
Introduction
     In Part 1 of this report (Ref. 1), a
method was proposed to determine
the depth of the weld pool, which is in-
visible underneath the workpiece, by
calibrating an analytic model to com-
pute the temperature distribution
based on measurements of the weld
pool including the weld pool boundary
and convexity. An experiment was
then conducted to demonstrate the
feasibility of the method. 
     In Part 2, more experiments were
conducted under different conditions to
experimentally verify the effectiveness
and accuracy for the proposed method.
Since the analytic model used a set of

assumed distribution parameters for
the body heat source of the arc, it was
necessary to study how, or how much,
the proposed method depended on
these assumed values. It would be ideal
if the proposed method did not depend
on these values. Otherwise, an effective
method may be proposed to determine
these values. The dependence of the
proposed method on the heat source pa-
rameters was studied including a
method proposed to optimize the heat
source parameters. The optimized heat
source parameters demonstrated ro-
bustness under other conditions. In ad-
dition, an effective method was estab-
lished to accurately estimate the final
accuracy achieved.

Experimental Verifications
     The analytic model contained a few
constant parameters that were deter-
mined from the material and experi-
mental conditions: workpiece initial
temperature T0; density , specific
heat c, thermal conductivity k, and
thermal diffusivity a = k/c; and plate
width 2B, length 2L, and thickness D.
This study used Type 304L Stainless
Steel with 300  100  3 mm dimen-
sions. These constant parameters are
listed in Table 1.
     The analytic model also contained
parameters that may be subject to
change: effective heat input Q from
the arc and single-ellipsoidal heat
source parameters (ah, bh, ch). In the ex-
periment conducted in Part 1 to
demonstrate the proposed method,
the current was 70 A, and the heat
source parameters were ah = 4.153, 
bh = 4.153, ch = 0.511, and Q = 1000 W. 
     In the two experiments conducted
to further verify the proposed method,
the current was reduced to 65 and 60
A. As a result, these parameters were
changed as shown in Table 2. The val-
ues in this table are the initial values
suggested from the authors’ experi-
ences. Later in this paper, a systematic
method is established to select/opti-
mize the heat source parameters.
     The welding time was still 15 s, the
same as that used in the experiment in
Part 1, i.e., starting from about 14.2 s
and ending at 29.4 s. Four images were
acquired and processed per second to
track and record the development of the
weld pool surface. The measured diame-
ter and convexity of the weld pool sur-
face are shown in Fig. 1. In Fig. 1A, the
reconstruction algorithm initiated at
3.8 s when the weld pool surface started
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to reflect a sufficient number of inci-
dent rays. In Fig. 1B, the start time for
the reconstruction was delayed to 5.1 s
due to the reduced current (thus delay-
ing the production of a sufficient weld
pool reflective surface). 
     At the end of the experiment, the
diameter was close to 5 mm for the 65-
A case and 4.7 mm for the 60-A case.
For the convexity, it was 0.11 mm for

the 65-A case and 0.1 mm for the 60-A
case. For the experiment with the 65-
A current, the convexity increased to
0.087 mm at t  19 s, and then there
were certain fluctuations from t = 20.5
to t = 24 s, which  may have been
caused by the oscillation of the weld
pool. The convexity then increased
gradually/smoothly to 0.11 mm at the
end of the experiment. In the 60-A-

current case, it was increased to 0.09
mm at t  20.3 s and then remained al-
most constant with a gradual increase
to 0.1 mm at the end of welding. For
comparison, the case with the 70-A
current reported in Part 1 had an ele-
vation of 0.16 mm.
     Table 3 summarizes the measure-
ments of the weld pool surface at the
end of the experiment, i.e., t = 29.3 s
for the 65-A case and t = 29.2 s for the
60-A case. The weld pool radius
reached 2.5 mm in the 65-A case and
2.35 mm in the 60-A case. As clarified
in Part 1, the average elevation was
different from the convexity. While it
can be thought of as an aerial convexi-
ty (the average elevation above the
workpiece surface for the entire weld
pool area), the convexity defined in
previous literature (Ref. 2) was the lin-
ear average along with the weld joint
longitudinally.
     The temperature distribution calcu-
lated from our analytic solution was
also used to calculate the elevated vol-
ume and dimension of the weld pool
using the parameters given in Tables 1
and 2. The arc application time used to
compute the temperature distribution
was also 15 s, the same for each weld-
ing experiment to compare the pene-
tration achieved at the end of the ex-
periment, which can be measured
from the weld cross section.
     Figure 2 shows the calculated sur-
face temperature field and the weld
pool shape in both cases. Because
the melting point was 1400°C, only
the temperature field above the melt-
ing point is shown. In Fig. 2A and C, it
is clearly seen that the area for the re-
gion above 1800°C in the 65-A case
was larger than that in the 60-A case,
and the peak temperature was also
higher. From Fig. 2B, it can be seen
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Fig. 1 — Measured diameter and convexity of the weld pool surface: A — The 65A case; B — the 60A case.

A B

Table 1 — Preset Constant Parameters for the Analytic Model

     Symbol                         Quantity                                                              Presetting Values

          T0                                                  Initial temperature                                            273.15 K
                                         Density                                                                8.03  10–6kg/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
       v(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

Table 2 — Experimental Parameters

            Current                      Arc Length             Time           Heat Input        ah = bh         ch

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

            65                               5                              15               950                    4                  0.8
            60                               5                              15               900                    4                  0.8

Table 3 — Results of the Measured Weld Pool at the End of Spot Welding

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

         65              2.5 mm/19.625 mm2                         0.0231 mm                          0.4524 mm3

         60             2.35 mm/17.341 mm2              0.0181 mm                          0.3139 mm3

*Measurements for 70 A: The measured weld pool radius/weld pool area was 2.7 mm/22.559 mm2,
the average elevation was 0.0287 mm, and the elevation volume was 0.6474 mm3.

.
.
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that the diameter was about 5.04 mm
and the depth was 1.783 mm in the
65-A case. From Fig. 2D, it can be seen
that the diameter = 4.64 mm and the
depth = 1.585 mm in the 60-A case.
The elevation volumes calculated
through the analytic model were
0.5429 mm3 in 65 A and 0.3530 mm3

in 60 A. The elevation volume and the
diameter have some differences from
the measured results. Hence, the cali-
bration solution should be conducted.
     The proposed calibration method cal-
ibrated the analytic model in the x-y di-
rections first. While the radius from the
original analytic model was 2.52 mm for
the 65-A case and 2.32 mm for the 60-A
case, the corresponding measurements
were 2.5 and 2.35 mm, respectively. The
calibration ratio in the x-y directions
was thus xy* = 2.5/2.52 = 0.9921 and
xy* = 2.35/2.32 = 1.0129 for the 65-
and 60-A cases, respectively. 
     Figure 3A and C shows the weld
pool boundary on the workpiece sur-
face before and after calibration in the
x-y directions, where the elevation vol-
ume was decreased from 0.5429 to
0.5344 mm3 for the 65-A case and in-
creased from 0.3530 to 0.3622 mm3

for the 60 A case. For the subsequent
calibration in the depth direction, the
resultant z* = 0.8466 for the 65-A
case made the elevation volume com-
puted from the calibrate analytic solu-
tion T(0.9921x, 0.9921y, z*z) to be
0.4524 mm3, matching that of the
measurement result. For the 60-A
case, the resultant z* = 0.8666. The fi-
nal calibration results for the analytic
models are shown in Table 4.
     Using the calibration results, the
weld pools were computed again. Fig-
ure 3B and D shows the comparison of
the weld pools before and after calibra-
tion. The penetration after calibration
became 1.5095 and 1.3735 mm for the
65- and 60-A cases, respectively.
     The accuracy of the calibrated mod-
el can be verified by comparing it with
the measurement from the cross sec-
tion. As shown in Fig. 4A, the penetra-
tion measured from the cross section
of the weld for the 65-A case was 1.58
mm. It was very close to that calculat-
ed from the calibrated model, i.e.,
1.5095 mm. The error  = (1.58-
1.5095)/1.58 = 4.46%. However, be-
fore calibration, the error was  =
(1.58–1.783)/1.58 = 12.85%. From
Fig. 4B, the measured penetration for

the 60-A case was 1.44 mm and the di-
ameter was 4.77 mm. The penetration
computed from the calibrated model, 
1.3735 mm, was also very close to the
measured penetration. The error  =
(1.44–1.3735)/1.44 = 4.62%. As such,
the proposed calibration method was
considered experimentally verified for
its ability to accurately predict the
depth of the weld penetration for the
other welding currents used.

Effect of Heat Source
Parameters on Calibration 
Ability
     The high accuracy achieved in pre-
dicting the penetration underneath the
workpiece, which is not directly measur-
able, experimentally verified not only
the proposed method (such as the desir-
able calibration ability of the analytic

model) but also the accuracy of the sen-
sor. However, in addition to the fixed
parameters associated with the material
properties and welding conditions such
as the dimensions of the workpiece, the
result (three-dimensional temperature
distribution) of the analytic model also
depended on the heat source parame-
ters whose values were previously em-
pirically selected. It is reasonable to ask
if the needed calibration ability of the
analytic model depended on these em-
pirically chosen heat source parameters.
If it did, another important question to
ask is whether it is possible to establish
a systematic/reliable method to obtain
“correct” or acceptable values that can
ensure the needed calibration ability.
     To answer the first question, the
values of the heat source parameters
(ah = bh and ch) in the analytic model
for the case with the 60-A current and
the 5-mm arc length changed in the
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Fig. 2 — Calculated surface temperature field and weld pool before calibration: A —
Calculated surface temperature field (°C), 65 A; B — calculated weld pool, 65 A; C —
calculated surface temperature field (°C), 60 A; D — calculated weld pool, 60 A.

Table 4 — Calibration Results

    Current (A)                            xy                                 z             Model

    65                                       0.9921                         0.8466        T(0.9921x, 0.9921y, 0.8466z)
    60                                       1.0129                         0.8666        T(1.0129x, 1.0129y, 0.8666z)

A B

C D
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ranges shown in Fig. 5, where the hori-
zontal abscissa ah = bh (stationary
welding) varied from 3.8 to 4.4 mm,
and the vertical ordinate ch varied
from 0.5 to 1 mm. 
     For each set of the values in the
ranges, a temperature distribution can
be calculated using the analytic model.
It is used as the initial temperature
distribution calibrated through its ex-
pansion/shrinking. The resultant pos-
terior depth error  = hcal − hacl/hacl,
where hacl = 1.44 mm is the actual
depth of penetration measured from
the cross section, and hcal is the cali-
brated depth. These errors are labeled
in Fig. 5. As shown, the region that
produced acceptable calibration results
(posterior depth error < 3%) was locat-
ed around the point ah = bh = 4.1 and ch
= 0.8 (marked by the ellipses). As such,
the calibration ability does depend on
the heat source parameters. Figure 6
further compares the three-dimen-
sional weld pool before and after 
calibration.
     It is desirable and important that
the calibration ability be predicted
during welding without a comparison
with the actual depth measured from
the cross section. To find a feasible
way, the resultant errors before and af-

ter calibration in each of the two cali-
bration steps are listed in Table 5
where d = dcom − dacl/dacl was the pri-
or diameter error before calibration in
the x-y directions was performed, and 
ele = Vcom − Vacl/Vacl was the prior ele-
vation volume error before calibration
in the depth direction was performed.
In these equations, dacl and Vmea were
the diameter and elevation volume
measured from the weld pool sensor,
respectively; dcom was the diameter
from the analytic model; and Vcom was
the elevation volume from the analytic
model calibrated in the x-y direction.
During welding, both d and ele were
available.
     The data in Table 5 clearly suggests
that the calibration error as measured
by the posterior depth error depended
on both prior diameter and elevation
volume errors that reflected the mag-
nitudes of the adjustments needed in
the first (x-y directions) and second
(depth direction) calibrations, respec-
tively. To quantify how these errors
determined the calibration ability, the
achieved calibration accuracy  = 1 – 
was defined as the calibration ability/
accuracy; d = 1 – d was defined as
the diameter prior accuracy; and ele =
1 − ele was defined as the volume pri-

or accuracy. From the data in Table 5,
the following model was estimated
using the least square algorithm:

 = 2.4998  d + 2.6187  ele

– 2.264  d  ele – 1.8545  (1)

with a mean square error (MSE) of
1.37  10–4. This small error suggests
that the calibration ability was highly
predicated from the prior accuracies/
errors. This accuracy may also be seen
by comparing the actual posterior depth
error () with the estimated posterior
depth error using Equation 1, shown in
the rightmost columns in Table 5. 
     The effect of the prior accuracies on
calibration ability may be more clearly
shown in Fig. 7. It can be seen that the
calibration ability  increased with
both prior accuracies, i.e., d and ele.
To achieve an acceptable calibration
accuracy, both prior accuracies must
be relatively high.
     This raised the following question:
Why would a high prior volume accu-
racy not produce a high calibration
accuracy when the prior diameter ac-
curacy is low? This can be answered
in the following way. When a relative-
ly large error exists in the measured
diameter and model calculated diame-
ter, the analytic model is relatively in-
accurate in the x-y directions.
Through a simple expansion/shrink-
ing of the temperature distribution in
the x-y directions, the diameter can
be matched, but this match is realized
through a simple adjustment rather
than a computation from the analytic
model, which is supposed to be more
accurate if the correct heat source pa-
rameters are known. This calibrated
temperature distribution is expected
to be relatively inaccurate in the x-y
directions. The inaccuracy of the tem-
perature distribution in the x-y direc-
tions directly contributes to the inac-
curacy in computing the volume. A
small difference between the meas-
ured volume and computed volume
may actually be caused by the cancel-
lation of the inaccuracy in the x-y di-
rections and the depth direction. Us-
ing it as a reference to calibrate the
depth direction may not actually
eliminate the error in the depth direc-
tion. Hence, the actual calibration ac-
curacy must be determined by the
prior diameter and the prior volume
accuracy.
     As shown in Table 5, the best accu-
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Fig. 3 — Calculated weld pool boundary and penetration after calibration: A — The cal
culated and calibrated weld pool surfaces of 65 A; B — the calculated and calibrated
whole points of 65 A; C — the calculated and calibrated weld pool surfaces of 60 A;
D — the calculated and calibrated whole points of 60 A. 

A B
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racy was from trial case ID 8 with a
very small posterior depth error of
only 0.46%. On the other hand, the
worst had a posterior depth error of
22.18% for trial case ID 14. As such, a

practical model (Equation 1) was ob-
tained to use the available measure-
ments/computation results to predict
the calibration accuracy without cross
sectioning the weld.

Determination of Heat
Source Parameters

Optimal Heat Source
Parameters

     Equation 1 can be used to estimate
the prediction accuracy of the weld
pool depth for the used heat source
parameters (thus the temperature dis-
tribution before calibration). However,
the optimal heat source parameters to
maximize the calibration accuracy
were not given. To find such optimal
values, we can directly establish the re-
lationship between the analytic model
(without any calibration) computed di-
ameter and elevation volume with the
following heat source parameters:

dcom = fd(rh,ch) (2)

Vcom = fV(rh,ch) (3)
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Fig. 4 — Cross sections of the weld bead: A — The 65A case; B — the 60A case.

Fig. 5 — Relative errors, as measured by the percentage, for different heat source
parameters.

Table 5 — Trials Results

        ID                  ah = bh                 ch                 Prior Diameter                    Prior Elevation             Posterior Depth             Posterior Depth
                                                                                   Error (d)                     Volume Error (ele)                Error ()                          Error ()
                                                                                                                                                                                                                Estimated by 
                                                                                                                                                                                                                  Equation 1

        1                      3.8                  0.5                        2.13%                                  45.08%                           15.93%                            18.67%
        2                      3.8                 0.75                       0.43%                                   37.4%                            14.16%                            13.73%
        3                      3.8                    1                          0.43%                                  33.26%                           11.49%                            12.22%
        4                        4                    0.5                        0.43%                                  19.82%                            7.34%                              7.32%
        5                        4                   0.75                       1.28%                                  13.19%                            5.22%                              5.36%
        6                        4                      1                          2.98%                                   5.89%                              2.15%                              3.19%
        7                      4.1                  0.6                        1.28%                                   9.17%                              1.75%                              3.82%
        8                      4.1                  0.8                        2.98%                                   3.12%                              0.46%                              2.02%
        9                      4.2                  0.5                        2.98%                                   5.45%                              2.75%                              3.00%
       10                     4.2                 0.75                       4.68%                                  10.96%                            5.32%                              6.15%
       11                     4.2                    1                          6.38%                                  16.92%                            8.86%                              9.95%
       12                     4.4                  0.5                        6.38%                                  26.51%                           14.86%                            14.74%
       13                     4.4                 0.75                       8.09%                                  30.97%                           17.85%                            18.57%
       14                     4.4                    1                          9.79%                                  35.84%                           22.18%                            22.96%

*The measured elevation volume was 0.3139 mm3, the diameter was 4.7 mm, and the penetration was 1.44 mm at the end of welding.
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where rh = ah = bh. These relationships
exist and are unique because the tem-
perature distribution from the analytic
model was fully determined by the
heat source parameters after other pa-
rameters had been fixed, and dcom and
Vcom were fully determined by the tem-

perature distribution. To obtain these
nonlinear relationships, they were pa-
rametrized/approximated as follows:

dcom = a0 + a1  rh + a2  ch + a3

 rh  ch + a4  rh
2 + a5  ch

2 (4A)

Vcom = b0 + b1  rh + b2  ch + b3

 rh  ch + b4  rh
2 + b5  ch

2 (4B)

where ai and bi, i = 1,2, ⋯ ,5, were the fit
coefficients that were estimated from
the standard least square algorithm. To
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Fig. 6 — Threedimensional weld pool shape before and after calibration for the 60 Acase: A — ah = bh = 3.8, ch = 0.5; B — ah = bh = 3.8,
ch = 0.75; C — ah = bh = 3.8, ch = 1; D — ah = bh = 4.0, ch = 0.5; E — ah = bh = 4.0, ch = 0.75; F — ah = bh = 4.0, ch = 1; G — ah = bh = 4.2, ch =

0.5; H — ah = bh = 4.2, ch = 0.75; I — ah = bh = 4.2, ch = 1; J — ah = bh = 4.4, ch = 0.5; K — ah = bh = 4.4, ch = 0.75; L — ah = bh = 4.4, ch = 1.
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generate the needed data, the analytic
model was used to compute the temper-
ature distribution and the resulting dcom
and Vcom under various heat source pa-
rameters for the case of the 60-A cur-
rent and the 5-mm arc length. There
were a total of 108 sets of heat source
parameters used, and the results are
partially given in Table 6. 
     The range of rh was 3 to 5.8 and ch
was 0.5 to 1.5. Both of the incremen-
tals were 0.2, resulting in 15  6 = 90
sets. An additional 18 sets were added
randomly in the ranges. Using the
least square algorithm, the data
showed the following:

dcom = –1.5556 + 3.5294  rh + 1.3493
 ch – 0.2898  rh  ch – 0.4886  rh2

– 0.2641  ch2 (5A)

Vcom = 3.3834 – 1.1017  rh – 0.2347 
 ch + 0.0454  rh  ch + 0.0891  rh2

– 0.0158  ch2 (5B)

     The MSE was 0.0119 mm2 for dcom
and 5.73 ∙ 10−5 mm6 for Vcom. The accu-
racy was acceptable. The ideal d* and
V* were the measurements obtained
by the sensor, which were d* = 4.7 mm
and V* = 0.3139 mm3, respectively.
Hence, the optimal solution can be de-
scribed as the following:

under constraints 3.0  rh  5.8; 0.5 
ch  1.5 where  was the weight, and
the authors selected  = d*/V* =
14.9729. The optimal parameters ob-
tained are shown in Table 7. The re-
sultant diameter and elevation volume
were 4.6806 mm and 0.3165 mm3,
with the relative errors as d* –
dcom*d* = 0.41% and V* – Vcom*V* =
0.83%. As such, the resultant values of
the heat source parameters obtained
from the model-based optimization
can be used as the heat source parame-
ters to compute the temperature dis-
tribution for calibration.
     Finally, by inputting these optimal
heat source parameters into the ana-
lytic model to calculate the tempera-
ture distribution and the subsequent
calibration, the excellent accuracy
shown in Table 8 was obtained. A sys-

tematic method was thus developed
that uses an offline method to estab-
lish Equations 4A and B or their para-
meterized approximations (5A and B).
It was then used to perform nonlinear
constrained optimization to determine
the optimal heat source parameters.

Robustness Analysis

     With the offline-obtained equations
5A and B, once the measured diameter
and elevation volume are available, the
optimization may be performed to op-
timize the heat source parameters on-
line. The challenge is that the problem
is a constrained nonlinear optimiza-
tion that is too complicated and com-
putation extensive for real-time solu-
tion. Hence, the offline optimized heat
source parameters may have to be
used. The question is if these heat

source parameters are robust enough
to lead to acceptable calibration accu-
racy when the actual optimal heat
source parameters, if reoptimized,
change in a certain range.
     Such robustness can be examined by
using the heat source parameters opti-
mized based on the 60-A and 5-mm arc
length case for other cases with differ-
ent currents. To this end, they had been
used for the 65- and 70-A cases. The re-
sults are shown in Table 9. 
     The calibration ability was 0.9668
for 65 A and 0.9655 for 70 A. These
high-calibration abilities predicted the
acceptability of the analytic model com-
puted temperature distribution, thus
the acceptability of the heat source pa-
rameters used. The calibrated depth
was 1.5783 mm (error = 0.11%) for the
65-A case and 1.7039 mm (error =
1.42%) for the 70-A case. The calibra-

min
rh ,ch

J(rh ,ch)= (dcom(rh ,ch) – d*)2

+ �(Vcom(rh,ch) – V *)
2

(6)
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Fig. 7 — Calibration ability.

Table 6 — Analytic Model Computed (dcom, Vcom)

            ID                           rh                                       ch                  dcom (mm)                                    Vcom (mm3)

             1                            3                       0.5                     5.04                              0.8229
             2                            3                       1.5                       4.8                               0.8116
             ...                           ...                       ...                         ...                                    ...
            89                         5.8                     0.5                     2.16                              0.0011
            90                         5.8                     1.5                       0.8                               0.0003
             ...                           ...                       ...                         ...                                    ...
           108                        5.2                     0.8                     3.36                              0.0549

Table 7 — Optimized Heat Source Parameters

                 rh                      ch                          dcom*                   Vcom*                            MSE

             4.153               0.511                     4.6806                0.3165                      4.81 10– 4.
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tion accuracy was even better than that
for the 60-A case, which was error =
0.32%. All these errors were extremely
small, showing the excellent calibration
ability and robustness. Their small dif-
ferences were likely caused by the varia-
tion of the actual temperature distribu-
tion from the analytic model.

Conclusions	and	Future
Work

The objective of this Part 2 report
was to verify the calibration solution
proposed in Part 1 and establish a sys-
tematic method to effectively use this
proposed method by optimizing the
heat source parameters, testing their
robustness, and accurately estimating
the calibration. The following conclu-
sions can be drawn:

1) The analytic model and calibra-
tion-based penetration depth estima-
tion method was successfully verified
experimentally for its high accuracy
from three cases using different cur-
rents in the range of interest;

2) The effectiveness of the proposed
method depended on the heat source
parameters used to analytically com-
pute the temperature distribution to

be calibrated;
3) The calibration ability and accu-

racy can be accurately predicted using
the prior diameter accuracy and prior
elevation volume accuracy, both of
which can be calculated from the on-
line measurements of the weld pool di-
ameter and elevation volume. The per-
formance of the proposed method was
thus predictable;

4) The effectiveness of the proposed
calibration-based method can be maxi-
mized by optimizing the heat source
parameters;

5) The offline optimized heat source
parameters were found to lead to high
calibration accuracy not only for the
case under which the optimization was
performed but also for the changing
conditions (where the change in cur-
rent was relatively small).

As such, the excellent calibration
accuracy for the unmeasurable depth
of the weld pool was achieved for sta-
tionary welds without filler metal and
the needed systematic method to real-
ize it had been established. More im-
portantly, the calibration accuracy was
predictable. However, the welds were
made on plates rather than butt joints.
From the calibration principle that
uses the elevation volume as the ther-

mal expansion volume, when an open-
ing exists, the volume of the opening
must be added to the elevation volume
to compare the thermal expansion vol-
ume. When a filler metal is used, the
volume of the added filler metal needs
to be subtracted. Furthermore, when
the torch travels continuously, the
proposed method will have to be mod-
ified. All these concerns need to be ad-
dressed in future studies.
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Table	8	—	Calculated	and	Calibrated	Depths	by	Inpu;ng	Op>mal	Heat	Source	Parameters

dcom Vcom ∈d ∈ele θ λxy* λz* Calibrated	Depth Error
(mm) (mm3) (mm) ∈

4.56 0.3039 2.98% 3.19% 0.9768 1.0307 0.9721 1.4446 0.32%

*The	measured	elevaEon	volume	was	0.3139	mm3,	the	diameter	was	4.7	mm,	and	the	penetraEon	was	1.44	mm.

Table	9	—	Robustness	Tes>ng	Results

Current Dcom Vcom ∈d ∈ele θ λxy* λz* Calibrated	Depth Error
(A) (mm) (mm3) (mm) ∈

65 5.04 0.4904 0.8% 8.4% 0.9668 0.9921 0.9373 1.5783 0.11%
70 5.36 0.7045 0.74% 8.82% 0.9655 1.0075 0.9054 1.7039 1.42%

*For	cases	of	65-	and	70-A,	the	measured	elevaEon	volume	was	0.4524	and	0.6474	mm3,	the	diameter	was	5.0	and	5.4	mm,	and	the	penetraEon	was	1.58
and	1.68	mm,	respecEvely.	
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