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Role of Welding Parameters in
Determining the Geometrical
Appearance of Weld Pool

A three-dimensional numerical model is developed to describe the fluid flow and heat
transfer in weld pools. Both full penetration and free deformation of the top and
bottom weld pool surfaces are considered. Temperature distribution and fluid flow
field are obtained. In order to analyze the influence of welding parameters on the
geometrical appearance of weld pools, a normalized model is developed to character-
ize the geometrical appearance of weld pools. It is found that welding current can
significantly affect the geometrical shape. When welding current increases, the curva-
ture of the pool boundary at the trailing end increases. The effect of the welding
speed on the geometrical appearance is slight, although its influence on the pool size
is great. In the interest range of arc length (from 1 mm to 4 mm), the arc length
can affect both the size and the shape of the weld pool. However, compared with the
welding current and speed, its influences are much weaker. GTA welding experiments
are performed to verify the validity of the numerical models. The appearance of weld
pools was obtained by using machine vision and a high-shutter speed camera. It is
found that the calculated results have a good agreement with the experimental ones.

1 Introduction

A series of studies has demonstrated that the grain structure
of the weld metal plays a fundamental role in determining the
mechanical properties of the joint [1-3]. Also, the microstructure
of a weldment is primarily affected by the geometries of weld
pools [4—6]. Thus, the mechanical properties of the joint depend
directly on the geometry of the weld pool [7, 8]. In fact, the
solidification of the weld pool metal is usually considered to be
anucleation and growth process. The nucleation is first formed on
the solid-liquid interface. Then, grains grow along the maximum
temperature gradient direction, i.e., along the direction normal to
the weld pool boundary. As shown in Fig. 1(a), at low heat
inputs and welding speeds, the weld pool becomes elliptical in

shape, and, therefore, the columnar grains grow along the welding:

direction. At high heat inputs and welding speeds, on the other
hand, a teardrop shaped weld pool forms and the resulting colum-
nar grains are straight, as illustrated in Fig. 1(b). Therefore,
welding parameters can affect the grain structure of the weld
metal through its influence on the geometry of the weld pool.
Hence, in order to acquire the desired mechanical properties, the
roles of the welding parameters in determining the geometrical
appearance of the weld pool must be studied.

The understanding of the roles will also play a fundamental part
in the weld penetration control which has been one of the major
research interests of the authors [9, 10]. It is known that the top-
side sensing and control of the weld penetration, which is specified
by the penetration depth and back-side bead width of the weld
pool for the partial and full penetration respectively, are among
the most important research issues in automated welding. How-
ever, both the penetration depth and back-side bead width can not
be directly viewed using top-side sensors. Indirect methods, such
as pool oscillation and infrared sensing, have to be used. It is
known that the weld pool can provide abundant important informa-
tion about the welding process. A skilled human operator can
estimate the weld penetration by observing the weld pool. How-
ever, the sensing of the weld pool is difficult. As an alternative,
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the authors have sensed and controlled the sag geometry behind
the weld pool [10]. Because of the recent development in the
sensing technology, clear images of the weld pools have been
acquired using a high shutter speed camera assisted with pulsed
laser illumination [11]. A real-time image processing algorithm
has been developed to extract the geometry of the weld pool on-
line [12]. Based on numerous accurate measurements of the weld
pools, it was found that the back-side bead width (status of the
full penetration) can be determined from the measured parameters
of the weld pool using a neural-network [13, 14]1. In order to
acquire the desired weld penetration, the geometry of the weld
pool needs to be controlled. Thus, the correlation between the
welding parameters and geometrical parameters of the weld pool
must be understood.

Our research interest has been focused on the critical root
pass where the full penetration is usually required. Although
many numerical models have been established to determine heat
transfer and fluid flow in the weld pool [15-20], the fully
penetrated weld pools with free top and bottom surface have
not been addressed. In this study, the geometry of the weld pool
is characterized by the proposed parameters of the weld pool.
A three-dimensional -numerical model is developed to calculate
the fluid and heat transfer in the weld pool. Free top and bottom
surfaces are used in the numerical model. The experimental
verification of the numerical model is done. Based on the calcu-
lated weld pools, the roles of the welding parameters in de-
termining the geometry of the weld pool are analyzed.

2 Numerical Model of Weld Pool

2.1 Governing Equations. In order to develop the nu-
merical model, the process is defined as follows. The arc is
regarded as a spatially distributed heat, current, and pressure
flux source. Heat transfer and fluid flow occur in the weld pool.
The following additional assumptions have been adopted for
further simplification:

(1) The flow is Newtonian, incompressible, and laminar.
(2) Heat, current, and pressure distributions of the arc have

Gaussian characteristics.
(3) Physical properties are constant.
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Fig.1 Effect of welding parameters on grain structure [4]. (a) Low heat
input and welding speed; (b) high heat input and welding speed.
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Tt should be pointed out that when the pool surface is signifi-
cantly deformed, the heat, current, and pressure distributions
of the arc may not be exactly the Gaussian. However, in our
calculation, the maximum welding current is 160 A. The surface
deformation is not severe. Hence, the Gaussian distributions are
still used in our calculation.

In this study, the coordinate system (x, y, z) is attached to
the torch. The symmetric axis of the electrode is selected as the
z axis. The work bottom surface is used to define the x — y
plane and the torch travels along the x axis. The governing
equations, described by the continuity equation, the momentum
equation, and the energy equation for quasi-steady state velocity
and temperature fields in the workpiece, may be written as
follows:
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Where u, v, and w represent the x, y, and z directional velocities,
respectively. u, is the welding speed, K-thermal conductivity,
p-density, u-viscosity, C,-specific heat, P-pressure, and T-tem-
perature. F,, F,, and F, are the components of the body force.
The body force F is calculated using the electromagnetic and
buoyancy force [20]:

F=J]XB - pBg(T ~ Tn) (6)
Where J is the current density vector, B-magnetic induction
vector, B-coefficient of volume expansion, g-gravitational ac-
celeration vector, and 7,,-melting temperature.

2.2 Boundary Conditions

(i) Pool Surface Deformation. The molten pool is dis-
torted by the gravitational force and arc pressure. The surface
tension acts to support the molten pool. For the arc-pool inter-
face, i.e., the top pool surface, the static force balance can be
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Nomenclature

a, b = model parameters of geo-
metrical appearance of the
weld pool '

B = magnetic induction vector
C, = specific heat
F,, F,, F, = components of body force
g = gravitational acceleration
vector :
I = welding current
J = current density vector
K = thermal conductivity
L = thickness of specimen
I = length of weld pool

Levsp = latent heat for the liquid-va- -

por phase-change
m = evaporation mass rate

n, = normal unit vector to bot-
tom surface

n, = normal unit vector to top
surface

p = liquid pressure
P, = arc pressure

590 / Vol. 118, OCTOBER 1996

Geony = heat loss from convection
evap = heat loss from evaporation
Graai = heat loss from radiation
r = radial distance
T = temperature
T,, = melting temperature
T., = ambient temperature
t,, = tangential unit vector of bottom
surface parallel to x — z plane
t,, = tangential unit vector of bottom -
surface parallel to y — z plane
t,. = tangential unit vector of top sur-
face parallel to x — .z plane
t,, = tangential unit vector of top sur-
face parallel to y — z plane
x-direction velocity
u,, = arc voltage
u, = welding speed
V, = velocity vector of bottom surface
V, = velocity vector of top surface
v = y-direction velocity
w = z-direction velocity.

u

i

x, y, z = regular coordinate system
X,, y, = normalized coordinate system

u = viscosity
Lo = magnetic permeability
p = density :
B = coefficient of volume expan-
sion

v = surface tension
0y10T = surface tension temperature co-
efficient
n = arc efficiency
o = Stefan-Boltzmann constant
o; = arc current flux distribution pa-
rameter
o, = arc heat flux distribution pa-
rameter
€ = surface emittance
¢ = shape function of top pool sur-
face
i = shape function of bottom pool
surface

Transactions of the ASME




P, = pgd +¢

—y (1 s (b?)(bxx = 2¢x¢y¢xy o (1 ¥ d)g)d))’y (7)
(1+ @2+ ¢2)*"?
where z = L — ¢(x, y) is the top pool surface, L is the material
thickness, 7y is the surface tension, and ¢, = (90¢/0x), ¢x =
(8%¢/8x?), etc. The arc pressure P, is determined using the
following formula [22]:

gl x? + y?
P,(x,y) = expl — 8
alx y? 47o; p< 207 ®)

where [ is the welding current, o;-arc current distribution param-
eter, and po-magnetic permeability. When the weld pool is fully
penetrated, the bottom pool surface is also deformed. On the
bottom pool surface, the surface tension prevents the weld pool
from being burnt-through. The balance between gravity and
surface tension can be written as:

pg(p+L—¢)—c

- (L+ 9D — Wby + (1 + 42)
(1 + g2+ ¢y

where z = —(x, y) is the bottom pool surface, and ¢, = (9¢/
8x), P = (04)/0x?), etc. Exactly speaking, the liquid in the
weld pool is compressible. However, in order to avoid complex-
ity, it has frequently been assumed that the liquid is incompress-
ible. In our calculation, this assumption is also used so that the
difference between the liquid and solid densities is negligible.
Hence, the constant ¢ can be determined from the following
constraint of constant volume:

& b(x, yydxdy — § wix, y)dxdy = 0 (10)

Equation (7) and Eq. (9) have the following boundary condi-
tions, respectively,

9

d(x,y) =0, when T=T, L)y
(x,y) =0, when T =T, (12)
(ii) Top Surface.
—KVT-n,
- T exp[ — ok y2> & T e (13)
2o g P 20 ‘21 gconv Gradi q evap
—uV(V, t )-n=QzVT-t (14) -
l’l’ t X t aT x
oy
—uV(V, - t,) n = T VT, (15)
V,on, =0 (16)

where n, is the normal unit vector of the top surface, u,-arc
voltage, o,-arc heat flux distribution parameter, n-arc efficiency,
V -velocity vector on the top surface, t,-the tangential unit vec-
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Fig. 2 Normalized coordinate system
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Fig. 3 Comparison between the numerical boundary and normalized
one (- numerical, —- normalized). (a) 120A (b) 80A.

tor of the top surface parallel to the x — z plane, t,,-the tangential

unit vector of the top surface parallel to the y — z plane, and

dy/OT-temperature coefficient of the surface tension. The heat
loss due to convection, evaporation, and radiation can be written
as:

Geonv = h(T e Tm) (17)
Gevap = mLevap (18)
G = 0(T* — T2) (19)

where % is the convection coefficient, o-Stefan-Boltzman con-
stant, e-surface emittance, 7.,-ambient temperature, Leyap -latent
heat for the liquid-vapor phase-change, and ri-evaporation mass
rate. For a metal such as steel, i can be written as [23]:

log (m) =A—B/T—05logT (20)
where A and B are two constants depending on the used material.

(iii) Bottom Surface.

—KVT- Ny = —Gconv — Gradi (21)
0
—puV(Vpty) - mp = 8_;/: VTt (22)
oy
—UV(Vy ty) My = 22 VT by, (23)
or
Voen, =0 (24)

where n, is the normal unit vector of the bottom surface, V-
velocity vector on the bottom surface, t,-the tangential unit
vector of the bottom surface parallel to x — z plane, and t,,-the
tangential unit vector of the bottom surface parallel to the y —
z plane.

(iv) Front Surface.

u=v=w=20 (25)
T=T1T. (26)
(v) Rear Surface. ‘
u=v=w=20 : 2
2= - (28)
dy

3 Normalization of Weld Pool Geometry Appear-
ance
In order to study the geometry of the weld pool, the weld

pool must be characterized by parameters. Although the pool

length and width could provide a rough description of the geom-
etry, a more accurate description is preferred.

We have proposed the following parametric model to de-
scribe the weld pool boundary in the normalized coordinate
system x,oy, (Fig. 2) [14]: :

y, = Fa(l — x)’x, (a>0,1=5>0) (29)
where x, = x/1, y, = y/2l, L is the length of the weld pool, and
a and b are the model parameters. It has been shown (Fig. 3)
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Table 1 Parameters used in computation

C, = 630 J/kg-K uw=6x10"kg/m-s
= 80 W/m**K o = 1.26 X 10~ H/m
=22 W/m-K p = 7200 kg/m®
=3X107°m B=1Xx 10K
» = 300 K vy = 1.0 N/m
T.= 1723 K 0v/8T = —0.112 x 10~ N/mK
n = 0.65

that the geometry of the weld pool can be sufficiently character-
ized using the parameters /, a, and b [14]. Also, the back-side
bead width can be accurately calculated using /, a, and b [14].
Thus, these parameters are used to characterize the geometry
of the weld pool.

4 Computational Results and Experimental Verifi-
cations

The governing equations with the boundary conditions are
transformed into finite difference equations. In order to improve
the accuracy of the calculation, 50 X 50 X 30 unevenly spaced
grids are used for the 50 X 30 X 3 mm calculational domain.
The minimum grid space was 0.4, 0.25, and 0.1 mm in the x-,
y-, and z-directions, respectively. Fine spacing was used in the
weld pool region because of the higher temperature gradient.
The finest spacing was used for the thickness-direction in order
to describe the deformed weld pool surface. The SIMPLER
algorithm [24] is employed to calculate the temperature and
fluid flow fields. Different welding parameters have been used
in the calculation in order to analyze the effect of welding
parameters on the geometry of weld pools. It is known that
both o, and o, increase when the welding current or arc length
is increased. In our calculation, o, and o, are determined for
different welding current and arc length according to the experi-
mental results [22]. Calculations are made for GTA weld pools
on stainless steel (304 ) plates. The parameters used in the com-
putation are shown in Table 1.

@
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The calculated results of temperature distribution for partial
penetration and full penetration are shown in Fig. 4 and Fig. 5,
respectively. In Fig. 4(a), (b) and Fig. 5(a), (b), melting
temperature is indicated using the dash-dot lines. The interval
of temperature between the two adjacent lines is 250°K. The
deformation of the top and bottom surfaces can be seen clearly.
The top surface of the molten metal is concave in the plasma
impacted region and is convex in the non-impacted region. The
bottom surface of the molten pool is entirely concave down-
ward. In Fig. 4(c), (d) and Fig. 5(c¢), (d), three-dimensional
temperature distributions on the top and bottom surfaces for
partial and full penetration are shown. On both the top and
bottom surfaces, there are temperature peaks, and the tempera-
ture gradient ahead of the moving arc is larger than that behind
the arc.

The calculated results of fluid flow in weld pools for partial
and full penetration are shown in Figs. 6 and 7. It can be seen
that in both partial and full penetration cases, there are similar
patterns of fluid flow in weld pools, i.e., except for the pool
edge, the molten metal on the surface flows radially outward
and moves vertically upwards in the neighborhood of the arc
axis. The maximum flow velocities are 0.62 m/s in Fig. 6, and
0.69 m/s in Fig. 7. It is known that buoyancy normally plays
a less important role in determining the flow pattern than the
temperature coefficients of the surface tension and electromag-
netic force [25]. In our case, small currents, maximally 160 A,
were used and the electromagnetic force is therefore relatively
small. As a result, the pattern of convection in the weld pool is
mainly determined by the temperature coefficient of the surface
tension. That means that the geometrical appearance of the weld
pool is also mainly determined by the temperature coefficient
of the surface tension. For stainless steel, the temperature coef-
ficient of the surface tension on the pool surface is usually
negative. In this case, the highest surface tension is reached at
the solid-liquid interface, while the surface tension of the weld
pool at the arc center is the lowest. Consequently, the molten
metal flows outward from the arc center. It can be seen that our
results are consistent with the experimental observations of the
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2
= »
©
~
N
%
3
3
3
q

Tem,

@

Fig. 4 Calculated temperature distribution with partial penetration. (a) Cross section; (b) longitudinal
section; (c) top surface; (d) bottom surface (workpiece: stainless steel, welding parameters: 140A, 12V,

3.5 mm/s).
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Fig. 5 Calculated temperature distribution with full penetration. (a) Cross section; (b) longitudinal section;
(c) top surface; (d) bottom surface (workpiece: stainiess steel, welding parameters: 160A, 12V, 3.5 mm/s).
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Fig. 6 Calculated fluid flow in weld pools with partial penetration. (a)
Cross section; (b) longitudinal section; (c) top surface (workpiece: stain-
less steel, welding parameters: 140A, 12V, 3.5 mm/s).
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Fig.7 Calculated fluid flow in weld pools with full penetra'tion. (a) f:ross
section; (b) longitudinal section; (c) top surface (workpiece: stainless
steel, welding parameters: 1604, 12V, 3.5 mm/s).
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Fig. 8 Weld cross section comparison between calculation and experi-
ment. (workpiece: stainless steel, welding parameters: 160A, 12V, 3.5
mm/s)

partially penetrated weld pools [26]. Hence, the small flow
velocity on the bottom pool surface does not significantly affect
the overall flow pattern in the weld pool.

GTA welding experiments are carried out for measuring the
geometry of the weld pool and cross sectional shape of the
weld in order to verify the validity of the numerical model.
A comparison between calculated and expeﬁmenta’;ll\y obtained
weld cross section.is shown in Fig. 8. In Fig. 8, the solid line
indicates the measured result, the dash-dot line represents the
calculated result without consideration of pool surface deforma-
tion, and the dash line is the calculated one with consideration of
pool surface deformation. The measured boundary was obtained
from the macrograph of the weld cross section. It can be seen
that predicted results with the consideration of pool surface
deformation matches better with the experimentally observed
ones.

A high-shutter speed camera assisted with pulsed laser illumi-
nation [11] is used to capture the clear image of the weld pool
Fig. 9(a)—(c). The pool boundary is extracted by the devel-
oped real-time image processing algorithm [12]. Then the nor-
malized models can be identified based on the extracted pool
boundaries [14]: The comparisons between the calculated and
measured weld pools are shown in the normalized coordinate
system (Fig. 9(d)—(f)). It can be seen that the numerically
calculated results are in good agreement with the measured
ones.

5 Results and Discussion

The influence of welding parameters on width, length, and
depth of the weld pool is shown in Fig. 10. The bead width,

Unit Width

“o 0.5 0 0.5 S 1

0.5

Unit Length Unit Length Unit Length
Fig.9 Appearance geometry comparison of weld pools between calcu-
lation and measurement (- measurement, -— numerical calculation).
(a)~-(c) weld pool images (The images were acquired from the pool rear
at 45 deg view angle [12].), (d) - (f) comparison between calculated and
measured pool boundaries in the normalized coordinate. (a) and (d):
2.41 mm/s, (b) and (e): 1.95 mm/s, (c) and (f): 1.43 mm/s (workpiece:
stainless steel, welding parameters: 100A, 12V, 3 mm arc length.)
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Fig. 10 Size of weld pools versus welding parameters (- length, -~

width, .. back-side width, —. depth). (a) welding current (b) welding
speed (c) welding arc length.

length, and depth (or the backside width) increase when in-
creasing the current or decreasing the speed (Fig. 10(a), (b)).
On the other hand, the effect of arc length on the bead width,
length, and depth (or the backside width) is more complex (Fig.
10(c)). It seems that there is an optimal range of arc length
for generating the maximum full penetration state (back-side
bead width).

The effect of welding currents on geometrical appearance is
shown in Fig. 11. The geometrical appearances of weld pools
in the regular coordinate and the normalized coordinate systems
are shown in Fig. 11(a) and (b), respectively. It is found that
when increasing the welding current, the length of weld pool
increases faster than the width. In order to analyze and compare
the change in shape of weld pools (as shown in Fig. 11(b)),
the weld pool lengths with different welding currents have been
defined as the unit length (Its value equals 1). It is found that
when increasing welding current, the trailing angle of the pool
becomes smaller (sharper). In fact, when increasing welding
current, the surface temperature over the whole weld pool area
tends to increase quickly. However, due to the movement of
the arc, the condition of heat transfer across the width of weld
pools is better than the transfer condition along the length-
direction. Therefore, the increase of heat energy from the in-
crease in welding current will be consumed by increasing the
length of weld pools more than by increasing the width of weld
pools. This can also be seen in Fig. 10(a). Hence, by changing
the welding current, it is possible to efficiently control the width
to length ratio and the trailing angles of weld pools, which
as noted in the introduction can significantly affect the grain
structure. The above calculation results are currently being used
to develop a control model.

The effect of welding current on the maximum width and
arc center location is shown in Fig. 11(c). It can be seen that
the change in distance between the pool rear (i.e. the point (0,
0) in Fig. 11(b)) and the arc center (described with the dash-
dot line) has a complex trend as the current changes. When the
current is low, the distance has a minimum value. After the
weld pool is fully penetrated, the distance nearly remains con-
stant. On the other hand, the distance between the pool rear and
the location of maximum width (described with the solid line)
always increases with the current. In-addition, the trend of the
change in distance between the arc center and the location of
maximum width (described with dash line) is similar to that of
the distance between the pool rear and the arc center.

(@) 0.5 o ®)
205

Unit Width
e
GoN
4
Unit Distance

Y-axis (mm)
w0

Q
50 100 150 200
Welding Current (A)

% s 0 0.5

X-axis (mm) Unit Length
Fig. 11 Effect of welding currents on geometrical appearance of weld
pools. (a) geometrical appearance of weld pools in regular coordinate
(-.60A, —- 100A, .. 120A, - 160A) (b) geometrical appearance of weld
pools in normalized coordinate (-. 60A, —— 100A, .. 120A, - 160A) (c)
locations of arc center and maximum width (-. arc center, — maximum
width, -~ distance between arc center and maximum width)
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The effect of welding speeds on the geometry of weld pools
is shown in Fig. 12. The geometrical appearances of weld pools

in the regular coordinate and the normalized coordinate systems .

are shown in Fig. 12(a) and (b), respectively. The location of
arc center and maximum width is shown in Fig. 12(c). It is
found that when increasing the welding speed, the increases in
the length of weld pool are almost the same as those in the
width of weld pool. Similar results have also been acquired by
experimentation (Fig. 9). This implies that the effect of welding
speed on the shape is not significant. Thus, the welding speed
can be adjusted to acquire the desired size of the weld pool.
The control of the pool size and shape can be significantly
simplified. On the other hand, it can be seen that the locations
of the arc center and the maximum width in the normalized
coordinate system remain nearly constant (Fig. 12(c)). This
again shows that the influence of the welding speed on the
shape of the weld pool is slight. '

Effect of the arc length on the geometry of weld pool is
shown in Fig. 13. The geometrical appearance of weld pool in
the regular coordinate and the normalized coordinate systems
are shown in Fig. 13(a) and (b). The locations of arc center
and maximum width are shown in Fig. 13(¢). It can be seen
that the change in the pool size is significant when the arc
length is less than 3 mm. However, when the arc length exceeds
beyond 3 mm, the change in the pool size becomes slow. In
addition to the size, the shape of the weld pool also changes
with the arc length when the arc length is small. It can be seen
in Fig. 13(b) that the weld pool becomes circular when the arc
length decreases. Similarly, when the arc length further in-
creases, its influence on the shape of the weld pool tends to be
small (Fig. 13(b)). Compared with the current, the influence
of the arc length on the shape is much smaller (Fig. 11 (b) and
Fig. 13). Also, the influence of the arc length on the size of
the weld pool is much smaller than that of the welding speed.
Thus, in the prospective control system of the weld pool geome-
try, the current and welding speed should be selected as the
main control variables to adjust the size and shape of the weld
pool. As the auxiliary variable, the arc length could be used to
achieve a fine control system for the weld pool geometry. On
the other hand, the locations of the arc center and maximum
width change very slowly (Fig. 13(¢)). In fact, when changing
the arc length, the arc distributed region of heat, current, and
pressure tends to change evenly. Therefore, the effect of arc
length on geometrical appearance of weld pools is not signifi-
cant.

6 Conclusion

A three-dimensional numerical model has been developed to
describe the fluid flow and heat transfer in weld pools. Both
the full penetration and the free surface deformation of weld
pools on the top and bottom are considered. Temperature distri-
bution and fluid flow field are obtained. GTA welding experi-
ments are made to verify the validity of the numerical models.
It is found that the calculated results have a good agreement
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Fig. 12 Effect of welding speeds on geometrical appearance of weld
pools. (a) Geometrical appearance of weld pools in the regular coordi-
nate (-. 2.1 mm/s, -- 2.7 mm/s, .. 3.3 mm/s, - 3.9 mm/s) (b) geometri-
cal appearance of weld pools in the normalized coordinate (-.2.1 mm/
s, —— 2.7 mm/s, .. 3.3 mm/s, - 3.9 mm/s) (c) locations of arc center
and maximum width (-. arc center, - maximum width, —~- distance be-
tween arc center and maximum width)
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Fig. 13 Effect of welding arc lengths on geometrical appearance of
weld pools. (a) Geometrical appearance of weld pools in the regular
coordinate (-. 1 mm, - 3mm, .. 5 mm, - 7 mm). (b) geometrical appear-
ance of weld pools in the normalized coordinate (-. 1 mm, - 3 mm, ..
5 mm, - 7 mm). (c) locations of arc center and maximum width (-. arc
center, - maximum width, — distance between arc center and maximum
width)

with the experimental ones. In order to analyze the influence
of welding parameters on the geometrical appearance of weld
pools, a normalized model is developed to characterize the geo-
metrical appearance of weld pools. Based on the numerical
results, the following are found:

(1) The welding current can significantly affect the geomet-
rical appearance. As the welding current increases, the curvature
of the weld pool boundary at the trailing end increases.

(2) The effect of the welding speed on the geometrical
appearance shape is slight. Whereas its influence on the pool
size is great.

(3) In the interest range of arc length (from 1 mm to 4
mm), the arc length can affect both the size and the shape of
the weld-pool. However, compared with the welding current
and speed, its influences are much weaker.

Thus, the welding current and speed could be selected as the
main control variables for adjusting the geometrical appearance
(size and shape) of the weld pool. The arc length could be used
as an auxiliary control variable for a fine control of weld pool.
Because of the weak influence of the welding speed on the
weld pool shape, a decoupling control system could be easily
developed to control the size and shape of the weld pool in

" order to achieve the desired weld grain structure.
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