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Introduction
     This work aims to establish the
foundation for monitoring how deeply
a developing weld pool has penetrated
underneath the workpiece during gas
tungsten arc welding (GTAW). The
workpiece partially melts under the
arc, and the melted metal forms a liq-
uid weld pool that has two surfaces —
the visible upper surface and the lower
surface that is the interface of the liq-
uid pool and the solid material (un-
melted or solidified). For a developing
weld pool, the deepest location where
the weld pool interfaces with the solid
material is the unmelted workpiece. It
defines how deeply the weld pool has
penetrated into the workpiece. Its dis-
tance to the workpiece surface is the
depth of the weld penetration, dw,

which this work aims to monitor.
     The problem being addressed is
challenging because the lower surface
of the weld pool is invisible. Weld pen-
etration monitoring and control in-
volves how deeply the weld pool has
penetrated, or if the weld pool has
completely penetrated the entire
thickness of the workpiece such that
the bottom surface of the workpiece
has melted. The latter is also challeng-
ing because the bottom surface is not
visible to sensors that are attached to
and travel with the torch via a robot.
Monitoring and control of weld pene-
tration is critical in assuring the in-
tegrity of the welds produced. 
     Researchers around the world have
been in continuous efforts to try to
solve this fundamental problem in the
past 30–40 years. Various methods

have been studied, including pool os-
cillation (Refs. 1, 2), ultrasound (Refs.
3–6), infrared (Refs. 7–9), and vision
sensing (Ref. 10). Pioneering work in
the weld pool oscillation method,
which correlates the weld pool mass to
the oscillation frequency, was conduct-
ed by Kotecki (Ref. 11), Richardson
(Ref. 12), Hardt (Ref. 13), and their
colleagues. 
     Den Ouden et al. found an abrupt
change in the oscillation frequency of
the weld pool during the transition
from partial to complete penetration
(Refs. 14, 15), such that complete pen-
etration could be distinguished from
partial penetration. Andersen (Ref.
16) proposed a method to excite syn-
chronous weld pool oscillations to ease
implementation. Hartman (Ref. 17)
further evaluated this synchronous ex-
citation method and developed a con-
trol system that regulated the total
heat input by monitoring the arc light
reflection from the oscillation of the
molten metal surface. At the Georgia
Institute of Technology, Ume led the
development of noncontact ultrasonic
penetration sensors based on laser-
phased array techniques (Refs. 18, 19).
     Infrared sensing of welding
processes has been explored by Chin et
al. at Auburn University (Refs. 20–23)
because the temperature distribution
in the weld zone contains abundant
information about the welding
process. Chin found the slope of the
infrared intensity became zero when
the liquid-solid interface of the weld
pool was crossed. This zero slope was
caused by the emissivity difference be-
tween the liquid and solid. The weld
pool boundary was thus derived from
the infrared image accurately and ro-
bustly, and the penetration depth was
correlated with the infrared character-
istics. At the Massachusetts Institute
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of Technology, Hardt et al. used an in-
frared camera to view the temperature
field from the back side (Ref. 24). The
penetration depth was estimated from
the measured temperature field and
then controlled (Ref. 25).
     Because of the difficulty of the
problem and the urgency for a solu-
tion, researchers around the world
continued the explorations (Refs. 1–9,
26–30), but fundamental principles re-
mained similar. 
     Skilled human welders can produce
the desired complete weld joint pene-
tration for the needed weld integrity
based on their observation of the weld-
ing process. Since the major informa-
tion available to human welders is the
weld pool, and only its surface is visible
to the welders, the authors hypothe-
sized that the weld pool surface may
contain sufficient information to de-
termine how deeply the weld pool has
penetrated underneath the workpiece.
This paper examines if there is indeed a
scientific foundation for this hypothe-
sis. If it is proven, a creative novel
method may become available for weld
penetration sensing and control. 
     It is apparent this proposed method
will need to measure the weld pool and
then deduce how deeply the weld pool
has penetrated. Measuring the weld
pool surface is challenging because of
the specular nature of the weld pool
surface, which disqualifies all conven-
tional structured-light techniques re-
quiring diffuse surfaces as well as the
strong arc radiation that dims all pos-
sible conventional illumination lights.
Since the two-dimensional (2D) weld

pool boundary, rather than the three-
dimensional (3D) surface, is easier to
measure, it was used to estimate and
control the weld penetration. 
     Kovacevic et al. (Ref. 31) and Zhang
et al. (Ref. 32) developed adaptive sys-
tems to control the 2D pool area and
the penetration. A closed-loop predic-
tive control system was developed by
Zhang et al. (Ref. 33) to control the
weld fusion specified by the top-side
and back-side bead widths of the weld
pool. Suga et al. (Ref. 34) and Zhao et
al. (Ref. 35) developed GTAW penetra-
tion control systems to control the
back-side bead width and front-side
reinforcement based on shape parame-
ters detected by a charge-coupled 
device (CCD) camera. 
     Tsai et al. (Ref. 36) reported a
pulsed GTAW pipe welding system
with a fuzzy penetration control
scheme using a real-time root pass im-
age as feedback. The width of the root
pass was used as a control indication
for complete penetration. Shen et al.
(Ref. 37) developed a robotic GTAW
system to control the back-side bead
width by regulating the peak current
based on a visual sensor composed of a
CCD camera and optical filters. 
     However, satisfactory and conven-
ient solutions for weld penetration
sensing/control (using feedback from
information sources taken by a front-
side sensor attached to and travelling
together with a torch) still lack. The
3D weld pool surface that skilled
welders depend on is expected to pro-
vide adequate information needed to
estimate weld penetration.

     To monitor the weld pool surface,
Steele and Vincent from the Colorado
School of Mines directed an effort to
develop a stereo vision system (Refs.
38, 39). At the University of Kentucky,
a laser pattern was projected onto the
weld pool surface. Its reflection from
the weld pool surface was intercepted
by an imaging plane. The reflection law
was then used to compute the 3D weld
pool surface from the laser pattern
and reflected image (Refs. 40, 41). 
     The 3D weld pool surface has been
characterized and used to estimate
weld penetration as an emulation for
skilled human welders who are capable
of producing the desired weld penetra-
tion without other effective feedback
from the process. However, the models
that correlate the weld penetration to
the weld pool surface characteristic pa-
rameters are empirical.
     With the availability of weld pool
surface measurements from prior
works, this paper focuses on the scien-
tific foundation to deduce how deeply
the weld pool has penetrated under-
neath the workpiece in a developing
weld pool. No solutions appear to be
apparent, and the need for real-time
implementation adds additional chal-
lenges. Through a critical analysis of the
underlying physics, the authors used an
analytic model to calculate the temper-
ature distribution evolution in the
workpiece, which can directly define
the lower surface of the weld pool.
While the analytic model may have
solved the real-time implementation is-
sue, the accuracy of the computed dis-
tribution is not assured especially when

Fig. 1 — Sketch of Goldak’s body heat source (Ref. 55).
Fig. 2 — Monitoring of the weld pool surface using a lowpower illu
mination laser.
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the actual welding conditions deviate
from the nominal ones; this is also the
case for any numerical solutions.
     A uniqueness of the proposed
method is the correlation of the measur-
able weld pool surface with the tempera-
ture distribution per the underlying
physics, and the correction/calibration
of the analytic model such that its com-
puted temperature distribution satisfies
the constraint of the measured weld
pool surface. As a result, the corrected
analytic model provided the lower weld
pool surface despite variations in weld-
ing conditions and their deviations from
the nominal ones. Together with other
recent developments in welding process
sensing and control (Ref. 42–53), the
authors hope to get closer to intelligent
welding and manufacturing.
     This paper is the first part of this
study. It demonstrates the feasibility of
real-time calculation of weld penetra-
tion depth. It is organized as follows: In
the analytic model section, a brief intro-
duction of the analytic model and cali-
bration solution is given. Measurement
based calibration describes the observa-
tion system and the calibration princi-
ple. The calibration from experimental
data is illustrated step by step in experi-
ment and calibration. Finally, conclu-
sions are drawn. In the second part of
the paper, the effect of possible factors
on the proposed calibration method will
be studied and analyzed.

Analytic Model 

Model

     The analytic model used to compute
the temperature distribution evolu-

tion T(x, y, z, t) was derived by Nguyen
(Ref. 54) for a finite-thick plate using a
single-ellipsoidal, static-heat source:

where 
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3 3Q
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Table 1 — Input Parameters for Analytic Model

         Symbol                                                   Quantity                                              Values

             To                                                                             Initial temperature                                   273.15 K
                                                                                                                        Density                                    8.03  10–6 kg/mm3

              c                                                     Specific heat                                       500 J/kg∙K
              k                                             Thermal conductivity                       16.2  10–3 W/mm∙K
              a                                                                                       Thermal diffusivity                               4.035 mm2/s
          (T)                                                         Volumetric expansion coefficient                   4.5  10–5 K–1

            Tmelt                                                                                   Melting point                                         1400C
                        B                                          Finite plate of half width                               50 mm
              L                                          Finite plate of half length                             150 mm
              D                                           Finite plate of thickness                                 3 mm

Fig. 3 — Results of boundary and weld pool reconstruction: A — Weld pool boundary; B — 3D weld pool surface. 
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     T0 is the initial temperature; t is the
welding time; ρ and c are the density
and specific heat, respectively; k is the
thermal conductivity; and a is the ther-
mal diffusivity a = k/c. Q = U  I   is
the effective heat input from the arc,
where U and I are the voltage and cur-
rent, respectively, and   is the effective
heat-input coefficient, which was cho-
sen as 100% because the results were to
be calibrated after calculation. ah, bh, and
ch are single-ellipsoidal heat source pa-
rameters as described in Fig. 1; T(x, y, z,
t) is the temperature in the point (x, y, z)
at time t; and B, L, and D are the dimen-
sions of a finite plate with width 2B,
length 2L, and thickness D. Because the
calculated temperature field will be cali-
brated by a measurement system in real

time, the input parameters for the mod-
el are shown in Table 1 including those
for the material used, which is stainless
steel Type 304L.
     The used single-ellipsoidal static
heat source (shown in Fig. 1) was the
body heat source originally proposed
by Goldak et al. (Ref. 55) based on a
semiinfinite workpiece. In the deriva-
tion for Equation 1, the convection in-
side the weld pool and radiation heat
loss were ignored to obtain the desired
convenient analytic solution.
     The derived analytic solution is typi-
cally used to predict the steady-state
temperature distribution in the work-
piece when the welding parameters are
kept constant. In this study, we were
concerned with the transient tempera-
ture distribution/weld pool during pen-
etration development in a stationary
welding process. The requirement on
the solution and its accuracy was even
higher. This is because the temperature
distribution, weld pool, and fluid flow
were all undergoing continuous
changes, making their predictions more
complicated than those for steady-state
ones. Accurate predictions were thus
much more challenging. 
     The effect of the neglect of convec-
tion and radiation may become much
less dominant. As such, additional
measures will have to be taken to
achieve acceptable accuracies. To ad-
dress the complexity due to the dy-
namic changes and its effect on the ac-
curacy/applicability of the convenient
analytic solution, the authors calibrat-
ed the analytic model computing the
temperature distribution using experi-
mental measurements. These measure-
ments imposed constraints that were
satisfied only when the accuracy of the
predicted temperature distribution
was acceptable. 
     In addition, the temperature distri-
bution and measurements were corre-

lated through fundamental physical
laws in the constraints. Because the
proposed calibration used physics-
based constraints that correlated the
measurements to the temperature dis-
tribution, the analytic solution was
used as the base to compute the tran-
sient temperature distribution with
acceptable accuracy.
     In particular, the computed weld
pool boundary on the workpiece surface
was compared with the ones measured.
The ratios between the computed and
measured length/width was computed
and used as the ratios to shrink/expand
the temperature distribution in the
transverse and longitudinal directions.
The temperature distribution after cali-
brations in the transverse and longitu-
dinal directions were used to compute
the thermal expansion of the melted
material and compute the volume of the
weld pool above the workpiece surface.
The volume measurement was based on
an existing innovative method devel-
oped to measure the 3D weld pool sur-
face in real time at the University of
Kentucky (Ref. 40). 
     By adjusting the shrinking/
expansion ratio in the depth direction
for the temperature distribution, the
difference between the computed and
measured volumes can be reduced to
zero such that the temperature distri-
bution can also be calibrated in the
depth direction. The temperature dis-
tribution after calibrations in all three
directions is expected to provide an ac-
curate estimation of the real-time tran-
sient temperature distribution and can
be used to determine the depth of the
developing weld pool, which is not di-
rectly observable due to the invisibility
underneath the workpiece.

Computation

     The analytic solution in Equation 1
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Fig. 4 — Partially penetrated weld pool and surface elevation.
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is an integration, and this work com-
putes it using a trapezoidal method: 

where tk = n + kT (k = 0, 1, 2, ..., N), T is
the sampling period, and N = (m −
n)/T. Its precision increased as the
sampling period decreased, but the
computation also increased. In this
study, T = 0.5 s was chosen.

Proposed Weld Penetration
Control Process

     Gas tungsten arc welding is the ma-
jor arc welding process used in preci-
sion joining, where an accurate control
of weld penetration is often necessary.
In typical GTAW operations, the torch
moves continuously and the current
may be adjusted according to varia-
tions in welding conditions. 
     However, in the proposed weld pen-
etration control process, the torch
stayed stationary until the desired
weld penetration was achieved. Then
the torch moved to and stayed station-
ary at the next position to establish
the weld pool again. 
     Because the present paper focuses
on the sensing of weld penetration un-
derneath the weld pool without direct-
ly addressing the control, our goal was
to obtain the real-time development of
the penetration and weld pool as accu-
rately as possible using the calibrated
analytic solution. To this end, the pro-
posed analytic solution was deduced
based on the static heat source and
fixed current as in Equation 1. An ana-
lytic solution under varying current as

in typical weld penetration control
processes will be established in the 
future.

Measurement Based 
Calibration
     As mentioned earlier, the 3D weld
pool surface was measured to calibrate
the analytic solution. In this section,
the system for measuring the 3D weld
pool surface is discussed before the
calibration principle is detailed.

InSitu 3D Weld Pool Surface
Measurement System

     An in-situ 3D weld pool surface
sensor was developed at the University
of Kentucky (Refs. 40, 41) as shown in
Fig. 2. A robot carried the torch and
sensor to the desired positions at the
desired time. The 3D weld pool surface
sensing system used in this particular
study included a low-power laser (20
mW power and 665 nm wavelength)
pattern (19 by 19 dots structure light),
an imaging plane that intercepted the
laser reflected from the weld pool sur-
face, and a CCD camera that captured
the images forming on the image
plane by intercepting the reflection.
The weld pool surface acted as a mirror
that reflected the laser pattern project-
ed onto it. The arc light was also inter-
cepted by the imaging plane, but the
distance (2 in. approximately) from
the arc center to the imaging plane
had significantly decayed the arc light
intensity. It was much weaker than
that of the laser, which did not decay
with distance. Hence, the reflected
laser dots pattern, which contained

the 3D information of the weld pool
surface, was clearly pictured in the im-
aging plane. By using a specific image
processing and reconstruction algo-
rithm (Ref. 53), the 3D weld pool sur-
face was obtained in real time.
     The 3D weld pool surface was ob-
tained by using the reconstruction al-
gorithm. However, before the 3D sur-
face is reconstructed, the boundary of
the weld pool should first be deter-
mined. Because the torch is not mov-
ing during the period of the proposed
process, the weld pool is expected to
be circular. Hence, the boundary
points were used to fit a circle as the
boundary of the weld pool. After the
weld pool boundary was determined,
the reflected points located inside the
weld pool were used to reconstruct the
3D weld pool surface using an interpo-
lation algorithm. To this end, the cubic
hermite spline was used to interpolate
detected points to generate a smooth
surface as the measurement of the real
weld pool surface. An example of the
boundary and 3D weld pool surface re-
construction result is shown in Fig. 3.
     While the radius of the weld pool can
be directly obtained for calibration, the
volume needed for calibration is calcu-
lated by the following equation

Vm = Axoy  H (3)

where Vm is the elevated volume from
the measured weld pool surface; Axoy is
the area of the weld pool surface in
face XOY as shown in Fig. 3A; and H is
the average elevation of the weld pool
surface. The average elevation above
the workpiece surface is computed by
averaging all the points inside the weld
pool boundary including the interpo-

n
m f (t)dt =T(0.5f (t0 )

+f (t1)+ f (t2 )+ .+0.5f (tN )) (2)

Fig. 5 — Experimental system. Fig. 6 — Measured diameter and convexity of the weld pool surface.
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lated points and original points, which
are more than 200 points in that area.

Calibration Principle

     From the numerical computation of
the analytic solution for the tempera-
ture, the weld pool can be determined.
To begin, T(x, y, z) was denoted as the
original temperature distribution from
the analytic model. The calibration was
performed as follows:
     1) Calibration in the x-y directions:
The difference between the measured
and computed radius was used to cali-
brate the analytic model in the x-y di-
rections resulting in Tc – xy(x, y, z). To
this end, one can shrink/expand the
temperature distribution from the
original analytic model as T(xyx, xyy,
z), where xy is the adjustment ratio in
the x-y directions. For any xy, the ra-
dius r(xy) can be computed from the
adjusted model. The calibration ratio
xy* is so determined that r(xy*) = rm,
where rm is the radius from the meas-
urement of the weld pool surface. The
analytic model after calibration in the
x-y directions was 

Tc – xy(x, y, z) = T(xy*x, xy*y, z) (4)

     2) Calibration in the depth direc-
tion: Metals typically expand at an ele-

vated temperature. The metal signifi-
cantly increased its volume after being
melted. For a partially penetrated weld
pool, the liquid metal was constrained
by the solid base metal such that it
could only elevate above the workpiece
surface — Fig. 4. 
     To calibrate in the depth direction,
the increase in volume can be calculat-
ed using Tc – xy(x, y, z) and the following
thermal expansion coefficient:

where av(T) is the volumetric thermal
expansion coefficient as a function of
temperature T.
     If the computed temperature  
Tc – xy(x, y, z) is accurate, this increase in
the volume Vc should be the same as
that computed from the measurement
of the weld pool surface, i.e., Vm. A
difference dV = V – Vm between
them reflects an inaccuracy in the tem-
perature computation Tc – xy(x, y, z).
     The authors further propose to ad-
just the temperature in the depth di-
rection through shrinking/expansion:

Tc(x, y, z) = Tc – xy(x, y, zz)                     (6)

where z is the adjustment ratio in the
depth direction. As such, if z = 0.5

mm, after the adjustment, the temper-
ature changed from Tc – xy(x, y, 0.5)
(without adjustment) to Tc – xy(x, y,
0.5z). After the adjustment, the com-
puted increase in the volume became
the following

     The optimal z, denoted as z*, was
selected so that

dV(Tc–xy(x, y, z*z)) = 0 (7)

     Tc–xyz(x, y, z) = Tc – xy(x, y, z*z) was
the final calibrated temperature field,
which can be used to compute the
depth of the weld pool as a calibrated
estimate.

Experiment and Calibration
     The proposed calibration method ob-
tained the penetration during GTAW in
real time. Because the weld pool is un-
derneath the workpiece and has a mir-
ror-like surface, the direct observation
of the penetration depth was challeng-
ing. The ultra-bright arc added another
challenge. Hence, if the proposed cali-
bration-based measurement method is
proven to be effective, it will represent a
major step forward in the monitoring
and control of weld penetration.

V =
c T0

Tc xy(x ,y ,z)av(T )dT dv (5)

V =
c T0

Tc xy(x ,y , zz)av(T )dT dv

Fig. 7 — A set of the reconstructed 3D weld pool surface as a function of welding time.
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     A 3-mm-thick Type 304 stainless
steel plate was used to conduct a sta-
tionary bead-on-plate experiment to
demonstrate the calibration. The di-
mension of the workpiece was 300
mm by 100 mm. The experimental
welding parameters are listed in Table
2. The heat-input distribution parame-
ters ah, bh, and ch needed in the analytic
model are also given in Table 2. 
     These parameters for the heat input
distribution changed with the welding
parameters, but their actual values
were not critical since the analytic
model will be calibrated, as will be
proven in the second part of this paper
(Ref. 56). The experimental system is
shown in Fig. 5.

Experimental Data for 
Calibration

     During the experiment, the images
on the imaging plane were processed
such that the development of the weld
pool surface was characterized by its
diameter and convexity (Ref. 10). The
latter is defined as the average eleva-
tion of the weld pool surface above the

workpiece surface along the weld seam
longitudinally. 
     In this work, the entire volume of
the elevation above the workpiece sur-
face was of concern. The average eleva-
tion above the workpiece surface need-
ed to be for the entire weld pool area
rather than along the weld seam. To
avoid confusion, they can be referred
to as the aerial and linear convexity,
respectively. When it is clear in the
rest of the paper, the convexity will re-
fer to the aerial convexity unless speci-
fied otherwise.
     The experiment began and ended at
14.2 and 29.4 s, respectively, with a to-
tal running time of 15.2 s. The current
was about 72 A, slightly higher than
the set value. The voltage was 13.9 V.
During the experiment, four images
were processed per second to track the
development of the weld pool surface.

Figure 6 plots the data for the recon-
structed weld pool surface 4 s after
welding started to assure the weld
pool surface was reconstructed from
sufficient reflected points. As shown in
Fig. 6, as the welding time increased,
the diameter of the weld pool in-
creased, and so did the convexity, al-
though there were also slight fluctua-
tions. At the end of the experiment (t
= 29 s approximately), the diameter
was about 5.4 mm, and the convexity
was about 0.16 mm.
     A set of the reconstructed 3D weld
pool surfaces are shown in Fig. 7. As
can be observed from these recon-
structed 3D weld pool surfaces, the ra-
dius and convexity of the elevated
weld pool increased with time. 
     Table 3 summarizes the measure-
ments of the weld pool surface near
the end of welding, i.e., t = 29.0 s. One

Fig. 8 — Results of the calculated weld pool before calibration: A — Calculated boundary; B — surface temperature field (°C); C — XOZ
boundary; D — whole boundary.

A

C

B
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Table 2 — Parameters for Experimental Calibration

Heat Input          Current         Voltage        Arc Length       Time             ah                        bh                     ch

         (W)                    (A)                  (V)                 (mm)              (s)           (mm)        (mm)      (mm)

      1000                   70                 14.2                   5                  15           4.153        4.153     0.511
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should note that, although the central
area had a relatively high elevation,
the convexity of the entire weld pool
was relatively small. That is, for circu-
lar bands with the same radius inter-
val, the area increased rapidly as the
radius (distance from the z-axis) in-
creased. As such, the majority of the
elevated surface was at relatively low
elevations.

Analytic Model

     During this time, the elevated vol-
ume was also calculated by the analytic
solution. Since the penetration is only
determined by the deepest weld pool
achieved right before welding ends,

the calibration result can only be ex-
perimentally verified for the time
when the experiment ends. As such,
the calibration results were only
demonstrated for t = 29 s.
     Figure 8 shows the results from the
analytic model for the temperature dis-
tribution/weld pool at t = 29 s. Because
the melting point is 1400°C, only the
temperature field above the melting
point was shown. As can be seen, the di-
ameter of the weld pool surface was
5.36 mm, slightly smaller than that
from the measurement that is 5.4 mm.
The temperature distribution on the
surface was also plotted, with a peak
temperature at 2178°C. The depth of
the penetration from the computation

was 1.882 mm. The whole boundary of
the weld pool on the XZ plane calculated
from the analytic model is shown in Fig.
8D, which is like an ellipse because of
the heat model being used. The elevated
volume calculated through the analytic
model was 0.7045 mm3.

Calibration

     The differences between the meas-
ured and computed radius are used to
calibrate the analytic model in the x-y
directions first. The radius from the
original analytic model was 2.68 mm,
and the measured radius was 2.7 mm.
Hence, the calibration ratio in the x-y
directions was xy* = 2.7/2.68 =
1.0075. The analytic model after cali-
bration in the x-y directions was

Tc – xy(x, y, z) = 
T(1.0075x, 1.0075y, z) (8)

     Figure 9A shows the weld pool
boundary on the workpiece surface be-
fore and after calibration in the x-y di-
rections. A difference between Tc – xy(x,
y, z) computed and measured elevation
volumes triggered the calibration in
the depth direction. The elevation vol-
ume computed using the original
analytic model was 0.7045 mm3. After
calibration in the x-y directions, this
volume increased to 0.7151 mm3, a lit-
tle larger than the measurement 0.6474
mm3. For the next step, the calibration
in the depth direction was performed.
This found that for z = 0.9054, the ele-
vation volume computed from
T(0.9054x, 0.9054y,zz) = 0.6474 mm3.
As such, z* = 0.9054, and the final cali-

Fig. 9 — The detailed results after calibration: A — The calculated and calibrated weld pool surfaces; B — the calculated and calibrated
whole points.

Fig. 10 — Cross section of an autogenous gas tungsten arc spot weld on a 304 stainless
steel (I = 70 A and V = 13.9 V).

A B

Table 3 — Results of Measured Weld Pool Near the End of Welding

 Weld Pool Radius/          Average Elevation (Convexity)          Measured Elevation Volume
    Weld Pool Area                                                                                                      

2.7 mm /22.559 mm2                       0.0287 mm                                         0.6474 mm3
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brated analytic model was 

Tc(x, y, z) =
T(1.0075x, 1.0075y, 0.9054z) (9)

     Using this calibrated model, the final
shape of the weld pool can be comput-
ed. Its comparison with that computed
from the original analytic model is
shown in Fig. 9B. The depth of the weld
pool when welding ended as computed
using the calibrated model was 1.7039
mm, changed from the 1.882 mm com-
puted from the original analytic model.

Verification of Calibration

     The calibrated model can be verified
by comparison between the estimated
depth of weld penetration with that
measured from the cross section. As
shown in Fig. 10, the cross section dis-
played a 1.68 mm for the depth of
weld penetration and a 5.33 mm for
the weld width. The results from the
calibrated model were 1.7 and 5.4 mm,
respectively. The accuracies appeared
to be adequate for typical precision
joining applications.
     In the second part of the paper, more
experiments will be conducted using
different welding parameters to verify
the accuracy of the calibrated analytic
model. The heat source distribution pa-
rameters will be assumed differently to
verify the robustness of the calibrated
model showing that the accuracy of the
calibrated model is not significantly af-
fected by the distribution parameters of
the heat source that are actually used in
the analytic model.

Conclusions
     The objective of this work was to ac-
curately determine the depth of the
weld penetration that is underneath the
workpiece and not directly measurable.
The proposed method used an analytic
method to compute the temperature
distribution and then calibrate the ana-
lytic model by adjusting the tempera-
ture distribution such that the weld
pool radius (for the stationary GTAW),
and the volume of the elevation of the
weld pool surface above the workpiece
surface derived from the adjusted tem-
perature distribution, were equal to
those from the measurements. The cali-
brated analytic model was then used to
compute the depth of the weld penetra-
tion underneath the workpiece surface.

Since the temperature distribution
could be computed in advance and the
weld pool surface could be measured in
real time through the techniques devel-
oped from the previous work, the ana-
lytic model computed temperature dis-
tribution could be calibrated in real
time. A real-time estimation method for
the depth of the weld penetration thus
became feasible. The experiment veri-
fied the accuracy of the estimated depth
of weld penetration. The proposed
method that is characterized by the use
of an analytic model and a measure-
ment-based calibration is thus experi-
mentally verified for stationary GTAW.
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