Thermocapillary and Arc Phenomena in
Stainless Steel Welding

The influence of thermocapillary convection on weld shape is investigated for the

gas tungsten arc process

BY S. W. PIERCE, P. BURGARDT AND D. L. OLSON

ABSTRACT. This investigation character-
ized the effects of power level and Gauss-
ian heat source size on thermocapillary-
induced weld shape and estimated the
relative influence of various possible arc
phenomena in determining weld shape.
Welds made with the GTAW process
were compared with similar ones made
with a conduction-mode EBW process
and the differences were related to arc ef-
fects.

Evidence of thermocapillary flow was
readily apparent in both the GTA welds
and the conduction-mode EB welds and
was qualitatively similar in both. The
similarity between the results obtained
with the two processes serves to demon-
strate that thermocapillary convection is
the dominant factor in heat-to-heat weld
shape variability. However, a simple one-
to-one correspondence between welds
produced with the two processes does
not exist. Especially at high power, the EB
welds showed stronger thermocapillary
convection than the GTA welds.

One important arc factor that limits
thermocapillary flow in arc welds ap-
pears to be an increase in arc size with
arc length and arc current. A non-Gauss-
ian arc power distribution in GTAW
seems to be most important in limiting
the fluid flow. Apparently, the arc power
distribution is more nearly rectangular in
shape for an argon gas arc. At higher cur-
rents, above 200 A, plasma shear force
may also be an important contributor to
weld shape development. The conduc-
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tion-mode EB welds demonstrate that
thermocapillary flow reversal probably
does not occur in welds made with a sim-
ple Gaussian heat source. The complex
shape behavior is likely a result of an arc
effect such as plasma shear.

Introduction

It is presently accepted that much of
the weld shape variability observed in
mechanized gas tungsten arc welding
(GTAW) of stainless steel is linked to
small variations in impurity, or trace ele-
ment, concentration from one heat of
material to another. Heiple and Roper
(Ref. 1) proposed that thermocapillary
convection (surface tension driven fluid
flow — Marangoni effect) is primarily re-
sponsible for the weld shape variations,
and that very small changes in material
composition (especially of certain sur-
face-active elements such as sulfur) will
significantly affect the thermocapillary
flow. Figure 1 illustrates a typical heat-to-
heat GTA weld shape variation observed

KEY WORDS

GTAW

EB

Arc Weld

Stainless Steel
Thermocapillary Flow
Weld Shape

Gaussian Power

Type 304

Maragoni Effect

in Type 304 stainless steel. The weld
shape is often characterized by the weld
depth-to-width ratio (D/W), as deter-
mined from a transverse metallographic
section of the weld. The GTA welds
shown in Fig. 1A and 1B have D/W val-
ues of 0.22 and 0.47, respectively. Most
of this weld shape difference is attribut-
able to the sulfur content of the materials
(about 10 ppm for the low D/W material
and about 150 ppm for the high D/W ma-
terial). Thermocapillary convection has
been widely accepted as the primary
mechanism of heat-to-heat weld pool
shape variations, but it is recognized that
other convection-and arc-related phe-
nomena are also important in determin-
ing GTA weld shape (Ref. 2).
Considerable computational and ex-
perimental works (Refs. 3-11) have
demonstrated that GTA weld shape may
also be influenced by several interrelated
arc phenomena. The major arc phenom-
enon thought to influence weld shape is
a result of electromagnetic (Lorentz)
force in the weld pool and in the arc. The
Lorentz force creates an inward flow in
the weld pool, which tends to produce
deeper weld penetration. Lorentz forces
also create an inward pressure in the
plasma of the arc that produces a gas flow
down along and then away from the elec-
trode. This flow in the plasma gas pro-
duces weld pool surface deformation
and gas-shear-induced outward fluid
flow in the weld metal. Depending on the
relative magnitude of surface deforma-
tion and the shear-induced flow, the arc
phenomena may promote deeper or
shallower weld penetration. Actual weld
shape is dependent on the interplay of
normal conduction, thermocapillary
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(a) 10 ppm Sulfur r
D/W = 0.22 0

(b) 150 ppm Sulfur
D/W = 0.47

Fig. 1 — Weld shapes obtained with the GTA process of the two heats of material used in this study. A — The low-sulfur (10 ppm) material; B —

the high-sulfur (150 ppm) material.
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Fig. 2 — Measured arc heat distribution width (FWHM) vs. GTAW

arc power level.

Fig. 3— The EB weld matrix to regions delineating onset of melting

and the onset of keyhole formation.

flow and the various arc factors. The rel-
ative strength and influence of these phe-
nomena are dependent on the power
level and the power distribution of the
heat source.

An additional possible explanation for
complex weld shape behavior is the ther-
mocapillary flow reversal proposed by
Burgardt and Heiple (Ref. 12). Burgardt
and Heiple proposed that the complex
weld shape changes that occur with in-
creasing input energy density (higher arc
power, slower travel speed, shorter arc
length, etc.) in materials with deep pene-
tration behavior may occur when the lig-
uid metal under the heat source becomes
very hot. If the metal immediately under
the arc exceeds a surface temperature of
about 2000°C, this material will have a
lower surface tension than the metal to-
ward the weld pool edge. In this case,
there is a region where the inward ther-
mocapillary flow (the normal flow for a
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material containing surface-active ele-
ments) is interrupted and the weld shape
will tend toward a lower weld depth-to-
width ratio. This is the phenomenon we
refer to as thermocapillary flow reversal.

The purpose of the present investiga-
tion was to determine the relative impor-
tance of the various arc and fluid flow
phenomena in producing GTA weld
shape. The various arc influences are dif-
ficult to measure directly. Therefore, an
indirect method for determining these ef-
fects is needed. To estimate the relative
importance of the possible arc factors in
determining weld shape, GTA welds
were made and compared with similar
welds made with a nonarc process (elec-
tron beam welding). Note that experi-
ments of this general nature have been
done previously (Refs. 13 and 14) and
showed that thermocapillary flow in
nonarc conduction mode welds (laser
and electron beam welds) is qualitatively

similar to that in arc welds. However, no
attempt was made to quantify the various
effects in those studies.

The nonarc process used here was
conduction-mode electron beam weld-
ing (EBW). “Conduction mode” refers to
welds made with sufficiently low power
density that a keyhole is not formed and
the beam power is deposited on the work
top surface. In this case, weld shape is de-
termined by normal conduction and con-
vection processes. EBW is well suited to
this study since the process has nearly
ideal properties: 1) Welds are made in a
high vacuum, 2) negligible currentis used
(less than about 30 mA), 3) the beam
power enters the workpiece with high ef-
ficiency and reproducibility, 4) beam
power can be adjusted to match arc weld-
ing values, 5) the beam size can be read-
ily adjusted over a wide range and 6) the
actual beam size and shape can be mea-
sured by relatively simple techniques.



Fig. 4 — Experimental GTA weld cross-sectional area vs. calculated

weld area showing the validity of Equation 3.
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Fig. 5 — Electron beam weld cross-sectional area vs. beam power

for the two heats of material. The lines illustrate the validity of Equa-
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Fig. 6 — Weld D/W ratios for GTA and similar EB welds made on low-and high-sulfur material. A — GTA weld D/W ratios v. arc length; B — EB

weld D/W ratios vs. beam size.

Beam size and power density are varied
in a measurable and reproducible fashion
by adjusting the degree of beam defocus.
By using EBW, it is possible to produce
welds made with identical travel speed,
input power and comparable power input
distribution to that achieved in GTA weld-
ing but without the various arc factors
(such as Lorentz forces and anode spot
wandering) being present.

Experimental Procedures
Beam and Arc Power Distributions

Measurement of the electron beam
power distribution was accomplished for
this study using a modified Faraday cup
(MFC) apparatus (Ref. 15). The particular
device used in this investigation utilizes
a long slit to sample the electron beam
current density as the beam is swept

across the aperture. In this way, a profile
of the beam was determined in a direc-
tion lateral to the welding direction. A
long slit type of aperture was used here
because a slit is sufficiently rugged to
withstand full beam power for a consid-
erable time and because data analysis is
particularly simple in this situation. Un-
fortunately, beam shape data is lost in the
direction parallel to the slit (for this work,
the slit direction was parallel to the di-
rection of travel). The beam shape in the
direction of weld travel is not thought to
be particularly important to the trans-
verse weld geometry. Therefore, the long
slit beam shape data are adequate for the
purposes of this study.

Beam profiles were obtained for this
study over the wide range of beam power
and beam defocus conditions that were
used. In all cases, the beam is nearly
Gaussian in shape and is described by

| D_rz O

where ] is the beam current density, | is
the total beam current; o is the width of
the distribution and r is the radial dis-
tance from the center of the beam point.
Measurement of beam size consists of
determining the value of o that describes
the beam for a particular set of welding
conditions. Note, in this paper the beam
size is generally quoted as the power dis-
tribution full width at half-maximum
(FWHM). FWHM is related to o by

J

FWHM = 2.36 0. )
Electron beam size data were obtained for
all accelerating voltage, beam current and
defocus values used in this work. These
measurements showed that the electron
beam size is about ¢ = 0.1 mm at sharp
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Fig. 7 — Weld D/W ratios for GTA and similar EB welds made on low- and high-sulfur material. A — GTA weld D/W ratios vs. arc power for fixed
arc length; B — EB weld D/W ratios vs. beam power for fixed beam size.
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creasing arc size for
decreasing arc length,
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(Ref. 16); the extrapo-
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on Fig. 2 are the calcu-
1 lated arc sizes derived
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Fig. 8 — EB weld D/W ratios vs. beam power for welds made at var-
ious beam sizes on the high-sulfur material. Also shown is a line

showing the D/W ratios for similar GTA welds.

among the various ex-
periments. The origin
of these differences is
not presently under-

focus and increases nearly linearly up to
beam sizes of at least 0 =3 mm.

To compare electron beam welds
with arc (GTAW) welds, it is necessary to
have equivalent information about the
arc power input distribution. Measure-
ments of spatial distribution of power
density were not made for this study, but
these measurements have been made in
the past for arc conditions comparable to
those utilized in this study. Most arc size
data presented in the literature were ob-
tained using a split anode apparatus
(Refs. 16 and 17). In addition, Saedi and
Unkel (Ref. 18) measured the plasma size
using a photo-diode array, which pre-
sumably vyields the arc current distribu-
tion. All these data are summarized in
Fig. 2. Note, the data of Nestor (Ref. 17)
were obtained at an arc length of 6.3 mm.
Nestor’s data were extrapolated to a
more representative 2-mm arc length
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stood. Unfortunately,
itis also not possible to
ascertain which are the more realistic
values. This discrepency makes it impos-
sible to directly compare the GTA and the
EB welds in a simple manner. Neverthe-
less, these data define the range of beam
sizes required to span the range charac-
teristic of arc welding. Electron beam
size therefore varied from about FWHM
= 2 to 6 mm. The data shown in Fig. 2
also suggest that the arc size increases by
about 2 mm as arc power increases from
600 to 3600 W and that the arc size is a
function of other welding variables, no-
tably the arc length.

Material Selection and Preparation

To assist in separating arc from ther-
mocapillarity effects, two heats of Type
304L stainless steel were used in this
study. These two heats of steel were cho-
sen for their distinctly different observed

GTA welding penetration characteristics.
Typical GTA weld cross sections for the
two heats of steel were shown in Fig. 1.
The 150 ppm sulfur material had a D/W
value of 0.47 in a standardized GTA weld
test, while the 10 ppm sulfur material had
a D/W value of 0.22 in the same weld
test. Aside from the difference in sulfur
contents, these two heats of material
have similar compositions.

Cylindrical weld coupons were ma-
chined from the two heats of material to
a length of 114 mm and a diameter of 62
mm. The specimens were cleaned im-
mediately before welding with alcohol
and paper wipes. Several welds were
then made circumferentially around
each bar. To avoid preheating effects, the
coupons were cooled to room tempera-
ture between welds.

GTA Welding Equipment

The GTA welds were made with a
fixed position torch at top center above
the horizontally positioned weld
coupons. The arc length was fixed at a
distance set prior to welding using a
feeler gauge. A water-cooled torch with
a 2.38-mm-diameter, 2%-thoriated
tungsten electrode was used. The elec-
trode was ground to a 10-deg included
angle truncated to a 0.76-mm diameter.
The electrode stickout was set to 25 mm
so that the electrode protruded 12 mm
past the gas cup. To minimize weld pool
contamination and arc variations from a
variable atmosphere, the GTA welding
was performed inside a high purity argon
gas filled glove box. The oxygen and
water vapor content of the glove box was
maintained below 50 ppm by volume.
Argon shielding gas was also supplied
through the welding torch at a flow rate



of 7 L/ min. All welds were made with
DCEN power from a 350-A maximum
output GTAW power supply.

EB Welding Equipment

The electron beam welds were made
with a 7.5-kW, high-vacuum type elec-
tron beam welding machine. In all cases,
the welds were made at 100 kV of accel-
erating voltage. The beam power was
varied by adjusting the beam current.
Various beam size and power density
conditions were created by varying de-
grees of beam overfocus. Welds were
made by rotating the horizontally posi-
tioned weld coupons under the fixed-po-
sition electron beam. The gun-to-work
distance was fixed at 152 mm.

GTA Weld Variable Matrix

In an effort to generate GTA welds that
might reveal the effects of the arc forces,
a wide range of weld currents and arc
lengths was incorporated into the exper-
imental design. A series of traveling au-
togenous GTA welds was made on both
the high- and low-penetration heats of
stainless steel. A full factorial statistical
experimental design was utilized where
the independent variables were the ma-
terial composition, welding current and
the arc length. There were four levels of
weld current: 100, 150, 200 and 300 A.
Three levels of arc length were used:
1.0,1.5 and 2.0 mm. In all cases, the
travel speed was 127 mm/min.

EB Weld Variable Matrix

Weld variable selection for the EB
welds was intended to match the condi-
tions produced during the GTA welding.
Power levels and arc power distribution
widths were matched as well as possible.
Thus, the independent variables for the
EB welds were material composition,
beam current and beam defocus. Beam
current was adjusted to match the arc
power level. Note that the process effi-
ciency of electron beam is expected to be
higher than that of the arc. Therefore, EB
welds were made with beam power lev-
els equal to and 10% less than the over-
all arc power (voltage times current).
Beam defocus was varied between about
2 and 6 mm (FWHM). The travel speed
was fixed at the same 127 mm/min and
the beam voltage was fixed at 100 kV. Fig-
ure 3 shows the experimental matrix of EB
welds used for this study. Also shown on
Fig. 3 are experimentally observed
boundaries for nonmelting and keyhole
formation. Large beam defocus (low
power density) yielded no melting, while
small beam defocus (high power density)
produced obvious keyhole formation.

(d)
GTAW: B0O W, 2.0 mm Arc Length

GTAW: 800W, 2.0 mm Arc Length

(B)
EBW: 800 W, 0.76 mm FWHM

(c)

EBW: T40'W, 1.91 mm FWHM EBW: 740W, 1.91 mm FWHM

Fig. 9 — Cross sections of GTA welds made at 800 W on the high- and low-sulfur materials. Also
shown are EB welds made at the same power and two beam sizes showing the similar shape of
the GTA and the EB welds when the source size is properly matched.

Low Sulfur High Sulfur

(d)
GTAW: 1200 W, 2.0 mm Arc Langth

EBW: 1800 W, 1,91 mm FWHM EBW: 1800 W, 1.91 mm FWHM

(<) {f

EBW: 1800 W, 3.68 mm FWHM EBW: 1800 W, 3.68 mm FWHM

Fig. 10 — Cross sections of GTA and EB welds made at 1900 W on the high- and low-sulfur ma-
terials. Also shown are EB welds made at the same power and two beam sizes showing that a
weld shape match between the GTA and the EB welds cannot be simply achieved at high power.
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Results and Discussion
Weld Area

GTA welds were made on the two
heats of material at a fixed travel speed of
127 mm/min with a wide range of arc
length and arc power values. Cross-sec-
tional areas of the weld nugget were com-
puted from transverse metallographic sec-
tions of the welds. These data were
combined with similar data available from
previous studies of weld shape (Ref. 3) on
the same materials. The weld cross-sec-
tional area data are described by

pL3 op P5 (mmz)
3)

A= 0.0027W oW D
where A is the weld cross-sectional area
in mm2; P is the arc power in Watts; v is
the travel speed in mm/s; and (D/W) is
the weld depth-to-width ratio. Equation 3
is empirical, but it is based on theoretical
expectations. Power law dependencies
on P and v were chosen because heat
flow calculations suggest that these de-
pendencies are the expected behavior.
The factor related to weld depth-to-width
ratio is entirely empirical but is qualita-
tively reasonable. A small D/W weld is
equivalent to one where the input power
is spread over a large surface area. In this
case, heat is conducted away from the
arc through a larger surface and a smaller
melt volume will result. Larger D/W
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welds are nearer to the optimal surface-
to-volume ratio of the weld pool and
therefore have a larger melt volume. Fig-
ure 4 compares the experimental weld
areas to the areas computed using Equa-
tion 3 and shows the quality of fit over a
wide range of welding variables used.
Cross-sectional areas were also com-
puted for the similar EB welds on the two
heats of material. The EB welds are de-
pL3 op PS5

scribed by
2
— mm
v07 Owa ( ) 4)

Equation 4 was derived using Equation 3
as a starting point. Figure 5 shows the
measured areas of the EB welds, gener-
ated with beam sizes ranging from
FWHM = 1.9 to 4.6 mm. The curves
drawn on Fig. 5 were generated using
Equation 4.

Equations 3 and 4 are good evidence
that the GTA and EB welds are similar in
overall size and react nearly the same to
changes in the welding variables. The
different constants on Equations 3 and 4
imply that the process efficiency of GTA
is about 82% that of EB.

A=0.0033

Weld Shape

Since the thermocapillary effects of
interest to this study are mainly mani-
fested in weld shape, a simple indicator
of weld shape is needed. For this study,

weld depth-to-width ratio, D/W, is used
as the shape indicator. D/W values were
calculated from transverse metallo-
graphic cross sections of the welds. The
D/W values of the GTA welds on the two
heats of material are shown in Fig. 6A as
a function of arc length (for the GTA
process, source size should be propor-
tional to the arc length). Notice that the
D/W ratio values decrease monotoni-
cally with increasing source size for the
high-sulfur material and that the D/W
values are essentially constant for the
low-sulfur material. This behavior is sim-
ilar to that reported previously by Bur-
gardt and Heiple (Ref. 12). Electron beam
welds made at the same power and with
increasing beam size show behavior sim-
ilar to the GTA welds.

The D/W ratios for these EB welds are
shown in Fig. 6B. A comparison of the
data in Fig. 6A and 6B confirms that weld
shape is largely controlled by thermo-
capillary effects for both arc and nonarc
processes. The dependences of weld
D/W ratio on increasing heat source size
are a result of the interplay of weakened
fluid flow and widening of the weld,
caused by the broadened heat source dis-
tribution. Because of this interplay, it is
reasonable that the high-sulfur welds
would show a large decrease in weld
D/W (weakened fluid flow and weld
widening tend to reinforce each other)
while the low-sulfur welds show a small
change in D/W (weakened fluid flow
tends to increase the D/W in competition
with the weld widening).

If one assumes that the D/W values of
the EB and GTA welds should be identi-
cal for the same heat source size, the arc
size can be inferred from the EB weld
data. Examination of the 150-ppm sulfur
data on Fig. 6A and 6B shows that the
heat source size for a 1-mm arc length is
probably about FWHM = 1.9 mm. The
arc size apparently increases monotoni-
cally to about FWHM = 2.5 mm as the
arc length is increased to 2.0 mm. These
inferred values of arc size are reasonable
when compared to measured values
shown in Fig. 2. Itis disconcerting to note
that welds made on the 10-ppm sulfur
material are not consistent with this
analysis. The EB welds on low-sulfur ma-
terial always exhibited a smaller D/W
value than those made with the GTA
process. This difference in behavior be-
tween the high- and low-sulfur material
persists for all data presented here and is
not fully understood.

Welds made with the GTA process, at
a fixed arc length of 2 mm, were pro-
duced on the two heats of material as a
function of arc power. The D/W values
measured from these welds are shown in



Fig. 7A. Notice that the D/W ratio values
pass through a maximum at about 1400
W for the high-sulfur material and that
the D/W values are essentially constant
for the low-sulfur material. This behavior
is similar to that reported previously by
Burgardt and Heiple (Ref. 12), and it was
attributed to flow reversal at the higher
arc power. Electron beam welds made at
the same travel speed and with a beam
size of FWHM = 1.9 mm should be com-
parable to the low power GTA welds. The
D/W ratios for these EB welds are shown
in Fig. 7B as a function of EB power. The
fact that the EB and GTA welds show
somewhat similar shape changes with in-
creasing power again demonstrates that
thermocapillary effects are qualitatively
similar in arc and nonarc processes.
Clearly, the EB and GTA weld D/W
ratio values shown in Fig. 7 are substan-
tially different in magnitude. The EB weld
D/W ratio values are consistently about
twice as large as those obtained with the
GTA process for similar power levels.
(Note that the conduction-mode EB
process should be quite useful in a sort-
ing test used to establish the weldability
of materials.) A possible explanation for
the difference in D/W values between EB
and GTA welds is that the heat source
sizes were not matched properly (i.e., the
GTA heat source size is not constant with
power). Also, the difference in D/W val-
ues between the processes may be a
manifestation of the complexities pro-
duced by arc effects in the GTA process.
To help understand the effects of dif-
ferent heat source sizes, EB welds were
made as a function of beam power with
varying beam size from FWHM = 0.8 to
5.8 mm. Figure 8 shows the EB weld D/W
ratio data. Weld D/W ratios from these
variable beam size welds were com-
pared with the D/W ratios of the arc
welds (shown as the dashed line on Fig.
8) to find the best agreement and thereby
to infer the arc sizes for the GTA welds. It
is reasonable to suppose that the EB and
GTA weld D/W ratios will be equal for a
given power level when the heat source
sizes are the same. Thus, arc width can
be determined from Fig. 9 as points
where the GTAW data line crosses an
EBW data line. The arc size, inferred from
analysis of the welds on the 150-ppm sul-
fur material, increases nearly linearly
from about 1.9 mm at 600 W of arc
power to about 5.8 mm at 3600 W of arc
power. The apparent arc size depen-
dence on power level is reasonable and
is qualitatively similar to that determined
by direct measurements. A similar analy-
sis of the welds made on the 10-ppm sul-
fur material yields somewhat different re-
sults. The 10-ppm sulfur material welds

followed a similar trend of arc size vs.
power level. However, the inferred arc
size for the low-sulfur material is consis-
tently about 1 mm smaller than that of the
high-sulfur material.

A difficulty with the computed heat
source sizes is that they are larger at high
power than the experimental measure-
ments of arc size lead us to expect. That
is, the heat is moved around or within the
weld pool such that the arc welds are
wider and shallower than expected for a
particular arc heat input distribution. The
cause of this arc weld widening phe-
nomenon must be a mechanism that acts
in the plasma of the arc but does not
occur in vacuum. A likely candidate for
this phenomenon is arc jet motion of gas
in the arc plasma that can push liquid
metal in the weld pool away from the arc
center. This effect is called plasma shear
force and it gives an outward weld pool
flow that makes the arc welds wider and
shallower. Obviously, plasma shear can-
not occur in a vacuum and therefore is
not present in the electron beam welds.
If plasma shear is an important effect, the
electron beam size must be increased
above the real arc size to artificially cre-
ate conditions somewhat like those cre-
ated by the outward plasma motion.

One interpretation of the decrease in
GTA weld D/W ratio with increasing
power, above about 1500 W, for the
high-sulfur material is simply that the arc
size increases substantially. This expla-
nation means that the thermocapillary
flow reversal postulated by Burgardt and
Heiple (Ref. 12) need not be invoked to
explain the D/W ratio decrease observed
in the high-power GTA welds. It is im-
portant to notice that thermocapillary
flow reversal probably does occur under
some conditions. Consider the FWHM =
0.8 mm data shown in Fig. 8, for exam-
ple. The EB weld D/W ratio, as a func-
tion of beam power, is observed to pass
through a maximum for a fixed heat
source size. Thermocapillary flow rever-
sal at a power density of about 1600
W/mm?2 is a reasonable explanation for
that behavior. An interesting observation
made in the course of this work is that
thermocapillary flow reversal behavior
was invariably accompanied by some
keyhole penetration (this was most ap-
parent in the shallower low-sulfur
welds). This situation means that the ma-
terial under the beam is approaching the
boiling point when flow reversal occurs.
These temperatures are probably not
achieved in normal arc welding
processes. It appears likely that arc
processes do not have sufficient power
density to make the weld pool surface
hot enough to cause thermocapillary

flow reversal except possibly under ex-
treme conditions (very short arc lengths,
for example).

To this point weld shape has been
considered only in terms of the D/W
ratio. This approach is satisfactory in gen-
eral terms but a detailed consideration of
weld shape is also useful. Figure 9 shows
cross sections of the low- and high-sulfur
GTA welds made at 800 W and an arc
length of 2 mm. Notice that a reasonably
good shape match is possible with an EB
weld made at comparable power and
beam size of FWHM = 1.9 mm (the same
result as derived from Fig. 8). Figure 10
shows the GTA welds made at 1900 W
and 2-mm arc lengths. It is apparent that
a good shape match for both material
types requires substantially different
source sizes. Specifically, a good match
occurs for the high-sulfur material with a
source size of FWHM = 3.7 mm, but a
source size of about FWHM = 1.9 mm is
needed for the low-sulfur material.

Another complication is that the high
power GTA welds actually have no
counterparts in the EB welds. In all cases,
the GTA welds are a bit more “rectangu-
lar” in shape and do not have the
“wings” of melting extending to a con-
siderable width. By examining all the
weld cross sections, it seems reasonable
to conclude that at least some of these
difficulties are caused by a non-Gauss-
ian arc shape. Presumably the arc has a
nearly constant power density over
much of its diameter. The proposed heat
distribution shape is illustrated in Fig.
11A and 11D. This assumes heat distrib-
ution shape is consistent with direct
measurements of arc shape, for example
Nestor (Ref. 17). Figure 11B and 11E il-
lustrate the weld shape that results from
a Gaussian heat input. Notice that the
weld D/W ratios are too large in this
case. If the Gaussian input FWHM is in-
creased substantially, the weld D/W val-
ues can be approximately duplicated but
the GTA weld shape is not reproduced.
This is illustrated in Fig. 11C and 11F.
The origin of such a rectangular arc heat
distribution is not fully understood, but
itis likely that complex arc phenomena,
such as plasma shear, distribute the arc
heat in this manner.

The detailed shape of the arc may be
more important in determining weld
shape than has generally been recog-
nized in the past. It is also possible that
the non-Gaussian shape of the arc heat
distribution accounts for the consider-
ably different EB heat source size re-
quired to match the high- and low-sulfur
GTA welds. Since the electron beam is
Gaussian and the arc apparently is not,
the EB conditions required to give a rea-
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sonable shape match to the GTA welds
may be misleading.

Conclusions

It is difficult to experimentally separate
normal conduction and fluid flow effects
from more complex arc effects in the gas
tungsten arc process. Therefore, welds
were made with a nonarc process with
constant heat source size to simulate the
GTA welds and thereby infer what arc ef-
fects are occurring. Electron beam welding
was used because the beam size can be
readily adjusted to a constant value com-
parable to the arc size, the beam size is eas-
ily measured and the power is continu-
ously variable over the range necessary to
reproduce GTA welding conditions.

The GTA and EB welds are qualita-
tively similar, when made with compara-
ble welding variables, thus demonstrat-
ing that thermocapillary flow and normal
conduction are the dominant factors in
determining weld pool shape. The simi-
larity of the GTA and EB welds is also fur-
ther proof that a more concentrated heat
source substantially improves weld pen-
etration in good penetration (high-sulfur)
material but has little effect in low pene-
tration (low-sulfur) material. However,
substantial differences between GTA and
EB weld shapes do occur, especially at
high power. These detailed differences
show that other arc-related factors are
also important.

By matching the weld D/W ratio val-
ues achieved with the GTA and EB
processes, it is possible to infer the arc
size for a particular set of welding vari-
ables. This methodology was used to
infer what arc factor changes accompany
arc power increases. The most important
arc factor appears to be a substantial in-
crease in arc size that occurs with in-
creasing arc current. The maximum in
weld D/W ratio as a function of arc
power that typically occurs for high-sul-
fur material appears to be a result of this
substantial change in arc size. This infor-
mation indicates that thermocapillary
flow reversal probably does not occur in
most GTA welds.

The inferred arc size increase with arc
power is considerably larger than what
direct measurements of arc size have
shown. It is possible that the difference is

related to gas motion in the arc plasma.
Arc jet flow may induce fluid flow in the
weld pool (plasma shear flow) so that the
weld will become wider than the size of
the arc alone would create. Plasma shear
fluid flow, at 300 A of arc current, appar-
ently causes a weld width increase
equivalent to about an additional 2 mm
of heat source size.

Differences in shape between the
GTA and EB welds indicate the arc heat
source is probably not Gaussian. The EB
welds are made with a Gaussian heat
source and show a rounded weld root
shape with “wings” of melting at the top
surface that are substantially wider than
the bulk of the melt zone. Equivalent
GTA welds have a more flattened weld
root without the “wings” of melting. This
demonstrates that the arc heat source is
not Gaussian and probably is a rectan-
gular distribution. The non-Gaussian
shape of the arc may account for the fact
that the same set of EB conditions cannot
properly mimic both the low- and high-
sulfur material welds. Arc shape appears
to be important in determining the weld
width and depth (detailed weld shape).
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