
Chloride Contributions in Flux-Assisted 
GTA Welding of Magnesium Alloys 

Experiments demonstrated chlorides increased arc voltage, arc temperature, and 
weld penetration, with cadmium chloride being the most effective 
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ABSTRACT. For transition-metal alloys, 
chemical fluxes predeposited on the path 
of gas tungsten electric arcs can signifi- 
cantly increase weld penetration. Several 
mechanisms for this beneficial contribu- 
tion of fluxes, including electrical charge 
redistribution (possibly constriction) and 
surface-energy-driven flow (Marangoni 
effect), have been postulated. Using argon 
shielding and chloride fluxes, magnesium 
alloy welding experiments revealed in- 
creases in weld penetrat ion as much as 
one hundred percent were not unusual. 
Among all selected chlorides (LiCI, 
CaCI2, CdCI2, PbCI 2 and CeCI3), cad- 
mium chloride was the most effective. 
Real-time monitoring demonstrated that 
all chlorides increased both the arc voltage 
and the arc temperature.  Furthermore,  
video recordings showed the electric arc 
was broader with chlorides, particularly in 
the direction of welding. Increases in heat 
input, accompanied by a redistribution of 
the heat flux, are therefore suggested as 
the main contribution to the augmented 
weld penetration with chlorides. 

Introduction 

A number of studies regarding flux- 
assisted gas tungsten arc welding (FA- 
GTAW) have been published. In the mid- 
1960s, research (Refs. 1, 2) showed weld 
penetration could be augmented as much 
as three times when the base materials 
were coated with fluxes. Such fluxes re- 
main interesting today because they allow 
full-penetration welding at greater rates 
while still employing the inexpensive and 
clean gas tungsten arc as the heat source. 
To date, however, fluxes have been devel- 
oped only for joining ti tanium alloys 
(Refs. 2-6) and steels (Refs. 7, 8) and their 
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compositions are not published. 
Several mechanisms for the aug- 

mented penetration observed in FA-GTA 
welding have been given (Refs. 5-10). The 
relative importance of each mechanism is 
a function of the chemical composition of 
the flux and the base metal, as well as the 
process parameters. A spatial redistribu- 
tion of the current density is most proba- 
ble. A redistributed current would affect 
the heat flux from the arc, the induced 
Lorenz electromagnetic force, the pres- 
sure on the weld pool, and thus its heat 
and mass transports.  Although not en- 
tirely resolved, the mechanism of arc con- 
striction that raises the current density 
and creates welds with greater depth-to- 
width ratios has often been invoked (Refs. 
5, 8, 9). Because the flux also chemically 
interacts with the molten material, a sur- 
face-energy contribution that originates a 
Marangoni flow has also been proposed 
(Refs. 8, 10). 

The influence of surface-active species 
on weld morphology has been well docu- 
mented in transition-metal alloys (Refs. 
11-15) since the work of Heiple and 
Roper (Refs. 11, 12, 15). These investiga- 
tors discovered that sulfur often offsets 
normal weld fluid flow. Particularly after 
droplet  levitation experiments by Mills 
and Keene (Ref. 13), sulfur segregation to 
a free surface and the corresponding ef- 
fect on surface tension, T, became under- 
stood. It was found sulfur could increase 
surface tension of liquid iron under in- 
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creasing temperature  conditions, thus 
making the temperature gradient, dT/dT, 
positive. Because of the temperature pro- 
file over the weld pool, the surface tension 
normally pulls the liquid toward the solid 
phase, where tempera ture  and surface 
tension are respectively smaller and 
greater. With trace amounts of sulfur in 
ferrous alloys (Refs. 11, 12, 15), however, 
a reversal of the fluid flow occurs when the 
surface tension becomes greater in the 
hottest regions. The fluid flow, then to- 
ward the weld centerline, diminishes the 
heat extraction sidewise and leaves nar- 
rower and deeper welds. 

For light metals, elements like sulfur in 
steels that create this inward Marangoni 
flow have not been reported, making un- 
likely the existence of a surface-energy- 
driven flow due to a sign change of dy/dT. 
However, with the flux ingredients un- 
evenly distributed over the pool, composi- 
tion may assist surface tension to partici- 
pate in the weld pool circulation. As for 
steels and ti tanium alloys, a surface- 
tension component assisted by a redistrib- 
ution of both heat and pressure from the 
arc may thus be at the origin of deeper and 
narrower welds in magnesium alloys. 

From all the potential flux ingredients, 
metal chlorides were selected for this 
study. Chlorides are ionic compounds and 
are semiconductive. Their lower electrical 
conductivity (Ref. 16) relative to metals 
indicates the electric arc may be harder to 
strike if they are utilized as flux, and this 
may result in an arc constriction. The fact 
that metal chlorides serve for the casting 
of magnesium alloys suggests detrimental 
effects during solidification are negligible. 
Not only are chlorides ingredients for 
casting (Ref. 17), but they are also applied 
as fluxes for the submerged arc welding of 
steels and titanium alloys (Refs. 18, 19) 
where they primarily protect the molten 
metal. Chlorides also serve in "reaction" 
soldering fluxes (Ref. 20), where, by infil- 
trating and disrupting the thin and refrac- 
tory oxide layer on light metals, they im- 
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Fig. 1 - -  Images o f  an 80-A arc produced without (top) and with cad- 
mium chloride (bottom). 
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Fig. 2 - -  Voltage-distance diagram at 60 A showing the effect on voltage 
of  the cadmium chloride flux. 

prove the wetting characteristics of the 
solder. 

In arc welding of light metals, surface 
oxide is problematic. Usual techniques em- 
ploy alternating currents to provide ca- 
thodic cleaning (Ref. 21). With these cur- 
rents, time-averaged heat input, and thus 
melting efficiency and weld penetration, are 
lower than with a direct current thermo 
emitted from a cathode. Therefore, with a 
direct current, a tungsten-matrix cathode 
and an adequate chloride flux, thicker sec- 
tions may be fused together by the GTAW 
process. In this article, the criteria for iden- 
tifying the best chloride ingredients are dis- 
cussed. Relevant arc physics and alloying 
theory are discussed and applied to bead- 
on-plate FA-GTA welding experiments. 

Characteristics of GTA Arcs and Fluxes 

Practically, a suitable flux must change 
the weld dimensions with uniformity and 
repeatability. If flux thickness varies, ir- 
regular weld beads and deteriorated prop- 
erties may result. Spreading and wetting 
are thus both required, and these proper- 
ties can be realized only with a highly fluid 
flux. Wetting implies the flux adheres to 
the base metal enough to resist the impact 
of the shielding gas. Investigations (Refs. 
8, 9) showed fluxes are typically made 
after adding powder ingredients to a sol- 
vent of acetone, ethanol, or water. Once 
applied by brush or spray, welding pro- 
ceeds usually after a thin layer of flux has 
become dry. The resulting welds must ex- 
hibit smooth surfaces for mechanical 
properties and corrosion resistance, thus 
making indispensable steady arcs. 

Such practicalities can be resolved if 
the roles of fluxes are assessed both theo- 
retically and experimentally. The interac- 
tions of fluxes, particularly chlorides, with 
the electric arc and the base metal are dis- 
cussed later. 

Potential Flux-Arc Interactions 

The welding arc can be defined as a 
sustained discharged plasma with a highly 
nonuniform electric potential. Although a 
precise description of the chemical and 
electronic events within the arc is beyond 
the scope of this investigation, a descrip- 
tion of the arc can be a t tempted using 
basic principles of plasma physics and ex- 
perimental evidence from past investiga- 
tions (Refs. 22, 23). 

The arc is frequently separated into 
three regions (Refs. 22, 23): cathode, 
anode, and arc column. Gaseous particles 
within these regions originate from the 
shielding gas, the ambient air, and the va- 
porization of the flux, the base metal, and, 
to a lesser extent, the tungsten electrode. 
The arc is formed by the dissipation of the 
supplied electrical energy. The generated 
thermal energy measures the kinetic en- 
ergy of particles colliding elastically as 
well as nonelastically. The nonelastic col- 
lisions create charged particles from ini- 
tially neutral particles, thus making this 
initially nonconductive neutral gas mix- 
ture an electrical conductor. Initially, neu- 
tral atoms and molecules of this gas must 
be ionized, requiring dissociation of heavy 
molecules into lighter molecules, neutral 
atoms, positive ions (cations), negative 
ions (anions), and free electrons. An ion 
can be either an atom or a molecule, from 
which one or several electrons have been 
added or removed. Electrons are gener- 
ated by two mechanisms: thermionic emis- 
sion from the electrodes, as expressed by 
the Richardson-Dushman equation (Ref. 
23) and ionization of initially neutral par- 
ticles (first ionization) by collisions and 
self-induced heating. Their density and 
distribution vary within the arc regions. 
Due to coulombic interactions, cations 
and electrons are attracted to the anode 
and anions to the cathode. According to 

Langevin's equation (Ref. 24), mobility of 
a particle is inversely proportional to its 
mass. The electrons, due to their extreme 
lightness, are the major charge carriers. 
The charge density and the probability of 
inelastic collisions are greater in the near- 
electrode regions. The observed voltage 
drops and temperature profiles (Refs. 25, 
26) are proof  of inelastic collisions be- 
cause Ohmic heating is an energy loss 
manifested by the voltage drop. In the arc 
column, however, potential  drops are 
smaller, thus causing the carriers to travel 
with a more uniform and Maxwellian ve- 
locity. Despite cooling by the electrodes 
and the continuous flow of gas, tempera- 
tures within the arc column (Refs. 5, 23) 
are lower than temperatures nearer the 
electrodes (part icularly the cathode,  
where voltage drops the most). 

In GTA welding, cations are generated 
mainly from the ionization of electrode 
materials and shielding gas (Refs. 22, 23, 
27). With ionic fluxes, anions must also co- 
exist, although their presence within the 
arc is difficult to confirm. Chemical inter- 
actions inside the arc must be hypothe- 
sized. For a diatomic chloride, MCI 
(where M is a metal), the homolytic disso- 
ciation to neutral atoms (MCI-+M+CI)  
(Ref. 28) is probable, as is the heterolytic 
dissociation into ions ( M C I ~ M * + C I  -) 
(Ref. 28). When the metal is divalent, a re- 
action with an electron may add an inter- 
mediate reaction where an electronega- 
tive molecular  anion forms (MC12+e- 
---)MCI-+CI). Regardless of the events, 
several possibilities support the fact that 
the element M in a chloride M C / (  being 

Y 
1 or 2) greatly influences the arc. In a het- 
erolytic dissociation, deionization of the 
cation, M+,  by the capture of electrons is 
very plausible. If it occurs, reionization of 
M is made also necessary to maintain the 
charge carrier population and the current 
at constant levels. In a homolytic dissocia- 
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Fig. 3 - -  Three-dimensional representation showing the effects o f  d~ffer- 
ent chlorides and currents on welding. 

"7" g 
u 

I 

0.8 

0.6 

0.4 

0.2 

I 

0.8 

0.6 

0.4 

0.2 

0 
250 450  650  850 

Wavelength ( n m )  

Fig. 4 - -  Intensity spectra for welds made with and without cadmium chlo- 
ride at 80 A. 

tion, direct ionization of M probably pro- 
ceeds. The first ionization potential of M 
is only between 4 and 9 eV, and is consid- 
erably lower than that of the noble shield- 
ing gases. With elements of low first ion- 
ization potential, charge carriers form at 
lower temperatures and electrical conduc- 
tivity is normally improved. 

However, with ionic compounds, the 
possible enrichment of the arc with anions 
(e.g., chlorine ions) seemingly counterbal- 
ances the effects of elements that possess 
a low first ionization potential. Other in- 
vestigators (Ref. 9) have reported that the 
welding voltage increased when fluxes 
were present. This response from the volt- 
age supply to maintain current constant 
demonstrates arc conductance is reduced 
by fluxes. With fluxes, current is higher 
where the density of anions or particles 
with high ionization potentials is at a min- 
imum. Using this argument, these parti- 
cles probably do not enter the arc column 
but segregate to its periphery and force 
the electrons into a narrower arc column. 
The contraction of the anode and cathode 
spots discussed by several authors (Ref.5) 
substantiates this hypothesis. Saha's equa- 
tion (Ref. 23), although strictly applicable 
to equilibrium and ideal gas plasmas, also 
rationalizes a contraction of the arc and 
arc column. It predicts that the density of 
electrons and cations decreases from the 
central region of the arc toward its pe- 
riphery where lower temperatures prevail. 
The hypothetical situation of a flux con- 
stricting an arc may thus be analogous to 
that in forced cooled electrodes and pres- 
surized atmospheres (Ref. 22) where the 
reduced conductivity of the arc periphery 
forces the current to pass through a nar- 
rower column, causing more collisions and 
a hotter  arc column. Because current 
flows where conductance is highest, 
charge carriers first travel straight in the 
electrode tip extension. As in GTA weld- 

ing under high current densities, deflec- 
tion of the arc toward the pool tail may 
also occur. 

Potential Flux-Weld Metal Interactions 

The characteristics of fluxes for GTA 
welding must be speculated because they 
are unknown. First, the ionic nature of 
chlorides makes them electrical insulators 
relative to the electrodes, and in reference 
to the discussion above, their introduction 
must affect the arc. Their stability can be 
predicted from the simplistic concept of 
electronegativity. As a general rule, the 
higher the difference of electronegativity 
between two elements,  the greater  the 
bond strength and stability of a compound 
made of these two elements. Although 
electronegativity has various definitions, it 
invariably measures the power of an atom 
to attract electrons to itself. Pauling elec- 
tronegativity (Ref. 29) is a well-accepted 
concept, although it is unitless. The elec- 
tronegativity as defined by Milliken and 
Pearson is roughly proport ional  to the 
Pauling electronegativity (Ref. 29) and has 
units of electrovolts (eV). This value has 
been defined as the sum of the electron 
affinity and the first ionization potential. 
Because the electron affinity is less than 
10% of the first ionization potential, the 
first ionization potential is a reasonable 
approximation of electronegativity. Thus, 
the difference of electronegativity be- 
tween two elements can be approximated 
by their difference of first ionization po- 
tentials, and the stability of a chloride 
MCI v can be described by the first ioniza- 
t ion 'po ten t ia l  of M only. As discussed 
above, first ionization potential partially 
measures the arc current-carrying capabil- 
ity, thus its temperature. Because both sta- 
bility of chlorides and arc conductance are 
related to the first ionization potential of 
M, the element M must be selected so the 

first ionization potential is widely varied. 
Chlorides made from alkaline, alkaline 
earth, rare earth, and other simple-metal 
elements fulfill this criterion. 

After dissociation of MCI., the element 
M must interact with the molten material. 
Although alloying is probably limited due 
to dilution (a function of the welding con- 
ditions), alloying may still be sufficient to 
alter weld properties. It is suspected ele- 
ments with extensive solubility in the mag- 
nesium solid phase may be less detrimen- 
tal. By staying in solution, solute 
segregation, hard and brittle intermetallic 
phase formation, and solute effects on so- 
lidification must be all reduced. Empirical 
correlations established that elements with 
high solid solubility (Ref. 30) in magne- 
sium also have large partitioning coeffi- 
cients. These elements, with the exception 
of cadmium, are all eutectic formers, and 
they change least the freezing range and 
the solidification cracking susceptibility, as 
was defined by Borland (Ref. 31). To pre- 
vent enhanced corrosion, solute with hy- 
drogen potentials very different from that 
of magnesium must be avoided. Thus, 
most transition-metal chlorides are unsuit- 
able, whereas the simple metals (with s and 
p electrons only) (Refs. 30, 32) satisfy most 
of the selection criteria. With the exception 
of cerium chloride, all chlorides of this 
study included simple-metal elements. 

Exper imenta l  P rocedure  

Materials and Welding Procedure 

Flux-assisted gas tungsten arc welding 
was investigated using bead-on-plate ex- 
periments on wrought AZ21 magnesium 
alloy rectangular plates (1.90 wt-% AI; 1.2 
wt-% Zn; 0.5 wt-% others; Mg bal.). Spec- 
imen dimensions (140 x 70 x 10 mm 3) were 
chosen to repeatedly guarantee steady- 
state and three-dimensional  heat flow, 
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Fig. 5 - -  Three-dimensional representation showing the effects o f  differ- 
ent chlorides and currents on arc temperature 

big. 6 - -  Three-dimensional representation showing the effects of  differ- 
ent chlorides and currents on weld penetration. 

therefore promoting shallow welds with 
depth-to-width ratios smaller than those 
encountered in thin specimens where heat 
flow is two-dimensional (Ref. 33). Before 
welding, the specimens were ground using 
up to 600-grit silicon carbide papers. The 
chlorides were dissolved into distilled 
water, which was preferred over other liq- 
uid media because of enhanced dissolu- 
tion. Preliminary welds showed this 
greater dissolution resulted in more uni- 
form flux layers and less erratic welding 
conditions than with other liquid media. 
The chlorides were all dissolved up to 
their respective solubility limit to maxi- 
mize their effects on welding. Lithium 
chloride (LiCI), calcium chloride (CaCI2), 
cadmium chloride (CdC12), lead chloride 
(PbCI2), and cerium chloride (CeC13) 
were all added to water and used as single- 
solute ingredients. 

Welding experiments were conducted 
with a 2-mm tungsten cathode delivering a 
direct current. In all experiments,  the 
torch was set to travel from a bare-metal 
position to a position surfaced with the se- 
lected chloride. After extinction of the arc, 
the tungsten cathode tip was systemati- 
cally inspected to ascertain that precedent 
and subsequent conditions were identical. 
If changes were observed, the tungsten 
electrode was replaced by another elec- 
trode machined with an identical 60-deg 
tip. Argon was selected for shielding and 
supplied at a constant rate of 40 L'min% 
as recommended by handbooks (Ref. 33). 
The electrode-to-workpiece distance was 
precisely held at 0.6 mm by means of a 
standard sheet. Welding currents were be- 
tween 60 and 100 A, and travel speed was 
fixed at 12.5 mm's -~, an abnormally high 
travel speed selected to reduce the heat 
input and make weld pool formation more 
dependent  upon the flux. To precisely 
record the experimental conditions, a cur- 
rent and voltage data acquisition system 

complemented by emission spectroscopy 
and digital video recording was used. 

After welding, the beads were cross- 
sectioned, polished, and etched with a 
slightly acidic solution to reveal the weld 
interface and the internal microstructure. 
Fusion zone dimensions and microstruc- 
ture were analyzed by optical microscopy, 
microhardness testing, and electron dis- 
persive spectroscopy. 

Spectroscopic Survey 

Arc temperatures  were measured 
using a single-channel emission spectrom- 
eter pointing at the arc central region. The 
two-line method, which involves measur- 
ing radiated intensity at two specific wave- 
lengths, was adopted (Refs. 34, 35). The 
magnesium lines for excitation of a neutral 
atom (279.5 nm) and a singly ionized atom 
(285.2 nm) were preferred over others 
(such as the argon lines) because they 
could be separated consistently from the 
rest of the spectra, regardless of the weld- 
ing parameters and the fluxes. The tem- 
perature,  isolated from the Maxwell- 
Boltzmann statistical term of Equation 1, 
is expressed as an electron temperature. 

l mgo _ noZ+ . 

Img+ n+Zo 

i+++l A ° g °  v °  • exp 

A+g+v+ k T  

(1) 

Realistically, the electron tempera ture  
differs from temperatures of heavier par- 
ticles because the conversion of momen- 
tum and energy to heat requires time. Al- 
though the welding plasma is likely not at 
equilibrium, thermal equilibrium was as- 
sumed, as had been done in other investi- 

gations (Refs. 34, 35). In Equation 1, the 
indices 0 and + apply to neutral and singly 
ionized atoms, I is the spectrum line in- 
tensity, n is the particle density, Z is its in- 
ternal partition function, A is the transi- 
tion probabili ty (A 0 = 2.60"10-8s; A+ = 
4.95"I0-"s) for an electron moving to a 
lower quantum level (Ref. 29), g is the 
level of degeneracy of an upper quantum 
level or statistical weight (Ref. 29), ~. is the 
wavelength associated to this de-excita- 
tion (Ref. 29), E is the average energy level 
(E 0 = 4.346 eV; E+ = 4.434 eV) (Ref. 29), 
and k is the Boltzmann constant. The par- 
ticle density was determined from Saha's 
equation (Ref. 23), which assumes the arc 
behaves as an ideal and homogeneous gas 
under thermal equilibrium. For the first 
ionization only, Saha's equation can be ex- 
pressed as 

5 

(kT)+ 
1_, 2 t , - - Y )  p 

+Ozo 
(2) 

where a is the degree of ionization (i.e., 
the fraction of electrons produced after 
ionization of a populat ion of neutral  
atoms), and p is the total pressure, which 
follows Dalton's law and is approximated 
as the atmospheric pressure. The partition 
functions, Z, in Equations 1 and 2 are the 
sum of all possible energy states of a given 
particle, here a neutral atom or a cation. 
The partition function is defined as 

(3) 
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Fig,. 8 - -  The effects o f  chlorides and welding current on weld depth-to- 
width ratio• 

The temperatures derived from emisskm 
spectroscopy often have been questioned. 
The method applied here to determine 
the arc temperature was clearly imperfect 
but sufficient for comparing the effects of 
chloride fluxes. Due to spectral line pref- 
erences, statistical weights were within a 
25% error. Although such uncertainties 
affect temperature determination, Saha's 
remained most influential. The concepts 
of equilibrium and ideal gas behavior for 
a welding arc (Ref. 23) are simplistic, 
mainly because charged particles interact. 
However, without bet ter  means of ap- 
proximation for the ionization degree, 
Saha's equation remains the best approxi- 
mation. Also, since the same method was 
applied in all calculations of the tempera- 
ture, similar errors were made with each 
chloride. Note that emission spectroscopy 
was not intended to determine arc tem- 
perature distribution, where a more ad- 
vanced apparatus  would have been re- 
quired, but was used only to estimate a 
mean arc temperature, as one would eval- 
uate the arc resistance rather than a spa- 
tial distribution of its resistivity. 

Results and Discussion 

The results of experiments related to 
the electric arc, the morphology, and the 
microstructures of the weld fusion zone 
are consecutively discussed to clarify the 
role of the chloride fluxes• Because chlo- 
ride properties depend upon temperature, 
their effects must differ at elevated tem- 
perature (when they are dissociated) and 
at low temperature. Hence, the possibility 
that their contribution changes with the 
process parameters was also important to 
addressed. 

Arc Profiles 

The role of chloride fluxes during FA- 
GTA welding was first investigated using 

video recording. The images shown in Fig. 
1 provide clear experimental verification 
of the influence of chlorides on the elec- 
tric arc. Figure 1 illustrates the effect of 
cadmium chloride by comparing front 
view (left image) and side view (right 
image) profiles left by the arc in the CCD 
camera during chloride-assisted GTA 
welding (bottom images) and normal 
GTA welding (top images). The border of 
the brightest region on the images is a con- 
tour of constant intensity that provides a 
magnified view of the electric arc. Re- 
gardless of the view angle, Fig. 1 shows the 
brightest region was roughly 100% 
broader when cadmium chloride was pre- 
sent. Additional images taken when the 
other chlorides were applied have con- 
firmed the enlargement of the brightest 
region, although enlargement was less. 
Based upon these results, cadmium chlo- 
ride was given more attention during the 
rest of this study. 

The changes in arc profile with the 
chloride fluxes, as shown in Fig. 1, are in- 
triguing. Although a thorough experimen- 
tal verification is lacking, the arc profiles 
resemble a high-pressure jet that impacts 
a flat solid surface and is dispersed side- 
wise. The front views suggest the metal va- 
pors from the anode region were spread 
sidewise when chlorides were present. The 
side views reveal the electric arc was de- 
flected toward the weld pool rear in the 
presence of cadmium chloride. This arc 
deflection indicates the preset current was 
not restricted to the area straight beneath 
the cathode tip. With fluxes, it is clear the 
charge carriers were redistributed and the 
enlargement of the brightest region, al- 
though not quantified, must relate to visi- 
ble emission intensity and, thus, to the arc 
temperatures and welding voltage. 

Welding Voltage 

Figure 2 shows voltage values during 

the welding of a specimen that was half 
coated with a thin layer of cadmium chlo- 
ride. It can be seen the voltage stepped up 
rapidly when the arc encountered the flux. 
Because current is self-adjusted to its se- 
lected value, the increase in voltage corre- 
sponds to a comparable increase in heat 
input, both quantit ies being approxi- 
mately proportional. Figure 3 is a three- 
dimensional graphical representation that 
summarizes the influence of both the chlo- 
rides and the current on the voltage. It is 
clear that not only cadmium chloride but 
also all chlorides increased the voltage. 
The increases caused by the chlorides can 
be weak or strong, depending upon their 
chemical composition and the current. 

Increases of voltage first suggest weld 
pool formation only occurred after the 
flux layer had been broken up and possi- 
bly removed from the arc column. This 
process of displacing the flux, either by va- 
porization or fluid flow, is energy consum- 
ing. The increases of voltage, which can be 
interpreted as a strengthening of the elec- 
trical fields, indicate greater  energies. 
Based upon Fig. 3, different chlorides 
therefore require different energies be- 
fore the selected current (i.e., 60, 80, 100 
A) reaches the pool. 

Comparisons of various chlorides at a 
fixed current (e.g., 80 A) reveal cadmium 
chloride raised voltage the most by ap- 
proximately 3.5 V beyond the voltage es- 
tablished without fluxes. The results with 
cadmium chloride were not surprising 
judging from the video observations. Cad- 
mium chloride was followed by lead chlo- 
ride, which augmented the voltage about 
2 V. The other chlorides also increased 
voltage, but moderately ( -0 .5  V), which 
made all of them rather indistinguishable. 
The fact cadmium and lead are also the el- 
ements with the highest first ionization 
potentials must not be coincidental. As 
discussed previously, e lements  of high 
first ionization potent ia l  necessitate 
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Fig. 9 -  Optical micrographs of GTA (left) and FA-GTA (right) weM cross sections (cadmhtm chloride flux). 

greater  temperatures  to release a first 
electron. Because electrical conductivity 
depends upon electron density, conduc- 
tivity is lower with elements of high first 
ionization potential.  The ohmic imped- 
ance of the arc, defined by the ratio of the 
voltage to the current, is greater with cad- 
mium chloride (11 V/80 A) and lead chlo- 
ride (9.3 V/80 A). The heat dissipated by 
the joule effect, indirectly given by the 
heat input, and the average arc tempera- 
ture must also be greater with those two 
chlorides. 

As expected from Ohm's law, Fig. 3 
also shows that increases in voltage corre- 
spond to increases in current. However, 
due to experimental difficulties, correla- 
tion between voltage change and current 
change for the various chlorides were not 
satisfactorily completed. Figure 3 shows 
that several data are missing to determine 
the voltage-current line slope, a quantity 
that would have allowed a precise evalua- 
tion of the ohmic impedance caused by 
each chloride. 

Arc Emission Spectra 

Like Fig. 2, where voltages with and 
without cadmium chloride are compared, 
Fig. 4 shows the corresponding normal- 
ized emission spectra. In the absence of 
fluxes, the most intense peaks were those 
of magnesium, aluminum, and argon. 
With cadmium chloride, the neutral argon 
peaks were observed to disappear unless 
current was increased. The observation 
that greater currents were needed to re- 
solve the argon lines has at least two ex- 
planations. Electron excitation of the neu- 
tral and ionized argon atoms might have 
been small, thus implying arc tempera-  
tures were lower with cadmium chloride. 
However, this possibility is questionable in 
view of other results, and a second possi- 
bility must be considered. Because mea- 

surements were conducted near the weld 
pool, fumes containing flux ingredients 
might have interfered with the argon flow 
reaching the weld surface. The choice of 
peaks of either magnesium or aluminum 
was unavoidable. Because the magnesium 
peak at 518.0 nm was always highest, it was 
selected. The fact that several magnesium 
lines for both the neutral  atom (385.0, 
518.3, 552.8 nm) and the first cation 
(279.5, 448.1 nm) were always identifiable 
and highest suggests magnesium was the 
dominant emitting specie, although radia- 
tions of other elements contained in the 
fluxes were also detected. 

Figure 5 summarizes the temperatures 
derived from the emission spectra corre- 
sponding to the voltages of Fig. 3. When 
compared to other studies (Refs. 34, 35), 
the temperatures shown in Fig. 5 are low, 
as was suggested from the argon emission 
that was frequently within the background 
noise. Compared to parameters used in in- 
vestigations with different materials  
(Refs. 34, 35), the electrode-to-work dis- 
tance (0.6 ram) and currents (less than 100 
A) in this study were significantly smaller. 
As for the voltage, the arc temperature in- 
creased with the current. The highest tem- 
peratures were with cadmium chloride. 
Despite uncertainties, the arc tempera- 
tures associated with lead chloride were 
the second highest. Cadmium and lead are 
the elements with the first and second 
highest ionization potentials among all the 
elements, M, for the selected chlorides 
MCI~,. The observation that arc tempera- 
ture increased with the first ionization po- 
tential of M is not a discovery, but the fact 
that the metallic component,  M, of the 
chloride MCI can simply explain the chlo- • . y .  . 

ride contr ibution is a new conclusion. 
Eastern European investigators (Ref. 5) 
established a linear relationship between 
first ionization potential and temperature, 
wherein temperature equaled 800 times 

the first ionization potential of the ele- 
ment. When this simple relationship is ap- 
plied, the temperatures reported in this 
study are substantiated.  Although first 
ionization potential is important, it is un- 
deniably not the only key variable. The 
weld morphology data can help in identi- 
fying elements having a low first ionization 
potential ,  but also producing deep and 
narrow welds. 

Weld Morphology 

Figures 6-8 are graphical representa- 
tions depicting the variations of weld fu- 
sion zone dimensions with both various 
chlorides and welding currents. All chlo- 
rides enhance weld penetrat ion,  weld 
width, and weld depth-to-width ratio. In- 
creases in weld dimensions with chlorides 
were ei ther weak or strong, depending 
upon chemical composition and current. 

Figure 6 reveals cadmium chloride, 
again followed by lead chloride, then 
cerium chloride, and lithium chloride, 
maximized weld penetration. In compari- 
son, calcium chloride had a minor effect. 
Figure 7, which focuses on the weld width, 
shows that cadmium chloride and possibly 
lead chloride were best, followed by 
lithium chloride and cerium chloride. Cal- 
cium chloride was not observed to widen 
the fusion zone. On the contrary, it possi- 
bly promoted narrower weld beads. As a 
first approximation, the rankings of the 
chlorides, as measured by effects on volt- 
age (Fig. 3), arc temperature (Fig. 5), weld 
penetration (Fig. 6), and weld width (Fig. 
7), were similar• Cadmium (8.993 eV) and 
lead (7.416 eV) possessed the highest first 
ionization potentials,  and always pro- 
duced the most distinct results. 

As for other characteristics, the effect 
of current alone was readily predictable. 
Figure 3 showed current and voltages were 
related as in Ohm's law. Consequently, the 
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heat dissipated by the arc and its tempera- 
ture, as confirmed in Fig. 5, increased with 
the current. As depicted in Figs. 6 and 7, 
both penetration and width also increased 
monotonically with the current, regardless 
of the chloride present. Figures 6 and 7 not 
only demonstrated that cadmium chloride 
and lead chloride produced greater pene- 
tration and width but also suggested weld 
penetration increased most significantly 
with these two chlorides. Just as the slope 
of the tension-current line approximates 
an impedance, the slope of a dimension- 
current line quantifies the augmentation in 
weld dimensions. For cadmium chloride 
and lead chloride, Figs. 6 and 7 show 
straight lines with these two chlorides were 
steepest, having slopes near 0.02 mm A-' 
for the penetration and 0.04 tam'A-'  for 
the width. In agreement  with previous 
data, the remaining chlorides (i.e., cerium 
chloride, lithium chloride, and calcium 
chloride) exhibited fusion zone dimen- 
sions that varied little with the current. 
While correlations with voltage or temper- 
ature were partially expected, no obvious 
correlation between slopes is apparent.  
The fact that cadmium chloride and lead 
chloride showed similar variations is diffi- 
cult to rationalize from the first ionization 
potential alone. 

Unlike the increases in dimensions 
with current, depth-to-width ratios were 
occasionally unexpected, thus implying 
first ionization potential of M provides an 
incomplete explanation. Figure 8 shows 
cadmium chloride produced the greatest 
depth-to-width ratio. Also, cadmium chlo- 
ride and lead chloride revealed the same 
relative potency encountered for penetra- 
tion, because the rates at which the depth- 
to-width ratio changes with the current 
were comparable for both chlorides, de- 
spite the fact cadmium chloride produced 
appreciably greater values. This observa- 
tion is unexplained and may require con- 
sideration of other contributions. The re- 
suits with calcium chloride were different 
from those with cerium chloride, where 
depth-to-width ratios decreased with the 
current. If it is hypothesized the depth-to- 
width ratio measured the potency of a 
chloride to alter the heat flux so deep and 
narrow welds may be promoted, then cad- 
mium chloride was best. On the other 
hand, cerium chloride lost this effective- 
ness when current was increased. The first 
ionization potential of cerium is clearly in- 
sufficient to explain these results. Al- 
though it is now clear the first ionization 
potential controls arc voltage and arc tem- 
peratures,  it remains unexplained how 
those two effects could be related to arc 
constriction. A strong possibility exists 
that arc constriction indeed increases the 
arc voltage and the temperature. A good 
explanation for why calcium chloride cre- 

ated a greater depth-to-width ratio than 
lead chloride is missing. Likewise, a rea- 
son for why similar depth-to-width ratios 
were obtained by adding either lead chlo- 
ride or lithium chloride is not available. 

Weld Microstrueture 

In previous discussion, the alloying with 
magnesium of the element M included in 
the chloride MCly was considered. These 
various elements were specifically selected 
to stay in solid solution so as to minimize 
changes in both microstructure and prop- 
erties. Microhardness indentations did not 
reveal any appreciable differences within 
the fusion zones produced using chloride 
additions; Vickers microhardness aver- 
aged 48 with or without chloride flux. 
Chemical compositions measured by elec- 
tron dispersive spectroscopy showed 
metallic elements of the flux were present 
in the fusion zone, but within the uncer- 
tainty of measurements (<0.5 wt-%). Al- 
though partially inconclusive, the results 
confirmed that alloying from the flux prob- 
ably did not drastically affect the solute 
partitioning during solidification. 

When micrographs of fusion zones cre- 
ated both with and without chlorides were 
compared (Fig. 9), differences could be 
seen. In the GTA welds (Fig. 9B), the so- 
lidification microstructure was columnar 
throughout the entire fusion zone. With 
identical process parameters, the fusion 
zone created using the cadmium chloride 
flux (Fig. 9B) was significantly more den- 
dritic. Although columnar dendrites were 
still observed at the fusion boundary (a 
preexisting solid-liquid interface has no 
nucleation barrier and growth often is epi- 
taxial), the remainder of the fusion zone 
exhibited fine dendrites. A transition be- 
tween the columnar-to-dendritic regions 
was markedly visible in the FA-GTA welds, 
as shown in Fig. 9B. 

In arc welding, constitutional under- 
cooling, determined by the ratio of the 
thermal gradient and growth rate (Ref. 
36), controls the solidification microstruc- 
ture. Since travel speed and solidification 
rates are proportional (Ref. 36), solidifi- 
cation rates were unchanged. Differences 
in microstructure between welds with and 
without chlorides must therefore arise 
from the thermal gradient. With cadmium 
chloride, the arc temperature was signifi- 
cantly higher and the fusion zone mi- 
crostructure substantiates an increase in 
constitutional undercooling; i.e., an in- 
crease in the thermal gradient. To increase 
the thermal gradient, heat extraction in 
the presence of chloride fluxes had to be 
faster. A more intense weld pool circula- 
tion would have certainly assisted the ther- 
mal conduction and would have promoted 
greater thermal gradients. 

C o n c l u s i o n s  

The influences of metal chloride fluxes 
on the electric arc and weld fusion zone 
have been discussed. Although welding 
with chloride fluxes is complicated,  a 
straightforward relationship between 
weld morphology and first ionization po- 
tential has been proposed. While further 
investigation is required to thoroughly un- 
derstand the FA-GTA welding of magne- 
sium alloys, the following conclusions 
were reached: 
• All selected chlorides affected cross- 

sectional fusion zone dimensions. 
More specifically, chlorides increased 
the weld penetration and the weld bead 
depth-to-width ratio. 

• The extent of weld bead morphological 
changes depended upon the specific 
chloride and process parameters .  A 
flux that is insensitive to the process pa- 
rameters must, therefore, be made of 
several ingredients. 

• Increases in weld penetration were ac- 
companied by increases in voltage and, 
therefore,  heat  input. As a first ap- 
proximation, arc temperature, voltage, 
and first ionization potential of the el- 
ement M in the chloride MCly corre- 
lated. 

• Of all selected chlorides, cadmium chlo- 
ride was the most effective in altering 
weld bead morphology. Weld penetra- 
tion was increased by more than one 
hundred percent. The effectiveness of 
lead chloride followed that of cadmium 
chloride. Cadmium and lead have the 
two highest first ionization potentials 
of all the elements selected for this 
study. 

• Captured images of the arc region dur- 
ing welding both with and without chlo- 
rides demonstrated noticeable differ- 
ences. The heat flux from the arc 
appeared more concentrated toward 
the center of the pool when chlorides 
were present. 

• The actual mechanisms for the changes 
in weld bead morphology remain un- 
certain. Elements possessing high first 
ionization potential produced hotter 
arcs, but arc constriction could not be 
verified. Likewise, any contribution 
from a surface-energy driven flow 
proved equally difficult to establish. 
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