electrode negative 
operation wi th a 1.6 mm ( 1 / 1 6 in.) 
diam mild steel electrode. The weld
ing conditions are given in Table 3. In 
the cases where the flux would not 
support the nominal electrode melt
ing rate, the electrode feed rate was 
reduced until a stable deposition 
condition was achieved. Penetration 
of a sectioned weld bead, and bead 
surface regularity, were taken as cr i
teria of heat transfer and arc stability 
characteristics. 

Results 

Fused Zone Runs 

Weld bead w i d t h s , a l though 
reduced about 10% in comparison 
wi th the argon reference run, did not 
vary very much. However, penetra
t ion varied not only f rom flux to flux 
(as shown in Table 4), but also on 
occasion along the length of the weld 
bead. Voltage and current varied 
slightly during the runs, indicating 
some arc instabilities. (Changes in 
arc voltage are important, since they 
may be indicative of changes in the 

Table 2 — Base Plate & Consumable 
Electrode Composition 

C, Mn, Si, S, P, 
Material wt % wt % wt % wt % wt % 

5mm mild 
steel plate 

1.6mm diam 
electrode 

0.22 
0.11 

0.74 0.035 0.028 0.022 
1.82 0.78 0.03 0.03 

max max 

Table 3 — Welding Conditions for Submerged Arc Welding 

Electrode negative Electrode positive 

Flux 

Ar 
NaF 
MgF2 

CaF2 

SrF 2 

BaF2 

MgO-MgF2 

MgO-BaF 2 

BaO-MgF2 

BaO-BaF2 

MgO-NaF 

Electrode 
feed rate. 

m / h 

380 
266 
380 
380 
380 
380 
266 
205 
266 
205 
230 

Volts, 
V 

25 
20 
25 
18 
19 
15 
24 
20 
10 
19 
28 

Current, 
A 

225 
300 
250 
325 
325 
350 
200 
225 
325 
240 
150 

Electrode 
feed rate, 

m / h 

266 
266 
266 
266 
266 
266 
266 
205 
230 
205 
205 

Volts, 
V 

23 
22 
25 
24 
24 
24 
22 
19 
24 
20 
18 

Current, 
A 

250 
240 
240 
250 
240 
250 
250 
225 
225 
200 
250 
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Table 

Flux 

Ar 
NaF 
MgF2 

CaF2 

SrF2 

BaF2 

4 -

MgO-MgF ; 

MgO 

BaO-

BaF2 

MgF2 

BaO-BaF2 

MgO •NaF 

Heat Transfer Characteristics 

GTAW 
Electrode negative 
Avg. 
pene

trat ion 
mm 

2.5 
2.5 
4.0 
2.5 
1.5 
1.0 
3.0 
3.0 

3.0 
2.0 

2.0 

Bead 
appear

ance 

Smooth 
Smooth 
Heavy Ripple 
Ripple 
Smooth 
Smooth 
Heavy Ripple 
Ripple, 

Pockmarks 
Ripple 
Slight 

Ripple 
Very 

Irregular 

Electr od 
Avg. 
pene

t rat ion, 
mm 

1.0 
0.5 
1.5 
1.5 
3.5 
4.0 
1.0 
2.5 

0.5 
3.5 

1.5 

SAW 
3 negative 

Bead 
appear

ance 

Smooth 
Irregular 
Irregular 
Irregular 
Smooth 
Smooth 
Smooth 
Smooth 

Irregular 
Undulating 

Undulating 

Electrod 
Avg. 
pene

trat ion. 
mm 

3.0 
4.0 
2.5 
2.5 
2.5 
2.0 
1.0 
1.5 

2.0 
3.0 

2.0 

e posit ive 

Bead 
appear

ance 

Smooth 
Irregular 
Undulating 
Smooth 
Undulat ing 
Smooth 
Smooth 
Smooth 

Smooth 
Irregular 

Undulat ing 

anode and cathode fall regions, but 
the observed variations of about one 
volt could not be recorded accurately 
enough to be used as experimental 
evidence.) 

The average penetration using the 
alkaline earth fluorides varied from 
above the Ar reference value wi th 
MgF2 (Fig. 1) to wel l below it w i th 
BaF2 (Fig. 2). The bead surfaces also 
differed widely, as shown in Fig. 3, 
where the irregular surface of the 
MgF2 bead is indicative of a less 
stable arc, which is also evident in 
the greater variation of penetration 
shown by the MgF2 run. The NaF flux 
reduced the bead width compared to 
the reference run, but the penetra
t ion was unaltered. 

The oxide-fluoride mixed fluxes 
reduced bead widths by about 20% on 
average, and produced uneven pene
tration values w i th fluxes containing 
MgO (Fig. 4). The fluxes containing 
barium oxide produced penetrations 
of about the same depth as the Ar 
reference run. One noticeable differ
ence in behavior was the effect on 
cathode heat input. Very high heat 
inputs to the tungsten electrode and 
housing occurred when fluxes con
taining compounds based on more 
than one metal atom were used — ie, 

MgO-BaF2, BaO-MgF2, and MgO-
NaF. The arc in these cases was 
"ha rsh " , in contrast to the behavior 
when fluxes w i th compounds based 
on only one metal atom were used (ie, 
MgO-MgF2 and BaO-BaF2), where 
the arcs were very quiet. The MgO-
NaF flux produced the most erratic 
run, w i th very large variations in 
penetration due to a highly unstable 
arc (Fig. 5). 

Submerged Arc Runs 

In the electrode negative runs, all 
of the pure fluoride fluxes except NaF 
supported the reference electrode 
melting rate, but there was some de
crease in voltage and increase in cur
rent drawn during submerged arc 
welding (SAW). Al l of the oxide-
fluoride fluxes required electrode feed 
rate reductions on electrode negative 
polarity. There were virtually no dif
ferences at all in conditions between 
the reference run and the pure fluor
ide runs on electrode positive polarity. 
Of the oxide-fluoride fluxes, only the 
MgO-MgF 2 composition could sup
port the reference electrode feed rate 
and electrical parameters, and elec
trode feed rate reductions had to be 
made for the rest. 

Electrode Negative Operation 

The results listed in Table 4 show 
that the most notable difference be
tween the consumable and noncon-
sumable runs on electrode negative 
polarity occurred wi th the pure alka
line earth fluoride fluxes, where pene
tration increased through the range 
from MgF2 to BaF2. This behavior is 
the reverse of the fused only runs 
using a tungsten electrode. Figure 6 
shows the difference in cross-section 
between the MgF2 and BaF2 runs. 
The bead surface appearance and 
regularity was better w i th the SrF2 

and BaF2 runs; this is consistent w i th 
the fused only run behavior. Penetra
t ion w i th the NaF flux was low and 
irregular, and the bead itself had a 
very irregular surface (Fig. 7). 

The oxide-fluoride mixtures again 
demonstrated a separation in be
havior, but in this case the change 
was apparently based on the nature 
of the fluoride base. Both fluxes con
taining MgF2 maintained relatively 
high electrode melting rates, but had 
greatly reduced penetration com
pared wi th the BaF2 based fluxes. 
This behavior is consistent w i th pure 
fluoride results, if the fluoride dom
inates the situation. The increased 
penetration wi th the BaF2 based 
fluxes was accompanied by a de
crease in the electrode melting rate, 
which indicated that there had been a 
displacement in the heat distribution 
between the cathode and the anode. 
Figure 8 shows how the bead cross-
section changed between the fluoride 
bases for fluxes wi th MgO additions. 

The MgO-NaF flux slightly in
creased the penetration over the 
reference level, and produced an un
dulating bead surface. The very 
erratic behavior of the fused only ex
periment was absent. 

Electrode Positive Operation 

The results listed in Table 4 show 
that penetration w i th the pure 
alkaline earth fluorides was slightly 
less than the reference run and vir
tually the same for all of them. This is 
consistent w i th the virtually identical 

Fig. 1 — GTAW penetration in mild steel with pure MgF2 flux Fig. 2 — GTAW penetration in mild steelwith pure BaF2 flux 
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Fig. 3 — (a) Surface of GTAW weld in mild steel with pure MgF2 

flux; (b) surface of GTAW weld in mild steel with pure BaF2 flux 

Fig. 4 — Longitudinal penetration characteristics of GTAW welds 
in mild steel: (a) 30 mol % MgO in MgF2 flux; (b) 30 mol % MgO in 
BaF2 flux 

voltage and current levels drawn by 
these fluxes, but contrasts wi th the 
variations of the electrode negative 
results. The MgF2 bead surface was 
quite irregular, and longitudinal varia
tions in penetration were present, as 
shown in Fig. 9. The bead surfaces 
w i th the heavy metal fluorides were 
again more regular, as shown in Fig. 
10 for BaF2. The NaF flux, on the 

other hand, produced a bead ex
ceeding the penetration of the refer
ence run, and again produced a very 
irregular bead surface. The trend ob
served wi th the oxide-fluoride fluxes 
was that penetration tended to in
crease and the electrode melting rate 
tended to decrease as the amount of 
heavy Ba cation increased. The MgO-
NaF flux in this case slightly reduced 

the penetration in comparison to the 
reference run, and produced an undu
lating bead similar to the one in the 
electrode negative submerged arc 
run. 

Discussion 

The aim of this work was to estab
lish a pattern of the behavior of weld
ing arcs in the presence of slags, by 

Fig. 5 — (a) Longitudinal penetration characteristics of GTA W welds in mild steel with 30 mol%,MgO in NaF flux; (b) surface of GTA W weld 
in mild steel with 30 mol %> MgO in NaF flux, showing the effect of arc instability 
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Table 5 — Physical Properties 

Element 
or 

compound 

W 
Fe 
Na 
Mg 
Ca 
Sr 
Ba 
F 
0 
Ar 
NaF 
MgF2 

CaF2 

SrF 2 
BaF2 
MgO 
BaO 

Atomic or 
molecular 

w t 

183.85 
55.9 
23.0 
24.3 
40.1 
87.6 

137.3 
19.0 
16.0 
39.9 
42.0 
62.3 
78.1 

125.6 
175.3 

40.3 
153.3 

of Electrode 

Melt ing 
point, 

C 

3380 
1536 

98 
650 
843 
770 
7 1 0 

— 
— 
— 
995 

1263 
1418 
1400 
1320 

~ 2 6 0 0 
1923 

and Flux Materials 

Boil ing 
point, 

C 

~ 5 9 0 0 
~ 3 0 7 0 

883 
1107 

~ 1 3 5 0 
~ 1 3 5 0 

1638 

— 
— 
— 

1700 
2239 

> 2 2 5 0 
> 2 2 5 0 

2137 
> 2 8 0 0 
> 2 0 0 0 

lonization 
potential , 

eV 

8.1 
7.83 
5.12 
7.61 
6.09 
5.67 
5.19 

17.34 
13.55 
15.68 

— 
— 
— 
— 
— 
— 
— 

Thermionic 
work 

funct ion, 
eV 

4.53 
4.31 
2.35 
3.64 
2.80 
2.35 
2.11 

— 
— 
— 

n.a. 
n.a. 
n.a. 
n.a. 
n.a. 

3.1 - 4.4 
1.4 - 1.6 

n.a. = not available 

Fig. 6 — Cross-sections of SA W welds in 
mild steel (electrode negative): (a) pure 
MgF2 flux; (b) pure BaF2 flux 

X 

Fig. 7 — Surface of SA W weld in mild steel with pure NaF flux (electrode negative) 

Fig. 8 — Cross-sections of SAW 
mild steel (electrode negative): (a) 
% MgO in MgF2 flux; (b) 30 mol % 
Baf, flux 

wsm 
• • IJ 

welds in 
30 mol 
MgO in 

using very simple slags and min
imizing welding variables as much as 
possible. The results show that indi
vidual chemical compounds and their 
combinations have a measurable 
effect on heat transfer and on arc 
stability wh ich is dependent on the 
physical and chemical properties of 
the compounds, the electrode polar
ity, and the physical nature of the 
electrode metal. 

The effects of materials introduced 
into a welding arc are difficult to 
isolate, but the most profound in
fluences are likely to be those affect
ing the production of electrons at the 
cathode, and those affecting the re
entry of the electron stream at the 
anode, since these provide the bulk of 

the energy used in melt ing metal at 
the anode. 

Conditions at the anode are better 
understood at present, and the 
melting heat developed by the elec
tron stream can be considered to be 
(to a first approximation) a function of 
three major variables: the anode 
work function, the anode drop 
(caused by a negative space charge) 
and the thermal energy of the elec
tron stream. 
Thus, 

H anode = I (<b +Va + 3kT/2e) 
where <b = anode work function 

Va = anode drop 
3kT/2e = average thermal energy 

of one electron in the arc column 

The thermal energy of electrons in 
the arc plasma is unlikely to be affect
ed by slags, leaving the anode work 
function and space charge induced 
anode drop as the major anode 
variables. 

Cathode conditions are more com
plex, and two types of electron gen
eration are probably involved in high 
current welding arcs. Cathode metals 
wi th very high melt ing points, e.g. 
tungsten, produce electrons ther-
mionically over a relatively large area 
and at a low current density ( ~ 10 
A / m m 2 ) . Tungsten welding elec
trodes, especially when doped wi th 
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thoria or zirconia, have very low work 
functions and produce electrons eas
ily. Metals w i th lower melt ing points, 
sometimes called "cold cathode" ma
terials, are more difficult to extract 
electrons f rom, and emission general
ly occurs from small, rapidly moving 
cathode spots at very high current 
densities. 

This form of electron generation is 
called field emission, and the state of 
matter at the cathode spots (where 
current densities may be as high as 
10" - 105 A / m m 2 ) is very difficult to 
assess theoretically or experimen
tally. Any element or compound w i th 
a low work function which comes into 
contact wi th such a cathode wi l l en
courage electron emission and tend 
to change the cathode into a ther
mionic emitter. Positive ions in the 
arc column migrate to the cathode, 
and aid cathode heating and electron 
emission through collision wi th the 
cathode material. Plasma or vapor 
jets originating at the anode can also 
affect cathode heating if they are 
powerful enough to overcome any 
cathode plasma jet. 

The simplest behavior observed in 
this work involved the alkaline earth 
fluorides. Only one anion and one cat
ion source needs to be considered, 
and the physical properties listed in 
Table 5 (Refs. 11-13) show that melt
ing and boiling points are very similar 
for the constituent metal and the f lu
orides, so that their assimilation into 
the arc atmosphere should be very 
nearly identical. Their t h e r m o -
dynamic properties are also very 
similar, e.g. free energy of formation, 
so that dissociation in the arc plasma 
should be of similar extent w i th all 
four compounds. 

A reasonably consistent pattern of 
results is established if penetration is 
plotted as a function of the ther
mionic work function of the metal 
atom of the alkaline earth fluorides 
(Fig. 11). The GTAW system shows a 
linear increase in penetration w i th in
creasing work funct ion, and the 
results fall on either side of the refer
ence run penetration where no flux 
was present. If the assumption is 
made that flux additions do not affect 
the thermal energy of the electrons in 

the arc plasma, then the work func
tion of the anode and the anode drop 
are the most likely items to be affect
ed by the flux. The tungsten cath
ode work function is too low to be 
affected by the fluxes, and this prob
ably accounts for the relatively con
stant current observed. Also in the 
GTAW runs, the flux was vaporized 
in the anode spot area, leaving a mol
ten ring of slag around the periphery 
of the arc region, thus offering no 
physical barrier to the passage of 
current. Only a very th in layer of slag 
could have been present on the metal 
surface, probably as a f i lm formed 
during constant condensation and 
vaporization at the molten metal 
surface. 

Data on the effect of surface f i lms 
on substrate work function are 
sparse, but those available show that 
both metals and compounds of the 
alkali and alkaline earth series reduce 
the work function of most metals 
(Ref. 11). Therefore some drop in the 
heat of electron condensation at the 
anode is possible if the anode drop 
and electron temperature are rela-

Fig. 9 — (a) Longitudinal penetration characteristics of SA W welds in mild steel with pure MgF2 flux (electrode positive); (b) surface of SA W 
weld in mild steel with pure MgF2 flux (electrode positive) 

Fig. 10 — (a) Cross-section of SAW weld in mild steel with pure BaF2 flux (electrode positive); (b) surface of SAW weld in mild steel 
with pure BaF2 flux (electrode positive) 
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lively unaffected, and the reduced 
penetration of the SrF2 and BaF2 

welds w i th the GTAW process con
form to such a model (Fig. 11). 

However, the MgF2 and CaF2 

results show respectively an increase 
in penetration and no change in pene
trat ion, and demonstrate that heat 
balance effects are complex even 
wi th the simplest of fluxes and weld
ing processes. The "harsher " arcs 
noticed w i th these latter fluxes are 
possibly due to an increased activity 
in the arc, e.g. more pronounced 
vapor or ion streams from the anode. 
The lower atomic weight of Mg and 
Ca compared to Sr and Ba could in
crease ion mobility and the tendency 

bO-

to form ion streams, and give rise to 
an increase in the anode drop which 
nullifies or overrides any decrease in 
anode work function, thus restoring 
or augmenting the anode heat input. 

The evidence in other welding re
search partially contradicts this view. 
Chase and Savage (Ref. 4) found that 
Ca alone dropped the total arc voltage 
w i th a nickel anode in the GTAW pro
cess, but the effect on anode heat 
input was not given, and the exact 
location of the voltage drop is 
unknown. The fluorine present as a 
constant factor in the fluoride fluxes 
probably does not affect the relative 
performance of the alkaline earth 
metals, but its presence or absence 

30 

2-0 

10 

LO 
o 

< 
\— 
LU 
Z 
I I I 
LL 

1 1 
< UJ 
CO 

Q 

30 

?n 

10 

40 

30 

2-0 

10 

0 

Ar REFERENCE RUN 

G T A W 
ELECTRODE NEG. 

Ar REFERENCE RUN 

SAW 
ELECTRODE NEG. 

Ar REFERENCE RUN 

SAW 
ELECTRODE POS. 

BQ Sr Ca 
L_ 

Mg 

alter the absolute effect of Ca or any 
other metal on arc characteristics. 

The change to a consumable elec
trode on negative polarity resulted in 
a complete change in behavior. Pene
tration decreases w i th an increase in 
alkaline earth work function, and is 
always in excess of the Ar reference 
level (Fig. 11). This can be attributed 
to the change in cathode emission 
characteristics caused by the flux 
additions, wh ich result in lower volt
ages and greatly increased currents 
at a constant electrode feed rate, due 
to the electrical characteristics of the 
power source. The ferrous electrode 
metal is probably altered from a field 
emitter towards a thermionic emis
sion mode without measurably affect
ing the cathode heat input (melting 
rate). 

This lack of effect on cathode heat 
input is demonstrated again in the 
results for a consumable electrode on 
positive polarity, where the penetra
t ion is nearly constant for all the alka
line earth fluorides, and is always 
slightly less than the Ar reference 
level. This reduction may be caused 
by a reduction in anode drop due to 
the tendency towards thermionic 
emission by the ferrous base metal. 
The minimal extent of the effect may 
be attributable to the nature of cath
ode spots, where the intense current 
densities and high temperatures 
could keep the quantity of flux in 
these regions to very low levels. 

GTAW and SAW results using 
oxide-fluoride fluxes on both elec
trode polarities are more difficult to 
discuss since no clear pattern of be
havior emerged. There are none of 
the consistent correlations observed 
wi th the pure fluoride fluxes on cur-
ent-voltage changes, and apparently 
the addition of oxides to fluorides 
even of the same chemical group 
complicates consumable behavior to 
a greater extent than present knowl
edge of arc physics can account for. 
For example, the effect of mixed 
oxide-fluoride fluxes on substrate 
emission characteristics is unknown. 
The effect of ion and/or vapor 
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Fig. 12 — Two dimensional model of the 
Fig. 11 — Weld penetration in mild steel vs alkaline earth work function for GTAW and relationship between penetration and 
SA W welds anode spot size (after Ludwig, Ref. 5) 
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streams emanating from the anode is 
clearly demonstrated in the mixed 
oxide-fluoride fluxes. The cathode 
heat input in GTAW welding was 
greatly increased wi th the MgO-BaF2 

and BaO-MgF2 fluxes. These and par
ticularly the MgO-NaF flux also clear
ly showed the effect of arc stability on 
heat transfer. 

The arc in the MgO-NaF experi
ment jumped around on both the 
anode and cathode surfaces enough 
to concentrate heat in fixed areas for 
widely varying lengths of t ime, which 
resulted in a series of weld "spots" 
of varying sizes rather than a weld 
bead. A similar but less marked 
effect in GTAW welding stainless 
steel was attributed by Ludwig (Ref. 
5) to variations in anode spot size 
caused by easily ionized slag-like ma
terials in the base plate, where weld 
penetration is inversely proportional 
to anode spot size (Fig. 1 2). 

However, evidence in this area is 
not entirely consistent, since the 
easily ionized impurit ies (which were 
distributed inhomogeneously in small 
quantities) generally led to decreases 
in penetration in stainless steel in 
Ludwig's experiments, whi le slags 
used by Gurevich (Ref. 6) in GTAW 
welding t i tanium (which saturated 
the weld area) generally led to in
creases in penetration, apparently by 
reducing anode spot area. The evi
dence in the present work (using 
large quantities of slags) shows that 
the variation in t ime spent on a given 
anode spot area is also important, 
and that this t ime is greatly inf lu
enced by arc stability. 

One consistent effect throughout 
the fused only submerged arc runs 
was the tendency toward more irregu
lar bead shape and variations in pene
tration wi th the lighter fluorides, 

MgF2 and CaF2 . Since this occurred 
wi th relatively unstable arcs, it is 
likely that the nonaxial arc column 
caused by variations in t ime spent at 
certain cathode or anode spots in un
stable arc systems influences not 
only penetration but also rippling in 
fused only runs and the "hump ing" 
and irregular bead shape observed 
where metal transfer occurs. 

The results reported in this work 
can only scratch the surface of the 
enormously complicated field of arc 
physics in the presence of slags and 
much more work remains to be done 
in this field. The ult imate aim of this 
type of investigation must be to lead 
to a rational system of flux design 
based on accurate knowledge of phys
ical and chemical behavior. At 
present commercial fluxes must be 
made empirically by analyzing the 
performance of possibly hundreds of 
combinations (Ref. 14), and although 
the results are in most cases satisfac
tory, it is hoped that further work on 
fundamentals wi l l help to solve some 
of the more difficult problems of flux 
design by prediction rather than 
chance. 
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