
Determination of a Temperature Sensor Location 
for Monitoring Weld Pool Sizes in GMAW 

The correct correlation of weld bead size to surface temperature 
depends on the proper placement of the heat sensor 
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ABSTRACT. This paper describes a 
method of determining the optimal sen
sor location to measure weldment sur
face temperature, which has a close cor
relation with weld pool size in the gas 
metal arc (GMA) welding process. Due to 
the inherent complexity and nonlinearity 
in the CMA welding process, the rela
tionship between the weldment surface 
temperature and the weld pool size 
varies with the point of measurement. 
This necessitates an optimal selection of 
the measurement point to minimize the 
process nonlinearity effect in estimating 
the weld pool size from the measured 
temperature. To determine the optimal 
sensor location on the top surface of the 
weldment, the correlation between the 
measured temperature and the weld pool 
size is analyzed. The analysis is done by 
calculating the correlation funct ion, 
which is based upon an analytical tem
perature distribution model. To validate 
the optimal sensor location, a series of 
GMA bead-on-plate welds are per
formed on a medium-carbon steel under 
various welding conditions. A compari
son study is given in detail based upon 
the simulation and experimental results. 

Introduction 

Arc welding is a process to fuse and 
join metal pieces using the electric arc 
generated from the flow of electric cur
rent through the electrode and the weld
ment. As with all fusion welding 
processes, arc welding involves melting 
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and resolidification of the base material. 
Therefore, the geometry of the resulting 
weld bead is a good indicator of weld in
tegrity. The geometry of the weld bead 
can be represented by the bead width, 
the root surface width and the depth of 
joint penetration. A successful weld is 
characterized by a relatively high depth-
to-width ratio of the weld bead. There
fore, the geometry of the weld bead must 
be measured and controlled to ensure 
uniform weld quality. 

One of the representative methods for 
measuring weld bead size is an image 
processing technique by which the weld 
bead geometry is measured by a CCD 
camera whose image data are processed 
to obtain the shapes and sizes (Ref. 1). 
However, there are some restrictions on 
the direct utilization of this technique in 
the gas metal arc welding (GMAW) 
process. The transfer of electrode melting 
droplets to the weldment causes spatter 
and the spreading of molten metal from 
the electrode onto the weld bead, de
grading the image sensor's ability to mea
sure the weld bead geometry. Another 
method, which compensates for the 
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weaknesses in the image processing 
technique, is to measure a heat flow pat
tern in the weldment and derive from it 
the geometrical shape and size of the 
weld bead. To determine the heat flow 
pattern, Ramsey, ef al. (Ref. 2), measured 
the radiation from the surface of the 
weldment by using fixed or scanning in
frared radiometers. Lukens and Morris 
(Ref. 3) used cooling rates, which were 
monitored by measuring the temperature 
on the surface of the weldment, in order 
to monitor variations in material mi
crostructure. There is a fundamental 
problem in estimating weld bead sizes 
from the measurement of the heat flow 
pattern in the weldment. The problem is 
due to the fact that the heat f low pattern 
in the weldment is estimated from the 
surface temperature measured by a finite 
sensor. It is, therefore, very important to 
obtain a relationship between the mea
sured temperature and the weld bead 
size in order to estimate the weld bead 
size from the heat flow pattern measured 
at the finite points on the weldment. Be
cause the temperature distribution in the 
weldment may vary in accordance with 
such welding conditions as travel speed 
and heat input, the relationship may 
change depending upon sensor location, 
as well as welding conditions. Ramsey, ef 
al. (Ref. 2), and Lukens and Morris ( Ref. 
3) selected a point of maximum temper
ature on the upper surface of the weld
ment as the sensor location. Kozono, ef 
al. (Refs. 4, 5), selected the point of max
imum temperature on the weld I ine of the 
weldment as the sensor location. The 
choice of this point as a measurement lo
cation was based on the fact that the vari
ation of the measured temperature with 
sensor location is minimized here. How
ever, because these measurement points 
were determined for specific welding 
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Fig. 1 — Coordinates of the weldment for the analysis. 

conditions at a quasi-stationary state, the 
above methods suffer because the rela
tionship between the measured tempera
ture and the weld bead size varies in ac
cordance wi th variations in welding 
conditions. 

In this paper, a method is presented to 
determine an optimal measurement lo
cation that wi l l minimize the effects of 
process variations on the estimation of 
weld bead sizes from measured temper
atures. A cross-correlation between the 
surface temperature and the weld pool 
size is analyzed to determine the optimal 
sensor location on the surface of the 
weldment. The optimal sensor location is 
determined so that the correlation coeffi
cient is maximized. 

Heat Flow in the Weldment 

In order to obtain the analytical cor
relation between the measured tempera
ture and the weld pool size, a mathe
matical model is required to calculate the 
temperature field in the weldment. In 
other words, a heat f low analysis is 
needed to understand the formation of 
the weld bead and to study the effect of 
various welding conditions, such as heat 
input and travel speed, on the tempera
ture distribution in the weldment. 

Since the welding process causes very 
complex physical and metallurgical 
changes in the workpiece, it is practically 
impossible to establish an exact mathe
matical welding model. In particular, the 
temperature-dependent characteristics 
of the physical parameters of the weld
ment make the problem more in
tractable. Various other physical phe
nomena in the welding process, such as 
phase change and heat convection due 

to forced flow of the molten pool, further 
increase the difficulty of the mathemati
cal analysis. Rosental (Ref. 6) was the first 
to reduce the problem to manageable 
size by assuming temperature invariant 
characteristics of the physical parame
ters. He derived the temperature distrib
ution equations for point, line and plane 
heat sources by ut i l iz ing the conven
tional heat conduction model for the 
quasi-stationary state. These mathemati
cal formulations qualitatively revealed 
the effects of the welding parameters on 
the weld pool shape. Nevertheless, many 
researchers have shown that this solution 
leads to large errors in predicting tem
perature distributions because it is based 
on too many assumptions. Recently, Boo 
and Cho (Ref. 7) derived a new analysis 
of the temperature distribution of the 
process under more realistic assump
tions. Their analytical model describes 
the three-dimensional temperature fields 
in a finite thickness plate heated by a 
source of Gaussian distribution moving 
along the welding line. To account for the 
flow of the shielding gas, a forced con
vection boundary condition is assumed 
at the top surface of the weldment be
neath the welding gun and a natural con
vection condition is assumed at the bot
tom surface. This model can provide 
more accurate prediction of the joint 
penetration depth for a finite thickness 
weldment and the root surface width for 
the case of root pass welding (Ref. 7). 

The coordinate system in this analysis 
of the weldment and the traveling weld
ing gun is shown in Fig. 1. In this figure, 
X, Y, and Z denote the coordinate system 
fixed at the origin of a world coordinate, 
a point on the surface of the weldment, 
while x, y, and z denote the moving co

ordinate system, with origin fixed at the 
arc center (Xa, Ya, 0). The resulting solu
tion for the temperature distribution in 
the moving coordinates (x, y, z) at time t, 
due to the applied heat input, is ex
pressed by the following equation: 

T(x,y,z,t)-T0 = j'o 
«K0 . 

Inpcd 

o-2 + a ( f - f 1 ) 

(x + X,(f)-X1(t1))2 

( y+y . j ( 0 - v - ^ ) ) 2 

exp 2<r + 4a(f-f,) 

x ^ \ e*p(-/^(f-fi)) 

{ W« J Vr, W« J) 
)) 

(1) 

where T (x, y, z, t) is the temperature at a 
point (x, y, z) in the weldment at time t, 
and a = k/pc is the thermal diffusivity, in 
which p, c and k are the density, specific 
heat and thermal conductivi ty of the 
weldment, respectively. pn is the positive 
eigenvalue satisfying the following equa
tion: 

W a ) yn-p\p\a 

(2) 
where I?.-, = h,/k and ft2 = h2/k, in which 
hi and h2 are the effective convection co
efficients at the top surface and the bot
tom surface, respectively, and An is de
fined as 

Mnd + aPfd + lah ( 3 ) 

The distribution of the arc, Q(x, y, t), is as
sumed to take the form of a Gaussian 
function and s given by 

Q{*,Y.t) 
Inrr 

( 
-exp 

<2 + y2 

~2?~ 
,1 

(4) 
where a is the distribution parameter, 
which has dimensions of length and can 
be considered as the half-width of the 
arc, q(t) = r)VI(t) where r\ is the arc effi
ciency, and Vl(t) is the electric power 
input. The temperature of a point (x, y, z) 
in the weldment at time t can be found 
by solving for the heat input history Vl(t). 
The weld bead size can also be obtained 
by searching for the constant temperature 
contour whose value is equal to the melt
ing point of the material. 

To carry out an analytical study with 
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Table 1 — Physical Properties of the 
Weldment 

Property 

Thermal conductivity 
Specific heat 
Density 
Forced convec

tion heat coef
ficient 

Natural convec
tion heat coef
ficient 

Notation 
(Unit) 

k (W/m • °K) 
c(J/kg • °K) 
p(kg/m3) 
b i (W/m 2 • °K) 

/ i 2 (W/m 2 • °K) 

Weld
ment 
(Mild 
Steel) 

30.3 
752 

7860 
50 

18 

this model, it is necessary to obtain the 
parameters contained in Equation 1. 
These are cited in Ref. 7. The parameters 
listed in Table 1 are the physical proper
ties of hot rolled AISI 1025 at 700°C 
(1292°F). The material properties vary 
slightly with temperature, but they are as
sumed here to be fixed at the 700°C val
ues. These are approximately the average 
values over the range from room temper
ature (25°C; 77°F) to the melting temper
ature (1495°C; 2723°F). 

The area directly beneath the nozzle 
of the welding gun experiences forced 
convection due to the flow of the shield
ing gas, while the other side of the weld-

Fig. 2 — Bead width and 
joint penetration plus 

half the root surface 
width vs. power per unit 
length for various weld

ing speeds: weldment 
thickness = 4 mm. 
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ment experiences natural convection. 
For these convection boundary condi
tions, the forced and natural convection 
heat transfer coefficients are obtained 
from the empirical relations used in Refs. 
8, 9. The arc efficiency of GMA welding 
may vary depending upon the welding 
conditions and materials. Arc efficiencies 
of 60 to 80% were reported by Rykalin 
and Nikolaev (Ref. 8) for the direct cur
rent and direct polarity (DCDP) GMA 
welding of steel plates. A precise heat 
distribution factor o\ which determines 
the arc shape, is very difficult to obtain, 
since many factors influence the arc 
shape. Here, the a value suggested in 
previous studies (Refs. 8, 9) is adopted. 

Figure 2 illustrates variations of the 
weld bead sizes vs. power per unit length 
for various welding speeds. Experimental 
weld bead sizes are obtained by examin
ing the microstructures of the weld sec
tions, which are prepared by cutting and 
polishing the weldment after the welding 
is done. A weld pool boundary is ob
tained by measuring the dendrite area of 
the microstructure exposed by etching a 
sectioned weld with 3% Nital. These 
measurements are performed to obtain 
the unknown parameters rj and r\ re
quired for the solution of Equation 1. 
Since previous studies only define the 
range of values within which rj is admit
ted to vary, the values of O" and r\ are var
ied within the recommended ranges to 
obtain a range of shapes for the weld 
pool. These calculated pool shapes are 
compared with those experimentally ob
tained. From this comparison, the para
meters a and r\ are chosen to yield the 
best fit between the calculated shapes 
and the experimental ones. 

Determination of the Optimal 
Sensing Location 

Many researchers (Refs. 2-5) have 
measured the energy radiated from the 
surface of the weldment in order to mon
itor the weld bead geometrical parame
ters, such as bead width, depth of joint 
penetration and root surface width. Par
ticularly in the case of the GMA welding 
process, the measurement of this radia
tion is considered a very effective 
method, as it avoids those difficulties in
herent in the direct measurement of weld 
pool geometrical parameters arising from 
the melting electrode material spreading 
on the surface of the weldment. Because 
the temperature distribution in the weld
ment is governed by a partial differential 
heat conduction equation (so-called dis
tributed parameter system), the distribu
tion over the spatial extent of the weld
ment must be measured in order to 
obtain the weld bead geometrical para-
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Fig. 3 — Distribution of the correlation coefficients between the bead 
width and the surface temperature on the top surface of the weldment 
at transient state. 

Fig. 4 — Distribution of the correlation coefficients between the pen
etration depth plus half root surface width and the surface temperature 
on the top surface of the weldment at the transient state. 

meters. However, since it is generally im
possible in practical welding situations to 
measure the temperature distribution 
over the entire spatial extent of the weld
ment, the decision of just where to locate 
the sensor remains an important prob
lem. 

Correlation between Weld Bead 
Geometry and Sensor Location 

The main objective for measuring the 
surface temperatures of the weldment is 
to estimate accurately variations of weld 
pool size during arc welding under vari
ous welding situations. As suggested by 
Fig. 1, the temperature sensor for mea
suring the radiation from the surface of 
the weldment can be located anywhere 
in the coordinate system whose origin is 
located at the arc center. However, the 
correlation between the weld pool geo
metrical parameters and the measured 
temperature at a given point may vary 
with sensing location. Thus, to monitor 
accurately the variation of weld pool size 
during arc welding, it is very important to 
select the sensor location for which the 
measured temperatures are most highly 
correlated with variations in weld pool 
size. To evaluate the correlation between 
the measured temperatures at a point and 
the weld bead sizes, the correlation co
efficient is used and given by 

P,r = ^ - - - ^ P „ , S1 

(5) 
where w represents the weld pool geo
metrical parameters, such as bead width, 
depth of joint penetration, and root sur
face width, and T is the temperature mea
sured at a point on the surface of the 
weldment. The cw , aT and o"wT are, re
spectively, the variance of w, the vari
ance of T, and the covariance of w and T. 
They are defined by 

T-T 
(7) 

l[(w-w)( T-T 

(6) 

(8) 
where_E[j denotes expectation value, 
and w a n d T are the mean values of w 
and T, respectively. The magnitude of the 
correlation coefficient pwT can be used to 
assess the degree of linear dependence 
between any two variables w and T on a 
scale from -1 to + 1 . 

Simulation Study 

Simulation Method 

The main objective of the analysis of 
sensor location is to obtain the correla
tion coefficient given by Equation 5 for 
all possible sensing locations of the weld
ment and thus to determine an optimal 
sensing location. The calculation of the 
correlation coefficient between the tem
peratures and the weld pool sizes is ex
amined in the context of the analytic so
lution of Equation 1. The geometrical 
parameters that represent the weld bead 
sizes are classified by two factors. One is 
the weld bead width; the other is the joint 
penetration depth plus half the root sur
face width. The joint penetration depth is 
a measure of weld integrity for the case 
of partial penetration welding. The half 
root surface width is the measure for the 
complete joint penetration welding. 

The computer simulation is per
formed for both transient and quasi-sta
tionary states. The objective for calculat
ing the correlation coefficient at transient 
state is to obtain a relationship between 
the measured temperatures and the weld 
pool sizes as welding progresses. The 
distribution of the correlation coeffi
cients over all measurement positions for 
the quasi-stationary state was also exam
ined to find the variations in the relation
ships between the weld bead sizes after 
welding is done and the measured tem

perature at the quasi-steady state accord
ing to the measurement points. The weld
ing parameters that affect the weld bead 
size in the arc welding process are heat 
input and welding speed for given mate
rials having the same dimensions. In this 
study, however, an unified parameter, 
heat input per unit length, has been used 
to change the weld bead size and the 
temperature field in the weldment. It is 
defined by dividing the heat input by the 
welding speed. Heat input per unit length 
used in all simulations ranges from 700 
to 1300 J/mm and the welding speeds are 
set at 4, 6, and 8 mm/s. At the transient 
state, the heat input per unit length 
ranges from 700 to 1300 J/mm and 
changes randomly every 1 0 s for 240 s. 
The weld bead sizes and the temperature 
fields on the top surface of the weldment 
have been calculated every sampling 
time of one second. In the case of the 
quasi-stationary state, the heat input per 
unit length is fixed to a constant value 
during welding. Temperature fields of the 
weldment and weld bead sizes at quasi-
stationary state have been calculated for 
every heat input per unit length of 50 
J/mm over the range of 700 to 1 300 J/mm 
and these calculations have been re
peated for each welding speed. The cal
culated results have been used in obtain
ing the distribution of the correlation 
coefficients over all measurement loca
tions. Measurement locations used in the 
simulation study are distributed in an 
uniform interval of 1 mm over the region 
of -30 mm < x < 1 0 mm and 0 < y < 20 
mm, then the number of the measure
ment location is 400 x 200. 

Simulation Results and Discussions 

Figures 3 and 4 show the correlation 
maps at the transient state and present the 
contour of the correlation coefficients as 
a function of measurement point on the 
surface of the weldment. The maps are 
obtained by connecting all points with 
the equi-correlation coefficient. In these 
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Fig. 5 — Distribution of the correlation coefficients between the bead 
width and the surface temperature on the top surface of the weldment 
at a quasi-stationary state. 

Fig. 6 — Distribution of the correlation coefficients between the pen
etration depth plus half root surface width and the surface temperature 
on the top surface of the weldment at quasi-stationary state. 

figures, the horizontal axis represents a 
distance from the arc center along the 
welding line over which the arc center is 
passed, which is the same as the x-axis in 
Fig. 1. The vertical axis represents a per
pendicular distance from the welding 
line, which is the same as y-axis in Fig. 1. 
Thus, the origin is located at the arc cen
ter on the top surface of the weldment. 
The positive direction along the horizon
tal axis is the distance from the arc cen
ter in the direction of welding gun travel. 
The solid lines represent the contours 
with the equi-correlation coefficient, and 
the values associated with the solid lines 
are the correlation coefficients of the 
contours. Figure 3 is a map of the corre
lation between the bead width and the 
measured temperature on the surface of 
the weldment. Figure 4 is a similar map 
for the case for the half root surface width 
plus the joint penetration depth as a weld 
bead geometrical parameter. It can be 
observed from Fig. 3 that when the mea
surement point is located at an inner 
point of the hatched area, the correlation 
coefficient is higher than 0.95, and it mo
notonically decreases wi th increasing 
distance from the hatched area. This re
sult indicates that the temperatures mea
sured within the hatched area correlate 
highly with the weld bead width. This 
may be explained by the fact that the 
bead width is obtained by a calculation 
of the maximum width of the weld pool, 
which is taken from the melted region of 
the weld right behind the welding gun. 
The temperatures are higher in this re
gion, clue to moving heat sources, than 
those at the front side of the welding gun. 
From careful study of the figure, it can be 
seen that the gradient of the correlation 
coefficient in the welding gun travel di
rection is greater than that in the oppo
site direction. This is because the tem
perature distribution in the weldment 
beneath the welding gun has the steepest 
slope and is the most sensitive to varia
tions in welding speed. Thus, if the tem
perature sensor is located at the hatched 

area, the measured temperature will be 
highly correlated with the bead width. 
Thus, the variation of bead width can be 
accurately estimated from the measured 
temperature during arc welding. Figure 4 
shows results similar to those illustrated 
in Fig. 3. In Fig. 4, the hatched area rep
resents the region with maximum corre
lation coefficient higher than 0.75. Be
cause the maximum correlation 
coefficient in the case of Fig. 4 is lower 
than that of Fig. 3, estimation of the root 
surface width/ joint penetration depth 
from the measured temperature during 
welding appears to be less accurate than 
that of the bead width. This is because 
both the formation of the root surface 
width and the penetration depth result 
from the temperature distribution inside 
the weldment and, accordingly, are less 
well correlated with the surface temper
ature distribution. 

Figure 5 is the map of the correlation 
coefficient for the case of bead width as 
a weld pool geometry factor in a quasi-
stationary state. Figure 6 illustrates the 
case for the half root surface width plus 
penetration depth. The hatched area in 
Fig. 5 indicates the regions for which the 
correlation coefficient is higher than 
0.95. If the temperature sensor is located 
at an inner point in this area, the weld 
bead width at quasi-stationary state can 
be very accurately estimated from the 
measurement of the surface tempera
ture. From the figure, it can be seen that 
the gradient of the correlation coefficient 
in the welding gun travel direction is 
very large, while the gradient in the op
posite direction is very small. This shows 
a trend similar to that of Fig. 3. From 
careful study of Fig. 5, it can be noted 
that in the region of x < -1 0 mm and y 
>10 mm the correlation coefficient has 
contours parallel to the welding line. 
This is a major difference between the 
results at a quasi-stationary state and at 
a transient state. Figure 6 illustrates re
sults similar to those of Fig. 5. The 
hatched area is the region with a corre

lation coefficient higher than 0.95. From 
this result, it can be seen that if the tem
perature sensor is located at a point in 
this area, the root surface width of the 
penetration depth at quasi-stationary 
state can be accurately estimated from 
the measured surface temperatures. 

From the results shown in Figs. 3-6, 
it can be concluded that the optimal po
sition of the temperature sensor must be 
located within the region o f - 1 2 mm < x 
< -10 mm and 3 mm < y < 7 mm, which 
is a superposition of the hatched areas. 
Therefore, both transient variations and 
steady-state values of the weld bead 
sizes can be accurately estimated during 
welding by monitoring the temperature 
at the proposed optimal position. 

Experiments 

Experiments were performed to com
pare the experimentally obtained corre
lation coefficients with the theoretical re
sults and to obtain the optimal 
temperature measurement location 
under a practical weld ing situation. 
Since it is impossible to directly measure 
the transient variations of the weld bead 
sizes, the experiments to obtain the cor
relation coefficients according to the 
variations of the measurement points 
were performed only for the case of the 
quasi-stationary state. To determine the 
correlation coefficient of Equation 5, the 
temperature on a fixed position relative 
to the arc center must be measured and 
weld bead sizes at a steady state must be 
obtained after welding is done. Surface 
temperature was measured at five differ
ent measurement points on the top sur
face of the weldment by utilizing an in
frared temperature sensor attached to the 
welding gun. After GMA welding was 
done, the weld was sectioned and pol
ished. Weld pool size was obtained by 
measuring the dendrite area of the mi
crostructure exposed by etching the sec
tioned welds with 3% Nital. The GMA 
welding was performed along the cen-
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Fig. 7 — Relationship 
between the weld 
pool sizes and the 

measured temperature 
at quasi-stationary 

state for various mea
surement locations: 

weldment thickness = 
4 mm, heat input per 

unit length = 
700-1300 J/mm. 
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terline of the base metal, and Ar gas was 
used for shielding. The base metal was a 
hot rolled AISI 1025 steel plate, which 
had dimensions of 200 x 60 mm (7.8 x 
2.4 in.) x 4 mm (0.1 6 in.) thick. The weld
ing experiments were performed for 
every heat input per unit length of 100 
J/mm from 700 J/mm to 1 300 J/mm and 
for welding speeds of 4, 6 and 8 mm/s 
(9.5,14.4, 18.9 in./min. The experiments 
were repeated three times for the same 
welding condition. 

Comparison between Simulation 
and Experimental Results 

Figure 7 shows the relationships be
tween the geometrical parameter and the 
measured temperature for various mea
surement locations. From this figure, it is 
observed that the relationships vary with 
the change of the measurement locations 
and depend slightly upon the welding 
speed. From careful examination of the 
figure, it can be shown that the relation
ship obtained for a measurement loca

tion of (-14, 7, 0) exhibits much better 
linearity than those obtained for the other 
two cases. 

Figure 8 is a comparison of the exper
imentally obtained correlation coeffi
cients and the theoretically obtained 
ones for various measurement points. 
Figure 8A illustrates the variation of the 
correlation coefficient vs. distance along 
a line 7 mm (0.28 in.) away from the 
welding line (y = 7 mm), while Fig. 8B i l
lustrates the variation of the correlation 
coefficient along the y axis perpendicu
lar to the welding line with x fixed at -9 
mm (-0.35 in.). It appears that the exper
imental results are in good agreement 
with the theoretical ones. In particular, 
the trend of the experimental results is 
very similar to that of the theory. How
ever, in the case of the results for the joint 
penetration depth plus half root surface 
width, there appears to be a little dis
crepancy between the two. This differ
ence is prooably due to mathematical 
modeling error related to the inability of 
the model to describe exactly the non-
linearity of the welding process (e.g., 
convection effects in the weld pool, tem
perature-dependent variation of material 
properties, latent heat effect, etc.). It is 
well known that the shape of real weld 
pools depends on convection effects in 
the pool. However, the analytic solution 
includes heat conduction only, thereby 
providing the temperature distributions, 
which differ from the real phenomena. It 
can be observed from Fig. 2 that the bead 
width increases almost linearly with the 
heat input per unit length, while the pen
etration depth plus half root surface 
width increase nonlinearly. A nonlinear 
relationship is due to a steep variation of 
the weld pool near the fully penetrated 
state of the welds. Since the weldment 
under the surface exerts an insulating ef
fect on heat flow through the thickness 
and, as a result, heat is retained in the 
metal, the increase in depth of penetra
tion of the weld pool accelerates even 
with a slight increase in the heat input. 
From the results shown in Fig. 8A, it can 
be observed that in the case of bead 
width, the measurement point with max
imum correlation coefficient is x = -14 
mm and x = -1 2 mm for the case of pen
etration depth plus half root surface 
wid th . This is because the maximum 
temperature of the weldment occurs in 
the direction opposite to gun travel due 
to accumulation of heat, and the weld 
pool is formed in the region in which 
temperature reaches the melting point. 
The correlation coefficients decrease 
with an increase of distance along the 
welding axis because the weld pool is not 
generated in this region of the weldment. 
From examination of Fig. 8B, it can be 
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c o n c l u d e d that decreasing the d is tance 
away f rom the w e l d i n g l ine results in a 
decrease of the cor re la t ion coef f ic ients. 
From the careful compar i son of the ex
per imenta l results and theoret ical ones, it 
can be conc luded that the op t ima l mea
sur ing po in t to est imate the var ia t ion of 
the w e l d bead size formed at quasi-sta
t ionary states must be located on the re
g ion of - 1 4 m m < x < - 9 m m and 0 < y 
<8 m m . 

C o n c l u s i o n s 

A method has been presented for de
te rm in ing an op t ima l measurement po in t 
to est imate the var ia t ion of the w e l d pool 
size w i t h the surface temperature dur ing 
G M A w e l d i n g . The co r re l a t i on coe f f i 
c i en t b e t w e e n measured t e m p e r a t u r e 
and w e l d poo l size is taken as the cr i te
r ion by w h i c h to de te rmine the op t ima l 
measurement po in t . 

From the results of the exper iments 
and theoret ica l analysis ob ta ined for var
ious w e l d i n g cond i t ions , it can be con 
c luded that the cor re la t ion s igni f icant ly 
changes w i t h the measurement loca t ion . 
The o p t i m a l m e a s u r e m e n t p o i n t has 
been d e t e r m i n e d to be a p o i n t w h i c h 
y ie lds the m a x i m u m co r re l a t i on va lue 
and must be located at the region o f - 1 2 
m m < x < - 1 0 m m and 3 m m < y < 7 m m 
for the G M A w e l d i n g of a m i l d steel. If the 
surface temperatures of the w e l d m e n t are 
measured at the proposed op t ima l posi
t i ons , bo th t rans ien t va r i a t i ons and 
steady-state values o f the w e l d bead sizes 
can be accurate ly est imated du r ing w e l d 
ing. Since the heat f l o w patterns vary in 
w e l d i n g other mater ials, d i f ferent mea
surement posi t ions may be ob ta ined as 
the op t ima l pos i t ion on the basis of the 
proposed me thod . 
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