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Elemental Effects on GTA Spot Weld 
Penetration in Cast Alloy 718 

High sulfur content may enhance penetration, but the effect 
on solidification cracking must be established 

BY R. A. SPICER, W. A. BAESLACK III, AND T. J. KELLY 

Introduction 

During the past two decades, numer
ous investigators have reported the ef
fects of minor alloying and impurity ele
ments on the weld pool geometry in aus
tenitic stainless steels and other iron-based 
alloys (Refs. 1-16). Early studies generally 
attributed these effects to changes in arc 
behavior (Refs. 3-5) and variations in sur
face tension at the liquid-vapor interface 
(Refs. 6, 7). More recently, Mills (Refs. 8, 
9), Heiple and coworkers (Refs. 10-13) 
and others (Refs. 14, 15) have demon
strated the strong influence of fluid flow 
on GTA weld pool geometry. Heiple and 
coworkers (Refs. 10-13) further showed 
the dominance of surface tension effects 
in driving this fluid flow (i.e., Marangoni 
convection). Their studies showed that 
small concentrations of Group VI ele
ments (e.g., S, O, Se) can significantly 
change weld pool shape in austenitic 
stainless steels due to their preferential 
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segregation to the weld pool surface (i.e., 
surface activity) and strong influence on 
surface tension gradients across this sur
face. Relatively small additions of nonsur-
face active elements, such as Al and Ce, 
have also been shown to influence fluid 
flow in the weld pool, and thereby weld 
pool shape, by combining with surface 
active elements to form compounds that 
are not surface active (Refs. 11, 17). 

Although the study of elemental effects 
on weld pool shape in austenitic Fe-Cr-Ni 
alloys has been quite extensive, the doc
umentation of these phenomena in more 
complex Ni-based superalloys, such as Al-
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loy 718, has been very limited. In addition, 
basic information regarding the surface 
activity of common alloying or impurity 
elements in Ni, and the influence of such 
surface active elements on surface tension 
vs. temperature relationships are not 
readily available in the literature. 

Studies by Savage, etal. (Ref. 16), on the 
Ni-based alloy Inconel 600 concluded that 
the presence of relatively small quantities 
of oxygen in argon shielding gas signifi
cantly decreased GTA weld penetration. 
This effect was attributed to the formation 
of an oxide on the weld pool surface that 
altered the anode spot, and thereby influ
enced heat transfer into the weld pool. 
Subsequent work by Savage, et al. (Ref. 
18), more systematically examined effects 
of minor alloying elements on the shape of 
GTA weld pools in Inconel 600. Through 
a full-factorial statistical analysis of six mi
nor elements (S, P, Si, Mn, Ti and Al), they 
found Si and Ti to strongly increase both 
the weld pool cross-section and depth of 
penetration. Although S did not show a 
first-order effect, its presence did en
hance the effect of Si. In this early work, 
elemental effects on weld pool geometry 
were attributed primarily to elemental 
and oxide effects on the anode potential 
drop. 
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Fig. 7 - Light macrographs 
showing cross-sections of 

CTA spot welds produced 
in cast Alloy 718 heats: 

A-No. 5;B-No. 8; 
C-No. 12. (3X). 

A1 
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Recent studies (Refs. 19, 20) of heat-af
fected zone (HAZ) liquation cracking in 
cast Alloy 718 using the spot-Varestraint 
test have indicated compositional effects 
on gas tungsten arc (GTA) spot weld ge
ometry. Although the top surface width 
and depth-to-penetration of spot welds 
produced in identical heats were generally 
found to be quite consistent (±5-10%), 
significant heat-to-heat variations were 
observed. Such variations in weld pool 
size and shape are potentially important in 
that they promote differences in the HAZ 
temperature gradient, which may influ
ence quantitative cracking indices such as 
maximum crack length and total crack 
length. Potential elemental effects on GTA 
weld pool geometry in Alloy 718 are also 

important when considering the extensive 
fusion welding of both cast and wrought 
forms of the alloy by the aircraft and 
aerospace industries, and the increased 
use of fully automated welding systems. 

The present study examined the influ
ence of alloying and impurity levels on the 
depth of joint penetration and top surface 
width of GTA spot welds produced in a 
statistically designed matrix of 20 cast Al
loy 718 heats. Although this matrix was 
originally designed to analyze first-order 
compositional effects on susceptibility to 
HAZ liquation cracking (Ref. 19), the alloy
ing elements evaluated included several 
previously shown to exhibit a first-order 
effect on weld pool geometry in high-
nickel alloys (e.g., S, Si). 

Table 1—Compositions (wt-%) of Cast Alloy 718 Heats Used to Evaluate Elemental Effects on 
GTA Spot Weld Penetration*3*) 

Heat Nb Fe Mo Hi 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

0.1 
0.1 
LAP 
LAP 
0.1 
0.1 
0.1 
0.1 
LAP 
0.1 
LAP 
0.1 
LAP 
LAP 
LAP 
LAP 
0.1 
0.1 
LAP 
LAP 

0.35 
LAP 
LAP 
0.35 
0.35 
0.35 
0.35 
LAP 
0.35 
LAP 
0.35 
LAP 
LAP 
LAP 
LAP 
0.35 
0.35 
LAP 
0.35 
LAP 

LAP<C» 
LAP 
0.015 
0.015 
0.015 
0.015 
LAP 
0.015 
LAP 
0.015 
LAP 
LAP 
LAP 
LAP 
0.015 
0.015 
LAP 
0.015 
0.015 
LAP 

LAP 
0.015 
0.015 
0.015 
0.015 
LAP 
0.015 
LAP 
0.015 
LAP 
LAP 
LAP 
LAP 
0.015 
0.015 
LAP 
0.015 
0.015 
LAP 
LAP 

5.4 
5.4 
5.4 
5.4 
4.4 
5.4 
4.4 
5.4 
4.4 
4.4 
4.4 
4.4 
5.4 
5.4 
4.4 
5.4 
5.4 
4.4 
4.4 
4.4 

0.01 
0.01 
0.01 
LAP 
0.01 
LAP 
0.01 
LAP 
LAP 
LAP 
LAP 
0.01 
0.01 
LAP 
0.01 
0.01 
LAP 
LAP 
0.01 
LAP 

22 
22 
17 
22 
17 
22 
17 
17 
17 

r 
22 
22 
17 
22 
22 
17 
17 
22 
22 
17 

3.5 
2.5 
3.5 
2.5 
3.5 
2.5 
2.5 
2.5 
2.5 
3.5 
3.5 
2.5 
3.5 
3.5 
2.5 
2.5 
3.5 
3.5 
3.5 
2.5 

LAP 
0.1 
LAP 
0.1 
LAP 
LAP 
LAP 
LAP 
0.1 
0.1 
LAP 
0.1 
0.1 
LAP 
LAP 
0.1 
0.1 
0.1 
0.1 
LAP 

0.1 
LAP 
0.1 
LAP 
LAP 
LAP 
LAP 
0.1 
0.1 
LAP 
0 I 
0 I 
LAP 
LAP 
0.1 
0.1 
0.1 
0.1 
LAP 
LAP 

(a) Balance Ni, 20.0 Cr, 0.5 Al, 1.0 Ti, oxygen <40 ppm, nitrogen <30 ppm. 
(b) Nominal Cast Alloy 718 Chemistry (wt-%): Bal. Ni,18 Fe. 20 Cr. 5.0 Nb, 3.0 Mo, 1.0 Ti, 0.5 Al, 0.2 Si. 0.05 C 0.003 B, P < 0.01, 
S <0.01, oxygen, <40 ppm, nitrogen <30 ppm. 
(C)LAP= <10ppm. 

Experimental Procedure 

The 20 cast Alloy 718 compositions 
shown in Table 1 were selected to com
plete a statistically designed Plackett-Bur-
man (Ref. 19) matrix with two levels of al
loying and tramp elements. This alloy ma
trix provided the analysis of an equal 
number of high and low levels (Table 1), 
thereby ensuring that no combinations 
were repeated in a manner that would 
skew the final analysis. Although more re
strictive than a full-factorial experiment, 
this analysis was effective in analyzing 
first-order effects of a particular variable 
(i.e., element) to a known statistical confi
dence level. Specific elements evaluated 
in the matrix included C, Si, S, P, Nb, B, Fe, 
Mo, Hf and Zr. As shown in Table 1, the 
high and low ranges for each of the ele
ments were slightly above and below the 
current nominal composition of cast Alloy 
718. Levels of Cr, Al and Ti were main
tained constant in all alloys at a mid-spec
ification level. Oxygen and nitrogen con
tents were also maintained constant at 
levels of below 40 ppm and 30 ppm, re
spectively. 

The alloy heats were investment cast 
as 54 X 150 X 6-mm (2 X 6 X 0.25-in.) 
slabs. Following heat treatment at 1093°C 
(2000°F)/h, the slabs were machined into 
51 X 51-mm (2 X 2-in.) coupons and the 
surface to be welded was mechanically 
ground with 120-grit SiC paper to obtain 
a uniform thickness and surface condition. 
Prior to welding, the surface was cleaned 
by wiping with alcohol. 

Through preliminary testing, gas tung
sten arc spot welding parameters were 
determined that provided a weld pene
tration of approximately 35% of the plate 
thickness, thereby assuring nearly three-
dimensional, conduction-limited heat flow 
conditions during welding. Gas tungsten 
arc spot welds were subsequently pro
duced directly at the center of each cou
pon using identical welding parameters: 
70 A, 0.25-in. (6.3-mm) electrode tip-
to-work distance, 17 V DCEN, 3/32-in. (2.4-
mm) diameter 2% thoriated tungsten 
(EWTh-2) electrode, 60-deg included tip 
angle, 20 CFH (9.4 L/m) high purity argon 
shielding gas. The gas flow was in a pos
itive direction away from the electrode, 
and the weld was made mechanically. It 
was started using high frequency, thus 
preventing electrode contact with the 
work. Furthermore, the electrode was 
occasionally reconditioned for contour, 
but not to avoid cross contamination, 
which was not expected to occur. An arc 
time of 30 s was accurately controlled by 
a digital timing device. Although longer 
than the typical arc-on time used during 
spot-Varestraint testing, this arc duration 
allowed the weld pool to reach a 
pseudothermal equilibrium condition and 
nearly constant, stable diameter. 

Following welding, each coupon was 
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sectioned at the weld centerline, ground 
down with 320-grit SiC paper and elec
trolytically etched in 10% oxalic acid. The 
top width of the fusion zone and the 
depth of penetration (from the location of 
the original coupon surface) were mea
sured by magnifying to 12X using a bin
ocular microscope equipped with a filar 
eyepiece. 

Results and Discussion 

Macrographs of three GTA spot weld 
cross-sections exhibiting high, intermedi
ate and low depths of penetration are 
shown in Fig. 1. Conduction-limited, three-
dimensional heat flow is evident for all 
three welds. Table 2 gives the depth of 
penetration (D), top surface width (W) 
and D /W ratio for each Alloy 718 heat. As 
shown, depth of penetration values 
ranged appreciably from a maximum of 
0.157 in. (3.99 mm) to a minimum of 0.057 
in. (1.45 mm). Values of surface width 
varied to a lesser extent from a maximum 
of 0.338 in. (8.58 mm) to a minimum of 
0.270 in. (6.86 mm). Finally, D /W ratios 
ranged from a maximum of 0.465 to a 
minimum of 0.203. 

Table 3 shows the effect of each ele
ment evaluated on the three weld geom
etry parameters characterized. As noted, 
the + indicates that a high level of the 
element promoted an increase in the pa
rameter (e.g., depth of penetration) at a 
response level greater than experimental 
error. Likewise, a — indicates that a low 
level of the element promotes an increase 
in the parameter. The levels of statistical 
confidence are also indicated. Responses 
that are below experimental error are 
designated NS and are generally consid
ered to be insignificant. 

Figure 2 graphically compares the influ
ence of selected elements (those which 
exhibited a correlation above experimen
tal error) on the GTA spot weld depth of 
penetration by comparing averages of 
penetration depths for heats containing 
high vs. low elemental levels. In addition, 
a similar comparison of elemental effects 
on the GTA spot weld D / W ratio is pre
sented in Fig. 3. 

Table 2 and Figs. 2 and 3 show that S 
exhibited the greatest absolute effect in 
promoting increases in depth of penetra
tion, top surface width and D / W ratio. 
Sulfur also showed the strongest statistical 
correlations, with a 95% correlation with 
depth of penetration and a 99.5% corre
lation with D / W ratio —Table 3. Top sur
face width, which varied less in absolute 
value, showed a 90% correlation —Ta
ble 3. 

Table 3 and Fig. 2 indicate that the 
depth of weld penetration effectively de
creased with an increase in B, Hf and Zr, 
although these elements did not signifi
cantly influence the top surface width, 
registering an effect just above experi-

Table 2—Depth of Penetration (D), Top Surface Width (W) and Depth of Penetration/Top 
Surface Width Ratio (D/W) for GTA Spot Welds in Cast Alloy 718 

Heat 

1 
2 

3 , 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

f Depth of 
?tration, in. (mm) 

0.061 (1.55) 
0.072(1.83) 
0.086 (2.18) 
0.100(2.54) 
0.123 (3.12) 
0.157 (3.99) 
0.057(1.45) 
0.086 (2.18) 
0.072 (1.83) 
0.094 (2.39) 
0.069(1.75) 
0.059(1.50) 
0.066(1.68) 
0.070(1.78) 
0.088 (2.23) 
0.091 (2.31) 
0.064(1.63) 
0.092 (2.34) 
0.073 (1.85) 
0.078(1.98) 

Top Surface 
Width, in. (mm) 

0.300 (7.62) 
0.293 (7.44) 
0.300 (7.62) 
0.300 (7.62) 
0.312 (7.92) 
0.338 (8.58) 
0.270 (6.86) 
0.281 (7.14) 
0.281 (7.14) 
0.278 (7.06) 
0.281 (7.14) 
0.289 (7.34) 
0.293 (7.44) 
0.285 (7.24) 
0.285 (7.24) 
0.319(8.10) 
0.293 (7.44) 
0.304 (7.72) 
0.281 (7.14) 
0.285 (7.24) 

D / W 
Ratio 

0.203 
0.245 
0.287 
0.333 
0.394 
0.465 
0.211 
0.306 
0.256 
0.338 
0.246 
0.204 
0.225 
0.246 
0.308 
0.285 
0.218 
0.303 
0.260 
0.274 

Table 3—Summary of Statistical Analysis of Elemental Effects on GTA Spot Weld Penetration 
in Cast Alloy 718 

Weld 
Characteristic 

Depth of penetration (D) 
Width of top surface (W) 
D / W ratio 

C 
NS<a' 

NS 
NS 

Si 
NS 

+ 
NS 

S 
+ 9 5 <b ) 

+90 
+99.5 

Alloying/Tramp 

P 
NS 
NS 
NS 

Nb 
NS 
NS 

- 9 0 

Element 

B 
- ( c ) 

NS 
- 9 0 

Fe 
NS 
NS 
NS 

Mo 
NS 
NS 
NS 

Hf 

-
NS 
— 

Zr 

-
NS 

- 9 0 

(a) NS = Not significant. 
(b) + = High level increases D, W, D/W: numerical value indicates confidence level; if no number follows, the result was greater 
than experimental error, but not significant. 
(c) - = Low level increases D, W, D/W: numerical value indicates confidence level; if no number follows, the result was greater 
than experimental error, but not significant. 
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SULFUR SILICON BORON HAFNIUM ZIRCONIUM 

Element Being Evaluated 
Fig. 2 —Bar graph comparing elemental effects on CTA spot weld depth of penetration in cast 
Alloy 718. High and low depth of penetration values for each respective element are averages 
of values obtained for high and low level heats, respectively. 
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SULFUR SILICON BORON HAFNIUM ZIRCONIUM 

Element Being Evaluated 
Fig. J — Bar graph comparing elemental effects on CTA spot weld depth-of-penetration/top sur
face width (D/W) ratio values in cast Alloy 718. High and low depth-to-width values for each re
spective element are averages of values obtained for high and low level heats, respectively. 

mental error as shown in Table 3. These 
elements, as well as Nb, showed a some
what stronger effect in reducing the D / W 
ratio — Table 3 and Fig. 3. The influence of 
these elements in reducing penetration 
may be related to their combination with 
surface active elements. Zr and Hf, being 
reactive elements, may combine with ox
ygen in a manner similar to the effect of Al 
in Fe-based alloys. Obviously, such a pro
posed interaction assumes oxygen to be 
surface active in the Alloy 718 weld pool. 

Although Si showed no correlation with 
depth of penetration and D / W ratio, a 
high Si level did correlate with an increase 
in top surface width. It is of interest to note 
that three heats, which contained high 
levels of both S and Si, showed the high
est depths of penetration —Table 2, sug
gesting an interaction between these ele
ments in promoting an increase in pene
tration. Indeed, Savage and coworkers 
(Ref. 17) showed a similar effect of S pro
moting an increase in depth of penetra
tion in the presence of Si. 

Conclusions 

Results of this present analysis show S to 
exhibit the strongest effect on weld pool 
geometry in Alloy 718. Considering the 
demonstrated effect of S in promoting 
surface-tension-driven fluid flow in Fe-Cr-
Ni alloys, it may seem logical to extend this 
explanation to an alloy containing the 

same principal elements but with an ap
preciably larger proportion of Ni. How
ever, the presence of numerous minor al
loying elements in Alloy 718, which may 
directly or indirectly influence surface ten
sion on the weld pool surface, or affect 
other factors that may alter weld pool ge
ometry, likely precludes the operation of 
singular compositional effect on weld pool 
geometry. Indeed, differences in the pro
portions of major alloying elements (i.e., 
Ni, Fe, Cr) and minor alloying element lev
els must account to a significant extent for 
differences in elemental effects on weld 
pool geometry observed in the present 
work and those reported earlier in Inconel 
600. However, delineating these complex 
interactions will require a considerably 
detailed investigation. 

From a more practical standpoint, it has 
been shown that S content in cast Alloy 
718 does not increase the incidence of 
HAZ liquation cracks in GTA welds when 
kept in the range evaluated in this work 
(Ref. 18). Therefore, if it can be established 
that S does not render cast Alloy 718 sus
ceptible to solidification cracking, it may 
be desirable to maintain S levels on the 
high side of the alloy specification range in 
order to assure adequate weld penetra
tion during autogenous GTA welding. This 
effect on GTA weld penetration may be 
more critical for wrought 718 product, but 
the effect of sulfur on the wrought prod
uct weldability must be determined be

fore S can be specified as an intentional 
addition to increase weld penetration. 
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