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1 ABSTRACT

A computational study of the convective heat transfer in the weld pool during gas tungsten
arc (GTA) welding of Type 304 stainless steel is presented. The solution of the transport cquations
is based on a control volume approach which utilizes directly, the integral form of the governing
equations. The computational model considers buoyancy and electromagnetic and surface tension
forces in the solution of convective heat transfer in the weld pool. In addition, the model treats
the weld pool surface as a deformable free surface. The computational model includes weld metal
vaporization and temperature dependent thermophysical properties. The results indicate that con-
sideration of weld pool vaporization effects and temperature dependent thermopliysical properties
significantly influence the weld model predictions. Theoretical predictions of the weld pool str-
face temperature distributions and the cross-sectional weld pool size and shape were compared
with corresponding experimental measurements. Comparison of the theoretically predicted and
the experimentally obtained surface temperature profiles indicated agreement within + 8%. The
predicted weld cross-section profiles were found to agree very well with actual weld cross-sections
for the best theoretical models.
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Nomenclature

A = activity

AVA = area

Agy Ay = constants

B = magnetic field

i

specific heat
liquid mass fraction

S
Pl
]

i
-“: = solid mass fraction
Diiq = depth of the weld pool
E = arc voltage
fien = buoyancy force
finhd = electromagnetic force

]

2,8, gravitational constint
surface elevation
convective heat transfer coefficient

i

AH° = heat of adsorption

AH, = latent heat of vaporization
[ = arc current

J = electric current density

K, = constant related to the entropy of segregation
K = adsorption coefficient

I = unit normal vector

PyPatm) Pset = pressure

TarcrTevpr gy = heat transfer flux

Th = clTective radius of heat flux
R = gas constant

t = time

T = ternperature

Uy Ugopy Ugig =internal energy

v = volume

Vv = velocity

\\Y% = evaporation rate

o = thermal expansion coefficient
3 = compressibility fraction

¢ = surface emmittance

Ul = arc efficiency

Iy = surface excess at saturation
Yy Ym = surface tension

K = thermal conductivity

i = viscosity of molten metal

v = kinematic viscosity

P = density

density at room temperature
Stefan-Boltzman constant

= shear stress

Q=
o




2 INTRODUCTION

The development of the weld pool size and shape is influenced by the simultancous occurrence
of several important physical phenomena. These include the amount of heat transferred from the
heat source to the workpiece, the fluid flow in the weld pool. and the accompanying convective heat
transfer. Recent studies'~!'! have demonstrated that, in most cases. the convective heat transfer
in the weld pool is controlled by the spatial variation of surface tension (surface tension gradient)
that exists on the weld pool surface. The surface tension gradient arises from the spatial variation
in surface temperature and the temperature dependence of surface tension. The spatial variation
of surface tension causes the molten metal to be drawn along the surface from the region of lower
surface tension to that of higher surface tension and this may result in very large surface flows. Ior
pure metals and alloys the temperature coefficient of surface tension (f—}—}) is negative. Thus, the
surface tension is highest near the solid-liquid interface (lower temperature), causing the flow to
be nutward and away from the center of the pool. However, surface-active elements such as sulfur
or oxygen can produce a positive g—% resulting in a higher surface tension at the center of the pool
causing an inward flow.

The effect of surface-active elements has been investigated in detail by Heiple et a
Their experiments indicate that surface-active elements significantly alter the surface tension of
the weld metal thereby altering the flow field and associated convective heat transfer in the weld
pool. Of particular significance is the reversal of flow which can occur in the presence of relatively
small amounts of surface-active elements, causing a deep penetration. While the effect has been
identified, the extent and the nature of the influence of surface-active elements on weld pool con-
vective heat transfer and depth of penetration remain to be clarified. Prior modeling efforts®~!!
aimed at understanding surface tension gradient driven flow in the presence of surface-active ele-
ments considered a specified constant positive -j—% which cannot be justified based on the physical
phenomena governing the process. Furthermore, the available mathematical models include cer-
tain assumptions which cannot be justified on the basis of the actual physical conditions. These
assumptions include constant thermophysical properties and exclusion of surface evaporation.
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3 COMPUTATIONAL MODEL

Figure 1 shows the scnematic drawing of the GTA welding process. As a result of the energy
transfer between the arc and the metal surface a molten pool is formed, that subsequently grows
due to combined conduction and convection heat transfer. We are concerned with the transient
development of this molten metal pool due to the welding arc. Therefore, any computational
mode! attempting to simulate the welding process should address the relevant factors that govern
the development of this pool, i.e., 1) heat transfer from the arc to the metal surface, 2) cou-
pled conduction and convection heat transfer, 3) phase transformation 5) weld pool evaporation
6) convection and rad:iation heat transfer between the specimen and the atmosphere, 7) accurate
thermophysical prcperties for the metal.

The following assumptions were made in the present analysis:

1. The fluid flow and heat transfer inside the molten pool are adequately described by a two-
dimensional, axi-symmetric representation.

2. The power distribution of the heat source is considered as Gaussian, based on available liter-
ature.

The computational model considers the densimetric coupling associated with the variation
of density of the liquid metal in the formulation of all the transportive terms of the governing
equations. Local density p of the liquid metal is considered in terms of a constant reference value
p, and the generalized compressibility fraction 3, which represents the percentage densitv variation,
ie.
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The equations that describe the transient development of the weld pool due to the coupled
conduction and convection heat transfer are:

8= B3(T) =

3.1 Governing Fquations
The definition of all the symbols are presented in the appendix.

Conservation of mass
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where, the driving force for thermally driven flow in the weld pool is given by,

faen = PoE(1+5) (3a)
and the electromagnetic body force is given by,

Conservation of energy

0
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3.2 Boundary Conditions

The model considers the heat flux from the arc to the top surface of the metal as a specified
radially symmetric Gaussian distribution given by,
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The evaporation heat flux is calculated based on an overall vaporization model'® given by,
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(Tevp = WAHV (6)

where AH, is the heat of evaporation. The equation given by Dushman'",

logW = A, + logp,, —0.5logT {6a)

was used to calculate the evaporation rate. The data reported by Kim?!® for the vapor pressure
for stainless steel, ‘
18836.
log Paim = 6.1210 - —-;1':'—, (6b)
was used in the calculation. The values of H, and A, in equation 6 were estimated from the
values given in Table 1!718 for the major constituents in the Type 304 stainless steel used in the
study.

Table 1 Values for A, and H,

A, H, (xi/kg)
Iron 2.52 6259.5
Nickel 2.531 6307.
Chromium 2.505 6622.5
Manganese 2.517 4112.6

At the surface of the specimen, the thermal boundary conditions for the atmospheric cooling
is formulated in terms of the convective heat transfer and the radiative heat transfer and is given
by,

dsrf = hc(T - TA) + UE(-T4 - T:) (7)

where, h_ is the heat transfer coefficient at the metal surface-atmosphere interface, T, is the
atmospheric temperature, o is the Stefan-Boltzmann constant and ¢ is the surface emittance.

At the surface of the weld pool, the spatial variation of surface tension must be balanced
by fluid shear since the surface must be continuous. Therefore, the shear stress at the surface is
equated to the gradient of surface tension.

The surface shear stress components are formulated as,

av, aT Oy

p—E = - =

0z Ox 0T

Surface tension is a strong function of temperature and composition. Experimental surface

tension data are seldom available for any material throughout the temperature range of interest.

[n the calculations presented here surface tension was calculated as a function of temperature and

activity for the entire temperature range of interest. The relation between surface tension of the
solution and the temperature is given by*?:

(8)

NUT) = ¥ = A (T = T,,) = RTLIn[1 + Kay, (9a)
~-AH° ,
K= klexp(—-ﬁ—T—), \,Ob)
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where v is the surface tension of the solution at the temperature T, 7, is the surface tension of the
pure metal at the melting point T, R is the gas constant, I, is the surface excess at saturation,
N is the adsorption coefficient, k, is a constant which is related to the entropy of segregation, and
AH® is the standard heat of adsorption, and a; is the activity of the species i in solution.

Along the solid-liquid interface, the conventional no-slip conditions for a viscous fluid was
assumed.

The computational model utilizes an explicit time-splitting numerical iniegration algorithm for
the solutions of the governing equations.’® The stability of the numerical scheme can be guaranteed
by selecting a time step such that, all stability criteria’? can be simultaneously satisfied. The
selected time step must satisfy the Courant-Friedrichs-Lewy (CFL) criterion for free surface flows,
the Courant criterion, based on maximum speed of flow in the weld pool, and the Neumann criterion,
based on maximum momentum, thermal and mass diffusivity in the melt and in the solid. It is
important to note that the maximum allowable time step cannot be accurately estimated a priori.
since the maximum melt depth and the maximum velocities can change rapidly during the numerical
integration. Therefore, the numerical solution requires the systematic consideration of the stability
criteria at selected intervals during the numerical integration process.

4 RESULTS

Extensive testing was carried out to verify the predictions of the model described above by
comparing the simulations with the results of an experimental study. Table 2. lists the numerical
run conditions for the GTA welding of 4 x 4 x 1 cm Type 304 stainless steel specimens. The
parameters were chosen such that the predictions of the model could be correlated with the results
of an earlier experimental investigation?! of the weld pool surface temperatures during spot gas
tungsten arc welding of Type 304 stainless steel. In this paper, theoretical predictions of the weld
pool surface temperatures and the weld pool size and shape, are compared with corresponding
experimental measurements.

Table 2 Numerical Run Conditions

Case Current Voltage Efficiency
dy
Amps. Volts. n a7
1 50 10.1 0.8 Eq.(6
2 100 13.2 0.3 Eq.(6
3 150 15.1 0.8 Eq.(6
" 100 13.2 0.8 -0.35 x 10~4
5 150 15.1 0.8 -0.35 x 104

Table 3. summarizes the experimental and numerical results obtained for the stationary welds
made on Type 304 stainless steel. As expected, both the computational as well as the experimental
study indicate that the weld pool peak temperature increases with increase in welding current for
the three cases considered here. The peak weld pool temperature, obtained numerically, ranged
from 1810 to 2380°C for the conditions investigated. These values for peak temperatures, cven
though slightly lower, compare well with the values obtained experimentally for the same welding
conditions. The calculated lower peak temperatures are attributed to the vaporization theory based
model (equation 6) that results in 10 % of the workpiece input energy going into metal vaporization.
Actual vaporization losses are probably between 1 to 10 %. On the other hand, if the evaporation
heat flux is not considered, the predicted weld pool surface temperatures would be considerably
higher and may equal the boiling point of the material.
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Table 3 Summary of Results

Case Peak Temperature Weld Diameter Weld Depth
Experimental/Predicted Experimental/Predicted Experimental/Predicted

[°c| [mm] [mm]
1 1947. / 1810. 3.0/ 3.1 0.66 / 0.6
2 2160. / 2050. 58/ 5.7 2.4 /2.7
3 2426, / 2380. 8.8/ 6.7 1.4/ 4.0
4 2160. / 2090. 58/ 5.8 24/ 2.6
5 -2426. [/ 2570. 8.8/ 8.1 4.4/ 3.8

For example, figure 2 shows the pcak weld pool temperature under the arc, with and without
vaporization effects, as a function of weld duration. The results indicate that when weld pool evap-
oration is taken into account, the peak weld pool temperature increases monotonically with time
until a maximum value, which is limited by the vaporization heat flux, is reached. It is interesting
to note that for stainless steel, the peak temperature under the arc does not exceed a maximum
value of approximately 2575°C. This is consistent with the work of Eagar et al.?? who showed
that, for steels, the heat loss due to metal vaporization places an upper limit on the temperature
of arc weld pools. They estimated the maximum temperature to be approximately 2500°C. Re-
cent, experimental work®! on measuring the weld pool surface temperatures have shown that the
maximum temperature during stationary GTA welding is closer to 2575°C. On the uther hand, the
results indicate that in the absence of vaporization the peak weld pool quickly reaches the boiling
temperature. Clearly, the predicted as well as the experimentally obtained peak temperatures in
Table 3 are well below the boiling temperature.

The weld pool surface temperature distributions for the cases 1-3 are presented in figure 3.
Overall, the weld pool surface temperatures follow the expected Gaussian distribution. For the
case of 50A and 100A, the predicted surface temperature profiles, though lower, compare favorably
with actual experimental observations. It is interesting to note that the temperature profiles for
case 2 (100A) have a shoulder which was presumed to indicate multiple cells in the flow field?!,
which may be similar to Bernard cells. Bernard cells are primarily driven by surface tension in
the presence of buoyancy force effects. In the present case, where a strong electromagnetic force is
present, the exact mechanism of the break of the flow pattern into the multiple cells is not known.
Such complex flow fields are believed to result in complex temperature distributions within the weld
pool and may significantly influence the development of the weld pool as well as the solidification
structure.

From figure 3, for the case of 150 A, the calculated temperature profile does not agree very
well with experimental observations. In addition, the calculated temperature profile exhibits char-
acteristics that are completely opposite to that experimentally observed. For example, at locations
where the experimentally observed temperature profile shows an outward deviation from the ideal
Gaussian profile, the calculated profile deviates inwardly. Since the spatial variation of surface
tension is the predominant driving force that controls the convective heat transfer in the weld pool,
it is likely that the surface tension behavior may have changed at the higher energy level and the
associated higher temperatures.

Based on experimental observations during weld pool surface temperature measurements,
Kraus®! had reported an outward flow, implying a negative ;‘:—% at the weld pool surface, at the
higher current and temperatures levels. The Type 304 stainless steel considered in this investigation
contains 220 ppm sulfur, which is reported** to produce a positive surface tension gradient at the
weld pool surface. In order to obtain a clear understanding of the surface tension behavior during
welding and its effect on weld penetration, especially during high current welding, the calculations
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for 100A and 150A welding current (cases 4-5) were repeated for a constant %% of —0.35 x 10~ .
The resulting surface temperature distributions are compared with experimental values, in figure
4. indicating very good agreement. |

The results of the present study suggest that the surface tension model (equation 6) used in the
analysis may not be valid at high temperatures and long arc/metal interaction times. This should
not be surprising since the formalism describing the surface tension behavior was developed for a
binary Fe-S system in the absence of arc plasma. Since the weld pool surface is exposed to the arc
plasma for a long time during welding, the chemical nature of the surface may become significantly
different.

The results of the weld pool width and depth of penetration are also presented in Table 3. The
depth to width ratios obtained in this study are somewhat lower than those obtained earlier for
moving arc welds. This is consistent with the results of a recent study of weld penetration during
stationary GTA welding?®-*® on another heat of Type 304 stainless steel. The lower depth to width
ratios during stationary welding were attributed to higher surface temperatures which could result
in a negative -g—% on the weld pool surface and an outward flow. Indeed, this appears to be the case
for the welds made at higher welding currents, as the data of Table 3 reveal. Comparison of the
calculated and experimentally obtained results indicates good agreement.

The experimental and predicted results of the weld pool cross sectional shape and size are
compared in Figs. 5, 6 and 7. For a welding current of 50A, the results show a relatively shallow
weld with a depth to width ratio of 0.25. The calculated as well as the experimentally observed
depth to width ratio is appreciably lower than the values reported in literature for Type 304 stainless
steels with comparable sulfur levels!2~15, For the case of 100 A (see figure 6), the shape of the weld
puddle is markedly different, with a considerable ircrease in depth of penetration. The transverse
section of the weld indicates a somewhat cylindrical shaped weld pool. The weld depth/width ratio
in this case is 0.39.

The experimental and predicted cross-sectional shape and size for 150A welding current (case
5) is compared in figure 7. As would be expected, the calculated shape of the weld pool is different
from the welds made at 50A and 100A welding current. Examination of the results indicate that
the calculated weld geometry using a constant negative g—% agrees best with the actual obser@tions.

5 CONCLUSIONS

A systematic study was carried out to verify the predictions of a transient multi-dimensional
computational model by comparing the simulations with the results of an experimental study. The
welding parameters were chosen such that the predictions of the model could be correlated with
the results of an earlier experimental investigation. Theoretical predictions of the weld pool surface
temperature distributions, the weld pool size and the shape were compared with corresponding
experimental measurements.

Overall, the predictions of the model compared favorably with actual experimental obser-
vations. The effect of sulfur on. the convective heat transfer in the weld pool was modeled by
considering %% as a function of temperature and sulfur content. The results indicate that the sur-
face tension behavior may change at the higher energy level (near 100 A) and the associated higher
surface temperatures.

The results also showed that vaporization places an upper limit on the maximum weld pool
temperature, which for stainless steel is approximately 2575°C. This is comparable to earlier
experimental, as well as theoretical, predictions. If vaporizatior. effects are not considered in the
analysis, the weld pr ol quickly reaches the boiling temperature, which for stainless steel is 2808°C.
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