
ABSTRACT. This study presents a semi-
empirical methodology for prediction of
fusion depth and width in the gas metal arc
welding process. The semiempirical
methodology is based on the theoretical
heat conduction solution of a moving
point heat source with appropriate cor-
rections obtained through experimenta-
tion. The corrections reduce the system-
atic errors observed when theoretical
calculations and experimental fusion
depth and width measurements are com-
pared. The method uses an applied re-
gression analysis by the least squares
method for estimating these errors. The
resulting prediction of fusion depth and
width by the semiempirical model shows
good agreement with experiments for
bead-on-plate welds. The methodology is
also applicable to T-joint fillet welding
with appropriate heat distribution ratio to
web and flange. Since this methodology
does not require complicated or excessive
computation, it is especially useful for ac-
tual welding process applications. It will
also provide a robust approach to adaptive
welding, as well as stabilizing weld quality.
A similar welding process model for ma-
terials other than steel, such as aluminum
alloys and stainless steel, can be developed
through the same approach as proposed
here with some ancillary experimentation. 

Introduction

Prediction of fusion in welding is
essential for obtaining adequate joining

qualities and increasing productivity.
Intelligent automated welding processes
require adaptive control technologies that
can predict weld fusion in a simple and
easy manner. The purpose of this study is
to present a practical methodology for the
prediction of fusion in welding. 

For the prediction of fusion in welding,
there are a number of published numeri-
cal solutions based on heat conduction
models (Refs. 1–5). Although the heat
conduction solution provides a fairly ac-
curate prediction of temperature in areas
outside the fusion zone, it exhibits errors
in fusion zone shape predictions. A major
reason is that fluid flow dominates heat
transfer in the weld pool, and conse-
quently, determines the fusion zone
shape. The various driving forces acting on
the fluid flow in the weld pool include
electromagnetic force, arc plasma flow,
surface tension, and buoyancy. These
were investigated in a number of simula-
tion studies of fluid flow caused by inter-
action of various driving forces, as well as
on the effect of individual driving forces
(Refs. 6  –18, 23).

Currently, simulation software devel-
opment for welding processes is focused
on obtaining supporting tools for produc-
tion, such as development of a smart weld-

ing machine, an intelligent welding robot,
and also on education and training for
welding engineers and welders (Ref. 13).
Generally, the weld heat flow and fluid
flow are computed through equations of
continuity, energy, and motion. The ef-
fects of individual driving forces are then
evaluated separately, as well as in combi-
nation. More detailed and accurate mod-
els are being developed and validated, in
parallel with investigation of weld pool
convection. 

Despite all these efforts, there still re-
mains some difficulties in the practical ap-
plication of numerical models. The nu-
merical model simulations require many
calculations for simultaneously solving the
coupled fluid and energy equations taking
into account all the phenomena occurring
in the weld pool. Furthermore, essential
data for high-temperature-dependent
properties of material, such as the weld
surface tension gradient and viscosity gra-
dient, are inadequately defined at present
(Ref. 18). The inclusion of many complex
parameters has limited the utilization of
simulation software in current production
applications, especially for fluid flow in T-
joint fillet welding. Our knowledge with
regard to the T-joint is still limited. 

In view of realizing a production-
friendly predictive model, the present
study adopts a method that obtains an
approximation of the weld interface with
the heat conduction solution by adopting
semiempirical corrections obtained from
systematic experiments. A reasonable
estimate of the temperature distribution
can be obtained via the heat conduction
solutions when boundary conditions are
given. For example, the following are
important factors:

• welding parameters such as heat
intensity and traveling speed, 

• kinds of materials, 
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• size of material, finite/infinite of base
metal, plate thickness, joint edge shapes. 

The fusion zone shape calculated by
the heat conduction solution, however,
will have some errors from actual welding.
In the present study, the fusion depth and
width are first estimated using the moving
point heat source solution and then cor-
rected using regression equation obtained
from bead-on-plate welding experiments.
Since the errors between the theoretical
calculations and experiments are system-
atic, the regression equations corrections
provide accurate estimates for the predic-
tion of fusion shape. This study also inves-
tigates the fusion in T-joint fillet welds by
applying the same methodology with ap-
propriate distribution ratio of heat inten-
sity on web and flange. The predictions are
in good agreement with the experiments
providing a simple and practical method
for predicting fusion depth and width in
bead-on-plate and T-joint fillet welds. 

Mechanism of Fusion in Gas
Metal Arc Welding 

Fluid flow in the weld pool is the major
factor to determine the fusion zone shape
(Refs. 6, 17). The driving forces acting on
the fluid flow vary with welding current,
arc length, welding speed, and shield gas,
resulting in large variations in the fusion
zone shape. Nevertheless, three fusion
zone cross-section shapes in Fig. 1 are fre-
quently adopted (Refs. 16, 19, 20). They
consist of 1) simple penetration type, 2)
central penetration type, and 3) periph-
eral penetration type. In the simple pene-
tration type, the cross-sectional weld in-

terface has a semicircular
or elliptical shape. It tends
to appear in welding with a
lower current and a
shorter arc. The tempera-
ture distribution in this
simple penetration type
closely resembles the tem-
perature distribution cal-
culated through the mov-
ing point heat source
assumption (Ref. 20).

The central penetra-
tion type frequently ap-
pears under heavy current.

A strong plasma stream deeply depresses
the molten pool at its center, resulting in
deeper fusion at the center (Ref. 20). Sur-
face-active elements such as sulfur and
oxygen can also make the fusion deeper by
altering surface tension gradients on the
weld pool surface and thereby, changing
the magnitude and/or direction of fluid
flow in the weld pool (Refs. 11, 12).

The peripheral penetration type is ob-
served when a long arc length is held for a
long time. The formation of this type may
be explained by internal convection in the
molten pool. As the surface temperature
at the center of the molten pool becomes
higher than the peripheral zone, a surface
flow from the center to the peripheral
zone is enhanced by the surface tension
gradient (Ref. 20). 

Heat transfer along the welding
direction also affects the determination of
the horizontal fusion zone shape. Arc
forces tend to push liquid metal toward
the rear boundary of the weld pool. In
addition, the surface tension gradient also
enhances fluid flow in the same direction.
This trend becomes significant at both a
higher current and a higher speed of
welding providing increase of fusion depth
and decrease of width (Refs. 1, 21, 22). 

A Moving Point Heat 
Source Solution

This study begins with the heat
conduction solution. It provides an
approximation of fusion zone shape
through a simple calculation assuming a
moving point heat source. It can be used
to calculate fusion volume, fusion width

and depth, weld ripple lag, and average
temperature of the weld pool (Ref. 1). It
has also been utilized to calculate the heat
capacity and average temperature of the
leading part and trailing part of the weld
pool separately (Ref. 2). The general
assumptions below are used in a moving
point heat source solution (Ref. 2).

Only heat conduction by a moving
point heat source is considered in heat
transfer. The surface of the weld pool is
assumed to be flat. Material properties
such as heat conductivity, specific heat,
and specific gravity are assumed to be
constant. Latent heat is neglected. A semi-
infinite plate geometry is assumed.

In addition, the present study includes
heat dissipation by means of radiation and
atmospheric convection from the plate
surface in defining the arc efficiency.

Taking the position of a point heat
source as the origin O, and the welding
direction as x axis, and the distance of any
point from the x axis as r, Z is defined as Z
(x, r), the temperature at the point Z (x, r)
in an infinite body is expressed as
Equation 1 (Refs. 1, 2), where an arc is
assumed as a moving point heat source.

(1)

where T = temperature rise at the point Z
[K]; q = heat intensity [J/ s]; v = welding
speed [m/ s]; λ = heat conductivity [W/ (m
⋅ K)]; κ = thermal diffusivity [m2/ s] {κ = λ
/(c ⋅ p)}; c = specific heat [J/ (kg ⋅ K)]; ρ =
density [kg/ m3].

Let the welding conditions be defined
by an operating parameter n1 — a quantity
related to the product of heat intensity q
and welding speed v
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Fig. 1 — Three typical cross-sectional penetration types in arc welding

1. The operating parameter n will prepare more ac-
curate parameter for evaluating fusion of base ma-
terial in welding. Many works use the parameter of
the Heat Input [J/(m/s)]; however, the relation of
fusion and heat intensity may express some more
errors, because more heat will be dissipated to the
adjacent base metal without fusing in a welding
with slower speed.

C
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Table 1 — Welding Parameters

(1) Bead-on-plate welding (2) T-joint fillet welding
Welding Welding Plate Weaving Operating Welding Plate Weaving Operating Root
Position Current Voltage Speed Thick Width Parameter Current Voltage Speed Thick Width Parameter Opening

A V m/s mm mm A V m/s mm mm mm

Horizontal 231.9 25.1 0.0118 12 - 17.4 272.9 26.4 0.0118 12 - 21.5 0.0
225.6 25.0 0.0071 5 - 10.2 266.4 23.5 0.0063 12 - 9.9 0.4
201.5 28.4 0.0118 12 - 17.0 320.8 26.4 0.0063 12 - 13.4 0.5
193.8 25.2 0.0118 5 - 14.6 262.6 23.9 0.0063 12 0.7 9.9 0.3
232.6 24.9 0.0118 5 - 17.3 253.7 23.9 0.0063 12 2.0 9.6 0.1
195.3 28.4 0.0063 5 - 8.8
196.1 25.3 0.0063 12 - 7.9
229.8 28.2 0.0063 12 - 10.3
241.8 23.8 0.0063 12 0.7 9.1
231.7 23.9 0.0063 12 2.0 8.8

Vertical 138.3 22.3 0.0050 12 - 3.7 147.4 21.9 0.0050 12 - 3.8 0.1
138.7 22.1 0.0033 5 - 2.4 143.1 21.2 0.0033 12 - 2.4 0.1
119.8 23.0 0.0050 12 - 3.3 167.7 22.0 0.0033 12 - 2.9 0.0
121.2 22.2 0.0050 5 - 3.2 138.8 20.7 0.0033 12 0.7 2.3 0.4
144.3 23.0 0.0050 5 - 4.0 137.0 20.7 0.0033 12 2.0 2.2 0.4
119.4 23.0 0.0033 5 - 2.2
118.9 22.2 0.0033 12 - 2.1
144.2 23.0 0.0033 12 - 2.6
134.0 21.2 0.0033 12 0.7 2.2
136.0 20.9 0.0033 12 2.0 2.3

Overhead 197.9 23.0 0.0077 12 - 7.8 203.8 23.9 0.0077 12 - 8.3 0.0
197.7 22.9 0.0050 5 - 5.0 189.3 21.7 0.0050 12 - 4.6 0.2
171.5 25.3 0.0077 12 - 7.4 220.3 24.0 0.0050 12 - 5.9 0.2
169.0 23.2 0.0077 5 - 6.7 199.6 21.9 0.0050 12 0.7 4.9 0.1
198.4 25.1 0.0077 5 - 8.5 198.5 22.0 0.0050 12 2.0 4.9 0.2
169.3 25.3 0.0050 5 - 4.8
171.8 23.2 0.0050 12 - 4.4
195.4 25.2 0.0050 12 - 5.5
165.2 22.3 0.0050 12 0.7 4.1
171.5 22.0 0.0050 12 2.0 4.2

where Tf = temperature rise to melting
point; Tf = Tm –T0, Tm : melting point (Tm
= 1808 K, in the case of steel); T0 = room
temperature. 

Let the parameters x, r, and z be
represented by dimensionless parameters
multiplying by ν/2k  

Substituting Equation 2 in Equation 1,
one obtains

(3)

Equation 3 gives the fusion temperature
contour in welding when T = Tf is
substituted. Figure 2 shows a theoretical
outer elliptical line of molten pool, where
points S, M, P, and M’ are calculated by
Equations 4, 5, 6, and 7 with n = 7.86.

In Fig. 2, M-M’ is the maximum fusion

width. One will obtain by the condition of
dR/dX = 0 on the isothermal contour
expressed by Equation 3, where T=Tf

(4)

(5)

(6)
In addition, for R = 0, one obtains

point S (X1) and P (–X2) in Equation 3.

(7) 
This results in a semicircle with radius R
for the cross-sectional isothermal contour
for the weld pool.

Christensen et al. (Ref. 1) showed the
experimental fusion width is greater than
the calculated width, and the trend is
reversed in fusion depth. The errors in the
fusion depth and width calculations are
attributed to the effects of heat source
properties and weld pool convection. The

increased arc forces at the high value of n
also introduce preferential currents
flowing from the crater in directions
downward and toward the rear boundary
of the pool (Ref. 1). 

In addition, the following are constants
adopted in the theoretical calculations in
this study:

λ: Heat conductivity 33.47 [W/(m⋅ K)]
c: Specific heat 878.6 [J/(kg⋅ K)]
ρ: Density 7600 [kg/m3]
κ: Thermal diffusivity 5 × 10–6 [m2/s], 

κ = λ/(c⋅ ρ)
Tf: Temperature rise to melting point 

1500 [K]

Experimental Procedures

The experimental welding process em-
ployed in this study is bead-on-plate  and
T-joint fillet with gas metal arc welding
(GMAW), with the following conditions:
welding current for horizontal position,
193–242 A, welding speed, 0.0063–0.0118
m/s; for vertical position, 120–145 A,
welding speed, 0.0033–0.005 m/s; for
overhead position, 169–198 A, welding
speed 0.0077–0.0050 m/s; consumable
welding wire, SF-1 seamless flux cored
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wire, 1.2 mm diameter; shielding gas
100% CO2, flow rate 0.33 L/s. Table 1 lists
welding parameters applied in this study.
They were selected so that the combina-
tion represents the statistic sampling. The
values of operating parameter n are in the
range of 2.1 ~ 21.5. The base metal is car-
bon steel the size of 200 × 300 mm; plate
thicknesses 12 mm and 5 mm, thermally
insulated with ceramic block from the ex-
perimental slab. Figure 3 shows the as-
sembly of the test specimen and welding
orientation. About 25 mm of both ends of
the welding bead are discarded, and two
sections taken from the center section are
used for the fusion area, depth, and width
measurements.

Estimation of Arc
Efficiency

Christensen et al. (Ref.
1) found the weld pool vol-
umes derived from the
moving point heat source
solution are in good agree-
ment with experiments. In
the present study, the arc
efficiency was estimated
from comparing the theo-
retical fusion cross-section
area 1⁄2pRm2 with experi-
ments. The experimental
fusion area s was con-
verted to a dimensionless
basis

The sampled fusion area
for the estimation of arc ef-
ficiency was obtained from
bead-on-plate welds with a

plate thickness of 12 mm. 
In the gas metal arc welding processes,

heat dissipates into the atmosphere by
means of heated shield gas dissipation,
spatter, radiation, and atmospheric con-
vection from the surface of weld pool and
base material. Since welding current and
speed, shape of weld pool, and volume of
deposited metal have an effect on the heat
dissipation, the welding orientation is one
of the major factors that affect arc effi-
ciency. The arc efficiency was estimated as
80% for horizontal position, 75% for ver-
tical position, and 70% for overhead posi-
tion. The theoretical fusion area calcu-
lated with these values agreed well with
the experimental measurement in Fig. 4.

The estimated arc efficiency values are
consistent with those obtained by Chris-
tensen (Ref. 1) and are applicable to sub-
sequent calculations of fusion depth and
width.

Predicting the Fusion Depth and Width in
Bead-on-Plate Welds

Figure 5 shows a typical cross-sectional
macrostructure. It has a fusion zone shape
representative of the other specimens of
the simple penetration type (a).

The experimental measured fusion
depth d and width w are converted to
dimensionless basis 

Figure 6 shows a comparison of the
theoretical and experimental fusion depth
and width in bead-on-plate welds. As
postulated earlier, the theoretical fusion
depth appears to be larger than the
experiments; conversely, the width
appears smaller. The errors between them
seem systematic for both fusion depth and
width for the wide range of operating
parameter n; however, the fusion depth in
plate thickness 5 mm appears wider than
range scattering.

This study applies the least squares
regression to welding a 12-mm plate
without weaving to avoid any influences
from weaving or a thinner plate using
elasticity model. The data were felled to a
regression equation y=a·xb. Taking the
logarithm on both sides, one obtains:

ln y = ln a+b ⋅ ln x (8)

Here, y is the dependent variable
representing fusion depth or width and x
is the independent variable representing
operating parameter n. The experimental

S
k

s= ⎛
⎝⎜

⎞
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Fig. 2 — Theoretical weld pool outer line by a moving point heat source
solution.

Fig. 3 — Test specimen assembly and welding orientation.

Fig. 4 — Fusion area (bead-on-plate welding, 5- and 12- mm plate
thicknesses; welding positions (H) horizontal, (V) vertical, (O)
overhead; 0.7- and 2.0-mm weaving width). The arc efficiency was
estimated as 80%, 75%, and 70% for H, V, and O, respectively, from
comparing the theoretical cross-section area with experiments. 
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measured data were analyzed through a
linear regression with Equation 8. The
regression equations for fusion depth and
width are expressed as follows:

D* = 0.4175 ⋅ n0.6996 (D*Estimator2

for fusion depth) (9)

W* = 1.9737 ⋅ n0.5889 (W*Estimator2

for fusion width) (10)

The correlations of determination R2

are 0.945 and 0.984 for fusion depth and
width, respectively. The other test
statistics for the regression analysis are
listed in Table 2. 

Figure 7 shows the estimated fusion
depth and width calculated by Equations
9 and 10 along with the experimental data.
The regression equations show good
agreement with the experiments. An
experimental fusion depth in higher n
value appears slightly larger than required
by regression equation, and conversely,
width is smaller. This tendency is
consistent with the Christensen et al.
results (Ref. 1). The estimation by the
regression equations can predict well both
fusion depth and width for the operating
parameter less than 15.

It is well known that the temperature
rise in the base material when welding a
thinner plate is greater than in a thicker
plate. This study also examined fusion
area, depth, and width for a 5-mm plate
thickness. As observed in Fig. 4, the  ex-
perimental fusion area in the 5-mm plate
also agrees with the theory, as well as in
the 12-mm thickness. Figure 6 shows fu-
sion depth and width in the 5-mm thick-

ness. The fusion depth,
however, seems to have
larger fluctuations than
in the 12-mm thickness.
The reason for this fluc-
tuation is discussed
later. Figure 4 also
shows the fusion area
when welding with a 0.7
and 2 mm weave on a
12-mm plate. The fu-
sion area by welding
with weaving is slightly
smaller than predicted
by the calculation. In
Fig. 6, experiments with
weaving show good
agreement with the re-
gression equations. As
known, weaving in-
creases fusion width,
and conversely, de-
creases fusion depth;
however, the difference between
with/without weaving is not significant
when the weaving is less than 2 mm.

Predicting the Fusion Depth and Width for 
T-Joint Fillet Welds

A T-joint consists of two perpendicular
plates, which can include different plate
positions such as horizontal-vertical or
vertical-overhead. The heat flow and fluid
flow in T-joint fillet welding is significantly
different from bead-on-plate welding. The
volume and the shape of weld pool, the
direction of plasma stream, and the
discontinuity of heat conduction at the
abutting surface on the other plate have an
effect on the heat transfer and the fusion
of each plate. Our knowledge of the T-
joint fillet welding process with regard to

the heat distribution, fluid flow, and
mechanism of fusion is limited at present.
Furthermore, there are many error factors
in the welding process such as deviations
of welding gun position and angle, and
root opening. This study investigates
fusion area, depth, and width in T-joint
fillet welds applying the same regression
equations obtained from the bead-on-
plate welds. 

Figure 8 presents a conceptual diagram
of heat flow and fusion zone depth and
width in T-joint fillet welding. The
purpose of this figure is to illustrate the
complexity of the T-joint geometry
compared to the bead-on-plate geometry
considered previously. For example, the
fusion zone may not be symmetric about
the point of maximum depth (D) because
of asymmetric conditions. The present

Fig. 5 — Example of cross-sectional macrostructure in bead-on-plate
welding (12-mm-thick plate, no weaving, overhead position, n = 7.78,
198 A, 23 V, 7.7 mm/s, h = 70%). The macrostructure has a fusion
zone shape representative of the other specimens of the simple
penetration type.

Fig. 6 — Fusion depth and width in bead-on-plate welding (fusion depth
D, fusion width W, 12- and 5-mm-thick plates, 0.7- and 2.0-mm weaving
widths). Welding positions include H, V, and O.

2. The regression equations can estimate fusion
depth and width obtained from statistics analysis. 

Fig. 7 — Regression of fusion depth and width (bead-on-plate welding,
12-mm-thick plate, no weaving). The correlations of determination are
0.945 and 0.984 for fusion depth and width, respectively.
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work estimates the total area of the fusion
zone, not the detailed geometry. The
following conditions are assumed:

1) Heat intensity is applied separately
to web and flange with appropriate
distribution ratio and the fusion is
processed separately on each plate by the
distributed heat. 

2) The fusion area, depth, and width
are calculated irrespective of the location
of point heat source.

3) Fusion width on the web is designated
as the distance from flange surface to outer

weld interface on the plate surface. 
Although two perpendicular plates

have different welding positions, for
simplicity, this study applies the same arc
efficiency for bead-on-plate welding, i.e.,
80% for horizontal, 75% for vertical, and
70% for overhead position.

Figure 9 shows theoretical total fusion
area and experimental fusion area, i.e., the
sum of the fusion area in web and flange.
This figure shows the calculation results
are slightly larger than experiments. Since
the error is negligibly small, this figure

shows the estimated arc efficiency is also
applicable to the T-joint fillet welding. 

The heat distribution into web/flange is
complicated because the mass and shape
of molten metal also affects heat transfer
in three dimensions along the interface of
the two perpendicular plates. In the pre-
sent experiments, the web and flange are
of equal thickness and the welding gun is
maintained at a 45-deg angle. Further
studies are appropriate to determine the
sensitivity to web and flange thicknesses,
gun angle, and material. The flange ex-
tends in two directions while the web ex-
tends in one direction. The temperature
difference at the web-flange contact sur-
face is small and more energy flows into
the flange. This study found a distribution
of 60% into the flange and 40% into the
web yielded reasonable results.

Figure 10A and B show the fusion area
in web and flange, along with a compari-
son of the theoretical and experiments. In
lower n value, the fusion area of the web
appears larger than the calculation, and
conversely smaller in the  flange. For these
welds, the cross-sectional macrostructure
shows inclined deposited metal on the
web, which implies an offset of welding
wire. This offset effects also fusion depth

Fig. 8 — Conceptual model of heat flow and fusion in T-joint fillet weld. Fig. 9 — Total fusion area in web and flange. Experimental fusion area is a
sum of cross-sectional area in web (Sw) and flange (Sf).

Fig. 10 — Fusion area in web and flange. The heat distribution ratio for theoretical calculation is estimated from the experimental fusion area in web and flange
as 2/5: 3/5. A — Fusion area in web; B — fusion area in flange.

A B

Table 2 — Test Statistics of Null Hypothesis Testing

Null Hypothesis Testing (two-tailed test), Population Regression: y=β1+β2.x
Testing 1: Fusion depth (D*) Testing 2: Fusion width (W*)

Hypothesis β2 = 0 Hypothesis β2 = 0
Alternative hypothesis β2 ≠  0 Alternative hypothesis β2 ≠  0
Significant level 0.01 Significant level 0.01
Test static t 13.14 Test static t 24.96
Percent point 3.11 Percent point 3.11
t > percent point t > percent point
Reject Reject
Reference P :6.3 × 10−6 Reference P :3.3 × 10−8

R2:0.945 R2:0.984
F :172.60 F :623.00
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and width as well as fusion area. By taking
this error into account, the calculated fu-
sion area with the distribution ratio agrees
well with experiments. The approximate
distribution ratio is adopted in the subse-
quent calculations of fusion depth and
width in T-joint fillet welding.

The web in the T-joint also has a finite
material surface. In a finite body, the heat
does not conduct beyond the surface; it
raises the temperature higher than in an
infinite body with some heat dissipating
outside of the body from the surface. This
end condition on temperature rise acts as
if the heat reflects at the surface without
further conduction. The temperature rise
also enhances fusion at the near boundary
of the web end surface. As this study
adopts the heat conduction solution for an
infinite body, the end effect of the surface
on the temperature rise is not negligible.
This study also includes the effect of heat
reflection, so that the calculation meets
well with experimental fusion depth. This
results in making an assumption that there
is an additional 60% of heat intensity.
Figure 11A shows estimated fusion depth
using the heat intensity 0.4n × 1.6 and
compares with experimental fusion depth.
This assumption of heat intensity results
in good agreement with the experiments
over the entire range of n values used in
this study.

The effect of reflected heat is neglected
in the calculation of fusion width. This is
due to the outer weld interface on the web
having a significant distance from the web
end surface. Figure 11B shows that the fu-
sion width calculated with heat intensity
0.4 n is in good agreement with the exper-
iment for lower n values. For higher n val-
ues, the deviation between the calcula-
tions and experimental fusion width is
considerably larger. In horizontal T-joint
fillet welding, gravity force deforms the
molten metal and it drops on the horizon-
tal plate. This larger quantity of molten
metal reduces the fusion width (Refs. 24,

25). Consequently, re-
strained fusion width in
the horizontal plate is at-
tributed to the inclined
deposited metal on the
horizontal plate. Further
studies on the fluid flow
in fillet welding are
needed to clarify this
process.

Figure 12 shows fu-
sion depth and width in
the flange. Although the
experimental data scat-
tering appears larger
than that in the bead-on-
plate weld data, the cal-
culation shows fairly
good agreement with
the experiments.

Figure 11A and B,
and Fig. 12 also show fu-
sion depth and width with weaving. Gen-
erally, weaving will decrease the fusion
depth in the web, and conversely, will in-
crease the width; however, the effect of
weave with widths of 0.7 and 2.0 mm is not
significant for either the web or the flange.
(Note: In Fig. 11 Wf* should be Ww*.)

Discussion

Effect of Plate Thickness

Figure 13A and B compares the cross-
sectional macrostructure of welding 12-
and 5-mm-thick plates, with the same
welding parameters. In the 12-mm plate,
the boundary of the heat-affected zone
(HAZ) appears along the weld interface
without the influence of reflected heat. In
the 5-mm plate thickness, Fig. 13A shows
the HAZ extends to the plate’s back
surface. In addition, slight deformation is
also observed on the plate’s back surface,
implying the temperature exceeds A1
transition temperature (about 1023 K or
750°C in steel) at the plate’s back surface.

Figure 14 shows isothermal contours of
1023 K (750°C) and 648 K (375°C) calcu-
lated using Equation 3, including a com-
parison with the actual HAZ. As observed
in Fig. 14, the HAZ line of actual welding
(Fig. 13B) meets well with the theoretical
isothermal contour 648 K (375°C) on the
plate’s back surface. This figure indicates
that the temperature on the plate’s back
surface rises approximately twice as much
as theoretical temperature calculated for
an infinite body. Namely, the theoretical
temperature 1023 K (750°C) on the plate’s
back surface approximates the weld inter-
face 1773 K (1500°C) in welding thinner
plate. It is postulated that the fusion depth
increases abruptly when the theoretical
temperature contour of 1023 K (750°C)
extends close to the reverse surface. The
wider scattering observed in Fig. 6 is con-
sequently attributed to the heat reflection
from the plate’s back surface.

This heat reflection also affects the
fusion depth in the web of T-joint fillet
welding. While the assumption of an
additional 60% heat intensity provides

Fig. 12 — Fusion depth and width in flange. Df (0.7, 2.0 H, V, and O)
indicates weaving widths of 0.7 and 2.0 mm, including weaving positions
of H, V, and O.

Fig. 11 — Fusion depth and width in web. A — Fusion depth in web. The heat intensity is assumed as 40% of total heat intensity by distribution ration and then
multiplied by 1.6 taking the heat reflection into account; B — fusion width in web. The heat intensity is assumed as 40% of total heat intensity by distribution
ratio, and the effect of heat reflection is neglected for fusion width.

A B
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good agreement with the whole range of
this experiment, for large values of n (n =
21), adopting a value of 80% gives better
agreement. This is understandable since
the point of maximum fusion depth is
located closer to the boundary of the
material end surface with a higher value of
operating parameter n.

Weaving

Generally, weaving will have an effect
on fluid motion in the weld pool, thereby
decreasing fusion depth and increasing
fusion width. The regression analysis
indicate results there is little effect of the
weaving for width under 2 mm. The effect
of weaving seems to be concealed with the
other driving forces in the weld pool when
the weaving width is smaller than 2 mm.

While a wider weaving
width may increase the
fusion width and
decrease the fusion
depth by changing the
heat source properties,
and the fluid flow in the
weld pool, this requires
further investigation.

Applicable Range of the
Semiempirical
Methodology

This study has pre-
sented the methodology
and results for correcting
the moving point heat
source solution using
bead-on-plate weld data.
Because the errors are
caused by the fluid flow

in the weld pool that varies with different
welding conditions, the estimates from the
model will give an error because the fusion
zone shape differs from the simple pene-
tration type (a). The following is a sum-
mary of the applicable range: 

GMAW of the simple penetration type.
Operating parameter n ≤ 15.
Weaving of 2 mm and less. 
Plate thickness  of 5 mm and above. 

Summary

This study uses the classical heat con-
duction solution with an assumption of a
moving point heat source for the analysis
of the fusion area, depth, and width in
GMAW. The results of comparison with
experimental fusion depth and width show
systematic errors. These were corrected by

corrections based on regression equa-
tions. The resulting semiempirical weld
model shows good agreement with exper-
imental data for both bead-on-plate welds
and T-joint fillet welds. Moreover, the
methodology using this semiempirical ap-
proach can be extended to practical pre-
diction of weld fusion for materials other
than steel.

The following conclusions have been
obtained from this study:

While giving prediction errors in fusion
depth and width, the theoretical heat
conduction solution using a moving point
heat source provides good qualitative
agreement for the fusion area. This
introduces the arc efficiency through
fusion area for each welding position
through theoretical and bead-on-plate
weld comparisons. 

The corrected solution also provides a
good approximation of fusion depth and
width by reducing the systematic errors
between theory and experiments. The re-
gression equations show good correlation
with experimental data for bead-on-plate
welds. This results in development of a re-
liable model for prediction of fusion. 

This study also analyzes fusion depth
and width in T-joint fillet welds using the
same model. The model can predict fusion
depth and width well for both web and
flange by adopting an assumed heat
distribution ratio and effect of reflected
heat on the end surface of web. 

The model provides prediction for
fusion depth and width in GMAW in an
easy and practical manner. It will be useful
in the design of welding procedures and in
adaptive control of welding parameters in
automated welding systems. 
This semiempirical weld model can be ex-

Fig. 13 — Comparison of cross-sectional macrostructure of 12- and 5-mm- thick plates in a bead-on-plate weld. Extended HAZ in the 5-mm plate implies the
excessive temperature rise caused by the effect of the plate’s back surface. A — Horizontal position, n = 17.4, 12-mm-thick plate, 232 A, 25.1 V, 11.8 mm/s; B
— horizontal position, n = 17.4, 5-mm-thick plate, 233 A, 24.9 V, 11.8 mm/s.

A B

Fig. 14 — Comparison of isothermal contour using a moving point heat
source and HAZ line while actually welding (n = 17.3, 233 A, 24.9 V,
11.8 mm/s). The isothermal contour of 648 K (375°C) intersect the ac-
tual HAZ line (750°C), implying that the temperature at the plate’s back
surface is raised as high as twice of theoretical temperature calculated for
an infinite body.
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tended using the developed methodology
to a wider range of operating parameters
with ancillary experimentation.
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