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Shielding Gas and Heat Transfer Effeciency 
in Plasma Arc Welding 

Shielding gas flow rate is shown to have an appreciable effect 
on the size of the weld and the HAZ 

BY R. HOU,  D. M. EVANS, J. C. McCLURE, A. C. NUNES AND G. GARCIA 

ABSTRACT. Variable polarity plasma arc 
welding is widely used in the aerospace 
industry for producing high-quality 
welds on aluminum. In plasma welding 
the arc is produced in a narrow stream of 
plasma gas while workpiece shielding is 
accomplished by a lower velocity but 
higher flow rate stream of shielding gas 
that surrounds the arc. This paper will 
show that on aluminum welds both the 
melt zone and the heat-affected zone are 
appreciably decreased by this flow of 
shielding gas. Moreover, the amount of 
cooling is changed by the detailed shape 
of this flow as well as the flow rate. On 
the other hand, it will be shown that ex- 
cessively high shielding flow rates can 
cause undercutting from contamination 
in the shielding gas. 

Introduction 

Variable polarity plasma arc welding 
(VPPA) has been used extensively by 
NASA and other demanding customers 
for high-quality welds on aluminum (Ref. 
1). A schematic of the welding torch is 
shown in Fig. 1. The arc is carried by a 
constricted high-velocity stream of gas 
(usually argon) and weld pool shielding 
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is accomplished by a concentric annular 
flow of helium. The high velocity plasma 
gas stream permits welding in the key- 
hole mode in which the arc penetrates 
through the workpiece (for example, a 
300-A arc can easily produce a keyhole 
in 0.5-in. aluminum) to produce a stiff 
easily controlled arc and a clean poros- 
ity-free weld. The polarity of the welding 
electrode is changed (typically 19 ms 
DCEN and 3 ms DCEP) to produce ca- 
thodic cleaning of the refractory oxide on 
aluminum (Refs. 2-3). 

The flow rate of the shielding gas is 
typically chosen (with a substantial safety 
margin) to prevent surface oxidation. The 
humidity of the environment and ex- 
pected flow perturbations from the weld- 
ing environment are considered in 
choosing an adequate f low rate. The 
shielding gas flows through an annular 
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gas nozzle surrounding the arc and the 
shape of the shielding gas flow is deter- 
mined by the configuration of the gas 
nozzle. It will be shown that heat is trans- 
ferred to the shielding gas from the 
plasma gas and from the workpiece. This 
transfer of heat leads to a reduction in the 
fusion zone (FZ) and heat-affected zone 
(HAZ). Furthermore, a high flow rate of 
shielding gas can produce undercutting 
in a weld when low levels of contami- 
nants are present in the gas. Even aside 
from the economic considerations of the 
cost of shielding gas, there appears to be 
an optimum shielding gas flow rate to 
produce good quality welds while guard- 
ing against contamination from the 
shielding gas. When comparing the 
properties of weldments made under 
similar conditions, attention must be 
paid to the shielding gas flow rate, as well 
as to the details of the shielding gas flow 
as determined by the torch and gas noz- 
zle configuration. 

Heat transfer during plasma welding 
has been studied by Metcalfe and 
Quigley, who calculated efficiencies of 
heat transfer to the anode for both key- 
hole (fully penetrated) and cover pass 
(unpenetrated) welds (Ref. 4). Fuersch- 
bach (Ref. 5) has performed a careful 
study of both arc efficiency (total heat 
transferred to the workpiece/weld 
power) and melting efficiency of both 
plasma arc welding (PAW) and gas tung- 
sten arc welding (GTAW). In neither case, 
however, was the cooling effect of the 
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Fig. 2 - -  Shadowgraph system for visualizing the flow patterns in VPPA welding. 

Fig. 1 - -  Schematic of VPPA welding torch. 

Table 1 - -  Parameters for Equation 1 (Refs. 
8, 9) 

Cp 5.19 x 103 J/kg.K (at 25°C) 
la 1.968 x 10 -5 N-s/m L (at 25°C) 
K 0.151 W/m.K (at 25°C) 
p 0.1604 Kg/m 3 
Voo 1.14 m/s 
Pr 0.676 
Re 96 
X/S 5 
H/S 1.75 
m 0.597 
Nu 2.432 

Table 2 - -  Characteristics of Gas Nozzles 

Area (cm 2) Length 
Gas Nozzle (cm) Comments 

1 (R) 2.774.75 Standard nozzle 
2 (SR) 2.074.90 Reduced area and 

1.5 mm longer 
3 (R') 2.774.90 Standard nozzle but 

1.5 mm longer 

Table 3 - -  Welding Conditions 

Gas Voltage Current Shielding Flow 
Nozzle (V) (A) Rate Range 

1 (R) 30 120 27.5-50 ff3/h 
2 (SR) 30 120 15-40 ft3/h 
3 (R') 30 120 20-40 ft3/h 

Table 4 - -  Welding Conditions for Undercut Tests 

Voltage Current Torch Tilt 
(V) (A) Angle 

30 150 3 
30 150 4 
30 150 4 
30 150 0 

w 

METAL 

Fig. 3 - -  Schematic of weld torch, workpiece and undercutting. Note how the tilted torch causes 
undercutting on the upper left corner of the weld bead. 

shielding gas addressed. 
The amount of heat put into the work- 

piece changes due to heat transfer from 
the arc to shielding gas. Also, the melting 
efficiency, which is the amount of heat 
needed to create the observed fusion 
zone divided by the net heat input to the 
workpiece, may vary due to heat transfer 
from the workpiece to the shielding gas. 
The effect of impingement cooling of the 
workpiece by the stream of shielding gas 
can be estimated from Equation 1, which 
is for a single slot nozzle (Ref. 6). 

Where Nu = Nusselt number = hS/k 
Pr = Prandtl number = laCp/k 

Nu 1.53 Rem(X/S,H/S) 
pr 0.42 X/S+H/S+1.39 

m=O'695-IX/S+(H/S)l'33+3"O61-T ( 1 )  

Where Re = Reynolds number = 
SVJT; h = heat transfer coefficient; S = 
characteristic length -- 2 X width of slot; 
k = thermal conductivity of gas; I a = vis- 
cosity; Cp = specific heat capacity of the 
gas; V~ = velocity of gas; 7 = kinematic 
viscosity = p/p; H = distance between the 

Shielding Flow 
Shielding Gas Rate 

clean helium 20-40 ft3/h 
clean helium 20-40 ft3/h 
N2 contaminated 20-40 ft3/h 
CH4 contaminated 20 & 40 ft3/h 

nozzle and solid surface; X = half of the 
surface width covered by the impinging 
gas. 

For typical VPPA welding conditions, 
the parameters appearing in this equation, 
as well as the calculated results, are listed 
in Table 1. The S dimension was 4 mm, H 
was 7 mm, and X was 20 mm. When the 
shielding gas exits from the shielding gas 
nozzle and hits the workpiece, a wall jet 
is produced. According to wall jet theory 
(Ref. 7), the velocity of a wall jet is reduced 
to about 90% of the outlet velocity from 
the slot within a 2 cm range. 

From Nu, the heat loss due to convec- 
tive heat transfer between the shieldinging 
gas and workpiece can be estimated and 
a value of 149 ]/s was obtained. Since typ- 
ical welding voltage and current are 30 V 
and 120 A, respectively, and arc efficiency 
(heat transferred to workpiece/total energy 
input) is approximately 55% (Refs. 4, 5), 
the convective heat loss represents about 
7.5% of the total energy input to the work- 
piece. Note that the measured melting ef- 
ficiency of these welds is only about 7.6% 
for the slow welding speed of 4 mm/s that 
was used. 

In addition, this cooling is greatest at 
the edge of the weld pool where the 
stream of shielding gas turns from per- 
pendicular to parallel to the workpiece. 
It is here that the largest microstructural 
effect of the impingement cooling would 
be expected. 
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Experimental Details 

All welds were made with a Hobart 
variable polarity 300 series power supply 
and control console. A carefully aligned 
Buggo torch tractor was used for all 
welds. The standard welding torch and 
gas nozzle was supplied by B & B Co. 
The characteristics of the cups are shown 
in Table 2. 

With the standard nozzle, the dis- 
tance between the gas nozzle and the 
workpiece with a 30-V arc is 7 mm. Cups 
2 and 3 are thus 21% closer. 

A shadowgraph system to visualize the 
flow patterns in VPPA welding was set up 
and mounted to the welding system. This 
shadowgraph system is shown in Fig. 2 
and details can be found in Ref. 10. 

Aluminum 6061 plates with a thick- 
ness of 6.2 mm (0.25 in.) were used in the 
experiments. They were degreased and 
etched prior to welding. The welding 

Fig. 4 - -  Shadow graph of the plasma arc. The 
torch is at the top of the picture. Both plasma 
and shielding gas flows can be seen. The 
standoff distance is approximately 13 mm. 

Fig. 5 - -  Cross section o f  a weld. From left to 
r ight are the molten zone, opt ical ly observable 
port ion o f  the heat-affected zone and the base 
metal. 

conditions are listed in Table 3. All welds 
were uphill bead-on-plate and made at 
4.1 mm/s. 

Samples were sectioned from each 
weldment, mounted, ground, and pol- 
ished to 1 pm with alumina powder and 
etched with Keller's Reagent. Finally, the 

cross section of each sample was ob- 
served and measured optically and the 
heat-affected zone (HAZ) width was de- 
termined by a Vicker's microhardness 
traverse 0.5 mm below the surface of the 
weld. The aspect ratio, which is the ratio 
of half the weld width to the weld depth, 
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Fig. 6 - -  Typical microhardness traverse used to determine the heat- 
affected zone width. 

Fig. 7 - -  Aspect ratio vs. shielding gas f low rate. The weld with a standan 
torch (R) and 27.5 ft 3 o f  shielding gas shows an unacceptable ox id ized sur- 
face. 
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Fig. 8 - -  Weld width vs. shielding gas f low rate. The weld with the 
standard cup (R) and 2.75 ft 3 o f  shielding gas shows unacceptable sur- 
face oxidation. 
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Fig. 9 - -  Fusion zone area vs. shielding gas f low rate. 
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Fig. 10 - -  Heat-affected zone width vs. shielding gas f low rate. Fig. 11 - -  Voltage vs. electrode standoff distance. 
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Fig. 12 - -  Slope o f  voltage vs. standoff plots for various shielding gas 
f low rates. Note that slope is propor t ional  to arc resistance. 

Fig. 13 - -  Average arc temperature vs. shielding gas f low rate for vari- 
ous welding currents. Temperature measured spectroscopically. 

and the fusion zone (FZ), which was cal- 
culated as 2/3 the weld depth times width 
(Ref. 11), were measured. 

To study the effects of torch alignment 
and shielding gas on undercutting, an ap- 
paratus was designed in which the torch 
was rigidly mounted to a large protractor 
and held stationary while the workpiece 
was moved downward. This permitted 

Fig. 14 - -  Cross section o f  a weld made with 
a 500 ppm CH 4 contaminated shielding gas 
and 40 ftg/h shielding gas f low rate. Under- 
cutt ing is seen on the/ef t  side. Note the unac- 
ceptable porosity in the weld. 

measurement and control of the torch tilt 
angle in a plane perpendicular to the 
workpiece and the torch travel direction.* 
Undercutting was observed on the same 
side of the torch as the tilt as shown in 
Fig. 3. The amount of undercut was mea- 
sured as the depth of the groove as shown 
in this figure. 

Welds were also made on AI 6061 for 
the undercutting test. Only the standard 
gas nozzle was used at this time. The 
welding conditions are listed in Table 4. 

Results and Discussion 

Figure 4 shows a shadowgraph of the 
gas flow with typical shielding and 
plasma gas flow rates. To avoid the diffi- 
culties of index of refraction changes due 
to electron density (Ref.lO), the welding 
arc was not turned on and only the pilot 
arc was used. Note that the central 
plasma column is well confined and that 
the shielding gas strikes the workpiece 
and eventually becomes turbulent away 

from the center of the torch. 
Figure 5 shows a typical weld cross- 

section. The melt zone, heat-affected 
zone and base metal can be seen. The 
heat-affected zone width is determined by 
microhardness testing. A typical hardness 
traverse is shown in Fig. 6. The flat portion 
of Fig. 6 corresponds to the fusion zone, 
and it is seen that the hardness increases 
in the heat-affected zone until it reaches 
the hardness of the base metal. The aspect 
ratio and weld width for different weld 
samples with various shielding flow rates 
and gas nozzles are shown in Figs. 7 and 
8. The FZ and HAZ width for all samples 
are shown in Figs. 9 and 10. 

The length of the gas nozzle affects 
the minimum shielding flow rate needed 
for protection from the atmosphere. With 
the standard gas nozzle, the welds be- 
come oxidized and unacceptable when 
a shielding flow rate less than 19 L/min 
(40 fig/h) is used. In contrast, even when 
the flow rate is reduced to 9.4 L/min (20 
ftg/h), the welds with the longer gas noz- 
zles (R' and SR) produced smooth and 
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Fig. 1 5 -  Undercutting vs. shielding gas f low rate. Fig. 16 - -  Undercutting vs. shielding gas contamination. Note how un- 
dercutting increases with increase in volume of  shielding gas. 

shiny surfaces with no porosity, indicat- 
ing adequate shielding. The reduced 
length of the shielding gas column with 
these nozzles means that less shielding 
gas is needed to keep out atmospheric 
contamination. 

It is seen that the weld aspect ratio in- 
creases, while FZ and HAZ width are de- 
creased with an increase in shielding gas 
flow rate. These changes occur with all 
three gas nozzles. 

A lower shielding gas flow rate will re- 
sult in a smaller shielding gas velocity 
and a smaller Reynolds number. This re- 
duces the heat loss due to convective 
heat transfer between the shielding gas 
and workpiece. From Equation 1, it is 
seen that heat transfer is proportional to 
Re 0.597. If the flow rate is reduced by half, 
both velocity and Re are reduced by half 
and the heat loss due to this impinging 
shielding gas will be approximately 30% 
less. The mechanical properties of welds 
made with differing FZs and HAZs are ex- 
pected to differ and are presently being 
studied. 

There is some evidence to support the 
theory that the shielding gas cools the arc 
as well. A series of graphs was made of 
voltage vs. electrode standoff for various 
shielding gas flow rates (Fig. 11 shows a 
typical graph). The slope represents the 
resistance of the arc. The steeper the slope 
the higher the resistance. As shown in Fig. 
12, the slope increases as the shielding 
gas flow rate increases, indicating that the 
arc resistance is increasing. The resis- 
tance of plasma is proportional to T 3/2, 
where T = temperature (Ref. 12). There- 
fore, the temperature of the arc decreases 
as the shielding gas flow rate increases. 
Data in Fig. 13 show results of spectro- 
scopic measurements by Pang indicating 
a cooler arc with the increased shielding 
gas flow rate (Ref. 13). 

The configuration of the gas nozzle 
also affects the convective heat transfer 
as seen in Fig. 9. The longer nozzles, R' 
and SR, have a shorter distance to the 
workpiece and H in Equation 1 is re- 
duced. At the same flow rate, Nu in- 
creases and the final heat transfer in- 
creases. 

Of the two nozzles with the same 
length, it was anticipated that the nozzle 
with the smaller exit area, SR, would fur- 
ther increase the heat transfer. Figure 9, 
however, shows little difference between 
R' and SR. Perhaps, the relevant charac- 
teristic length in calculating the 
Reynold's number is the internal "throat 
velocity" (or velocity at smallest cross 
section) of the nozzle, which is the same 
for both nozzles. In any case, a heat flow 
calculation in this complicated situation 
would be highly empirical. 

Figure 14 is a cross section of a weld 
sample made with a tilted torch and con- 
taminated shielding gas. Undercutting on 
the left side, which is the side away from 
the torch tilt, is apparent. The undercut- 
ting as a function of shielding gas flow 
rate and shielding gas contamination is 
shown in Figs. 15 and 16. In Fig. 15, the 
welds were made with a tilted welding 
torch and commercially pure helium or 
helium contaminated with nitrogen 
using various flow rates. Although un- 
dercutting was present with pure gas, the 
undercutting did not change appreciably 
with flow rate. The contaminated gas un- 
dercutting, however, increased nearly 
sevenfold as flow rate was increased. 
Thus, undercutting can be caused by 
both atmospheric contamination from a 
tilted torch and from shielding gas cont- 
amination at large shielding gas flow 
rates. In Fig. 16, welds were made with a 
nontilted torch but a highly contami- 
nated shieldinging gas. Undercutting in- 

creases with the total amount of contam- 
ination input to the weld pool. It does not 
matter whether this input originates from 
more highly contaminated gas or from a 
higher flow rate. 

It is believed that this undercutting re- 
sults from either atmospheric or shielding 
gas contamination on the less well 
shielded side of the arc. Such contami- 
nation will change the gradient of surface 
tension and cause asymmetry of 
Marangoni flow on the weld pool and 
cause the observed undercutting. 

Conclusions 
1) The size of the fusion zone and 

heat-affected zone is decreased by in- 
creasing the shielding gas flow rate in 
plasma arc welding. It is proposed that 
these changes are due to convective heat 
transfer between the impinging shielding 
gas and solid workpiece and by heat 
transfer between the arc and the shield- 
ing gas. 

2) Undercutting is affected by the 
shielding gas in plasma arc welding. In 
general, undercutting becomes worse 
with an increase of flow rate and gas con- 
tamination because of an increase of gas 
contamination input to the weld pool. 
This is ultimately caused by the asym- 
metric surface tension gradient in the 
weld pool. 
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