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Measurement and Estimation of Weld Pool 
Surface Depth and Weld Penetration in 

Pulsed Gas Metal Arc Welding 

A relationship between a change in arc voltage at peak current and depth of joint 
penetration was established 

BY Z. WANG, Y. M. ZHANG, AND L. WU 

i ABSTRACT 

The weld pool surface may contain 
sufficient information to determine weld 
penetration. In this study, a high-speed 
camera-based vision system was used to 
image the weld pool surface during gas 
metal arc welding (GMAW). To calculate 
the depth of the weld pool surface from 
the acquired image, a calibration proce- 
dure is proposed to determine the pa- 
rameters in the calculation equation. 
Welding parameters were designed to 
conduct   a  series  of pulsed  GMAW 

(GMAW-P) experiments. Modeling 
using experimental data shows that the 
change of the weld pool surface depth 
during the peak current period can pre- 
dict the depth of the weld penetration 
with adequate accuracy. However, a di- 
rect application of this result is compli- 
cated by the need for a vision system. To 
find a method that can be used to moni- 
tor the weld penetration using signals 
that are easily measurable in manufac- 
turing facilities, a possible relationship 
between a change in weld pool surface 
depth and a change in arc voltage was an- 

alyzed. The analysis suggested that the 
change in arc voltage during the peak 
current period may reflect accurately the 
change in weld pool surface depth during 
the peak current period. As a result, it is 
proposed that the depth of the weld pen- 
etration be determined from the change 
in arc voltage during the peak current pe- 
riod. The modeling result shows that the 
change in arc voltage during peak current 
can indeed provide an accurate predic- 
tion for the depth of the weld penetra- 
tion during GMAW-P. 
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Introduction 

Gas metal arc welding (GMAW) can 
be considered the most widely used arc 
welding process, preferred for its versatil- 
ity, speed, and easy application in robotic 
automation. Pulsed GMAW (GMAW-P) 
is used to achieve a controlled metal trans- 
fer process over wide ranges of heat and 
mass input levels (Refs. 1, 2). It uses a low 
amperage to maintain the arc and a peak 
amperage to melt the welding wire and de- 
tach the resultant droplet. As a result, the 
desired spray transfer can be achieved at 
low average currents (Refs. 3, 4). 

Weld penetration plays a fundamental 
role in determining the mechanical 
strength of welds, and thus, its control is 
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critical. This study concerns partial pene- 
tration applications where the base metal 
is not fully melted through its entire thick- 
ness. For partial penetration applications, 
how deep the base metal is melted is re- 
ferred to as the depth of weld penetration. 
This depth is often used as the measure- 
ment of the weld penetration. It is appar- 
ent that the depth of weld penetration is 
not directly visible. Many methods have 
been introduced to estimate it based on in- 
direct measurements such as geometrical 
parameters of the weld pool (Ref. 5), tem- 
perature field (Ref. 6), oscillation fre- 
quency (Refs. 7, 8), and arc voltage (Ref. 

KEYWORDS 

Weld Penetration 
Weld Pool Surface 
Monitoring 
Modeling 
GMAW-P 
Machine Vision 

9). To obtain indirect measurements, vari- 
ous techniques such as vision (Refs. 5,10), 
ultrasonic (Ref. 11), acoustic emission 
(Ref. 12), and thermal (Ref. 6) have been 
used. However, most of those efforts fo- 
cused on gas tungsten arc welding 
(GTAW). The GTAW process is less com- 
plex and much more stable in comparison 
with GMAW, which is the concern in this 
study. The GMAW process uses a con- 
sumable wire as an electrode to improve 
the productivity, and the resultant metal 
transfer of the melted wire complicates the 
process. Because of the metal transfer, the 
droplets impact the liquid weld pool peri- 
odically and cause the weld pool to fluctu- 
ate. For the pulsed GMAW studied in this 
paper, the arc pressure also changes peri- 
odically, resulting in significant fluctuation 
in the weld pool surface. The resultant 
complexity added additional difficulties to 
obtain indirect measurements needed to 
estimate the weld penetration. 

Among the possible indirect measure- 
ments, the weld pool surface appears to be 
the most promising one with sufficient in- 
formation to estimate the weld penetra- 
tion. This is because many skilled welders 
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Fig. 1 — Schematic diagram for SD measurement. 

Fig. 3 — Calibration principle. 

Fig. 2 — The SD measurement principle. 

axe capable of controlling the weld pene- 
tration only based on observation of the 
weld pool surface. Hence, methods have 
been proposed to measure the three- 
dimensional surface of the weld pool using 
structured-light and diffuse glass (Ref. 13), 
structured light and calibrated camera 
(Ref. 14), specular reflection from the 
weld pool (Refs. 15,16), shape from shad- 
ing (Ref. 17), binocular stereo vision (Ref. 
10), and its variant biprism stereo vision 
(Ref. 18). In another effort, Zhang and 
Yan measured the average height of the 
weld pool tail boundary, i.e., depth infor- 
mation from a geometry approximation 
model in GMAW-P for thin plate (Ref. 
19). Unfortunately, these methods are 
largely based on vision, and the suitability 
of their use in manufacturing facilities 
needs to be improved before they may be 

actually applied. 
This paper explores 

the development of a 
simple yet innovative 
method to effectively 
derive the depth of the 
weld pool surface un- 
derneath the arc (re- 
ferred to as the surface 
depth or SD hereafter) 
and relate the depth of 
the weld penetration 
(penetration depth or 
PD hereafter) with it. 
In order to study their 
relationship, SD is 
measured directly using 
machine vision from 
high-speed cameras. To 
use signals that are eas- 
ily measurable to pre- 
dict PD, the arc voltage 
is also measured and 
related to PD. 

Vision-Based Measurement 
Principle 

A high-speed camera, OLYMPUS i- 
SPEED, which is capable of capturing im- 
ages up to 33,000 frames per second and 
of directly imaging the weld pool under 
the presence of the arc, is fixed in the 
upper side of the weld pool with angle p to 
view the weld pool as shown in Fig. 1. The 
welding gun is perpendicular to the work- 
piece surface. For convenience of discus- 
sion, a welding gun coordinate system 
OXYZ is established as shown in Fig. 1 
with the workpiece upper surface as the 
OXY plane, gun axis as the Z-axis, and 
weld joint and travel direction as the 
X-axis. 

A vision-based method for SD meas- 

urement is shown in Fig. 2. The SD in this 
paper refers to the maximum weld pool 
surface depth below the OXY plane, 
which can be measured using the Z-axis 
coordinate of the intersection between the 
Z-axis and the weld pool surface. A pin- 
hole camera model is employed in this 
study. The scale in Fig. 2 has been ad- 
justed for better illustration. There are 
three coordinate systems including the 
camera coordinate system (OcXcYcZc), 
the image coordinate system (OjXjYi), 
and welding gun coordinate system. The 
object plane is parallel to the image plane 
and forms an angle (3 with Z-axis. When 
the weld pool surface rises such that the 
intersection between the Z-axis and the 
weld pool surface rises from PQ to P2, the 
corresponding point in the object plane 
changes from P0Q to P02 and the corre- 
sponding point in the image plane changes 
from PJQ to Pj2- The SD can thus be meas- 
ured as 

rf, = -|P2P0|=-|Po2Po0|/cosp(l) 

where ds denotes the SD and a nega- 
tive/positive ds indicates a weld pool sur- 
face above/below the OXY plane. 
Similarly, if the weld pool surface lowers, 
the SD will be 

ds = I P0iP0o I/cos P 

Define Sc as 

Sr = I PoiPoO l/l PiiP.-n I rojro0 ifiO 

(2) 

(3) 

where Pj; is the image point of P; (j = 1, 
2) in the image plane while P0; is the cor- 
responding point in the object plane. 
Then, 

ds = ±SC x I PjiPjo I/cos p (4) 
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Fig. 4 — Illustration of observation orientation in calibration. Fig. 5 — Image of the calibration circle with cross. 

Hence, 

ds = scx(yii-yioycos^ (5) 

where y^ and y^Q are the y-ordinate of Pj: 
(j = 0,1, 2) and the origin, respectively, in 
the image. 

It is apparent that parameters (Sc and 
P) and position of the origin in the image, 
i.e., 0{xiQ,yiQ), are needed in order to cal- 
culate the SD. To this end, a calibration 
based method was used. 

Calibration 

A circle has no directionality. Using 
this characteristic of a circle, a calibration 
procedure was designed to determine Sc, 
P, and 0(xiQ,yiQ). A calibration circle with 
a cross was placed right below the wire tip 
and adhered to the workpiece upper sur- 
face as shown in Fig. 3. 

Ideally, the optical axis of the camera 
forms no angle with the OYZ plane; how- 
ever, there must be a small angle, denoted 
as 6 between them — Fig. 4. In addition, 
the camera may also have a small rotation 
angle (|) as shown in Fig. 4. As the circle has 
no directionality, the image of the circle 
will be an ellipse whose long axis is equal 
to the diameter of the circle and center is 
the center of the circle. If the parameters 
of the ellipse, including center position 
(XQ, YQ), major semi-axis a, minor semi- 
axis b, and rotation angle of the ellipse a 
are obtained from image processing, one 
can easily determine 

O = iX0,Y0) (6) 

4) =-a (7) 

Sc = rla (8) 

where r is the actual radius of the circle in 

Fig. 6 — Image processing and parameters extraction for calibration. A - 
verting; C — ellipse fitting; D — lines fitting. 

- Binarization; B — image in- 

millimeter. Further, 

P =arcsin(5 /a) (9) 

Also, the slopes and intercepts of the lines 
kfo , bfo , kv , bv can be obtained from 
image processing. Define a' = arctan(^) 
and cp = a'-a, then 

9 = arcsin(sin cp / sin p)       (10) 

The image of the calibration circle is 
shown in Fig. 5. The area where the loca- 

tion of the calibration circle is selected to 
process, and the image processing results 
are shown in Fig. 6. The parameters for 
the ellipse and lines can easily be obtained 
from the processed image. 

Measurement Algorithm Test and 
Error Analysis 

The test principle is shown in Fig. 7. 
Two metal plates of identical size but dif- 
ferent thickness are prepared with identi- 
cal homocentric round orifices as shown in 

Table 1 — Measurement Algorithm Test Result 

Calculated Thickness (mm) Actual Thickness (mm) 

6.72 6.35 

Relative Error (%) 

5.76 
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Fig. 7 — Schematic diagram for measurement algorithm test. 
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Fig. 7(1). After positioning the camera 
and reference plate, the reference plane, 
i.e., the top surface of the reference plate, 
is imaged as shown in Fig. 7(2). Then the 

test plate is positioned on top of the refer- 
ence plate with the two homocentric ori- 
fices perfectly aligned and imaged as 
shown in Fig. 7(3). The two images are 

Table 2 — Calculated Parameters List 

Parameters 

Average welding current (/0) (A) 
Average welding voltage {Ua) (V) 
Average peak voltage ([/„) (V) 
Average base voltage (C/^) (V) 
Change of welding voltage in every peak period (AC/„,) (V) 

Average change of welding voltage in peak period (AfT) (V) 
Average SD in peak period (d,) (mm) 
Change of SD in every peak period (ArfJ() (mm) 

Average change of SD in peak period (Arfj) (mm) 
Weld width (R^) (mm) 
Average weld penetration (d„) (mm) 

Values 

192.0 
30.4 
33.6 
27.7 

3.83 
2.13 
0.75 
3.33 
1.38 
2.28 

-0.33 
0.56 
0.52 
1.01 
0.56 
0.38 
0.61 
6.57 
2.63 

then processed for the center points of the 
two ellipses, which can be used to calcu- 
late the thickness of the test plate. 

In this study, both of the two plates are 
100 x 50 mm, while the thickness is 2.54 
mm and 6.35 mm for the reference and 
test plate, respectively. The diameters of 
the two identical round orifices are both 
6.35 mm. The two original images are in 
Fig. 8A and B. The ellipse fitting and line 
fitting results are shown in Fig. 8C and D. 
The results of the thickness calculation are 
given in Table 1. 

As can be seen in Table 1, there is an 
error between the actual and calculated 
thickness. This error can be considered an 
estimate of the error for the proposed 
depth calculation algorithm when the weld 
pool surface changes for 6.35 mm. This 
error occurs because the algorithm shown 
in Fig. 2 is actually an approximation of 
the accurate camera model. As shown in 
Fig. 9, the error produced by the approxi- 
mation is | FT" |. The error is caused by the 
approximation used, so it is an inherent 
error of the depth calculation algorithm. 
The relative inherent error (6) is 

d = {\PP"\-\PP'\)l\PP'\ 

cosry 

cos(/J-J7)cos/J (11) 

It is apparent that, if r| -» 3, then 6 -» 
0. In the case above, fS and r| can both be 
calculated from Equation 9, i.e., (3 = arc- 
sin^ la) using a and b from the image of 
the reference plate and r| =arcsin(fo / a) 
using a and b from the image of the test 
plate, resulting in fS = 0.576 and r| = 0.548. 
The relative inherent error is thus 2.67%. 

There are additional error sources in- 
cluding possible unwanted self rotation of 
the camera, a small gap between the two 
plates used in the test, calculation error in 
calculating the centers of the two ellipses, 
and so on. The error given in Table 1 is the 
result of all these sources. However, in ac- 
tual measurement, the change of the weld 
pool surface depth is much smaller than 
6.35 mm used in the above test such that 
the error caused by the approximation of 
camera model is much reduced. Hence, in 
actual measurement, the error will be 
much smaller than 5.76% although 5.76% 
should be considered an acceptable accu- 
racy for weld penetration control. 

Table 3 — Welding Parameters when C = 11.4 

No. TS (m/min) WFS (m/min) 

3.43 
4.11 
4.80 
5.49 

11 0.30 
12 0.36 
13 0.42 
14 0.48 

8(A) ^(A) V(ms) 4(A) f6(ms 

135 300 8 70 20.3 
162 300 8 70 12 
189 300 8 120 12.9 
216 300 8 180 18.7 
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Fig. 8—Measurement algorithm test images. A — Reference plane; B — test plane; C —fitting result for the reference plane; D —fitting result for the test plane. o  z 
5 

puter and stored in the host computer.       ^J 

Surface Depth Measurement ^ 
Experiment 

An experiment was conducted to meas- 

Experimental Setup 

The experimental setup is shown in 
Fig. 10. The welding machine runs at con- 
stant current (CC) mode and the current is 
controlled by the target computer through 

D/A. The Olympus i-Speed II camera ac- 
quires images at 1000 frames per second 
and stores them in a CF (compact flash) 
card. The arc voltage and actual current 
are synchronized with the images as shown 
in Fig. 11, measured by the target com- 

Table 4 - — Welding Parameters when C - = 13.1 

No. TS (m/min) WFS (m/min) 4(A) 4(A) tp{ms) 4(A) tb{ms) 

21 0.30 3.94 155 300 8 70 13.6 
22 0.36 4.72 186 300 8 70 7.9 
23 0.42 5.51 217 300 8 120 6.8 
24 0.48 6.30 248 300 8 180 6.1 

Table 5 — Welding Parameters when C = 14.8 

No. TS (m/min) WFS (m/min) 4(A) 4(A) V(ms) 4(A) tb{ms) 

31 0.30 4.45 175 300 8 70 9.5 
32 0.36 5.33 210 300 8 70 5.1 
33 0.42 6.22 245 300 8 120 3.5 
34 0.48 7.11 280 300 8 180 1.6 
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Fig. 9 — Error analysis. Fig. 10 — Experimental setup. 
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ure the weld pool surface depth where two 
6.3-mm-thick mild steel (C1018) plates of 
300 x 25.4 mm were welded in a square- 
groove butt joint with a 1.5 mm root open- 
ing in the flat position. The welding gun 
stayed stationary and the workpiece trav- 
eled with the welding tractor at a constant 
speed of 0.42 m/min. The contact tip to 
workpiece distance (CTWD) was 12 mm. 
The welding wire used was 1.2 mm (0.045 
in.) mild steel ER70S-3. The wire feed 
speed (WFS) was 4.8 m/min (189 in./min). 
The welding current was pulsed between 
peak current 300 A and base current 120 
A. The pulse period was 20.9 ms and the 
duty ratio was 38.3%. The shielding gas 
was pure argon and the flow rate was 18.9 
L/min (40 ft3/h). 

A weld pool image obtained by the 
high-speed camera is shown in Fig. 12. 
The center of the weld pool surface is de- 
fined as the center of the elliptical weld 
pool and is marked by the red asterisk as 
shown in Fig. 12. 

Using the algorithm developed earlier, 
SD in the peak current period can be cal- 
culated and synchronized with the welding 
current/voltage waveforms as shown in 
Fig. 13. The average SD can also be 
calculated 

ds={-Eds)/k (12) 

where k is number of the SD measure- 
ments used. Because the weld pool surface 
is fluctuating due to the metal transfer, 
measurement averaging is necessary. 

Denote any SD measurements in the 
ith peak period as a rf5;-. The change of the 
SD in the ith peak period is 

Msi = max{dsi) - mm(dsi) (13) 

The average change in different peak pe- 
riods is 

^ = I J ^i I /« 
V i-i        I (U) 

Arf  = 

where n is the number of peak current pe- 
riods of concern. 

All above measurements from the ex- 
periment are listed in Table 2 together 
with other parameters/variables such as 
the change of the voltage in the ith peak 
period (At/•-) and the average change of 
voltage in different peak periods (At/), 
which will be discussed later, the weld 
width (Wf), and the average of the weld 
penetration (dp) that was measured 
through the gap from the backside. 

Modeling 

Experiment Design 

In analyzing the GMAW process, not 
only the welding current/voltage, but also 
the wire feed speed and welding travel 
speed (TS) affect SD and PD. When the 
wire feed speed increases or the travel 
speed decreases, the PD increases. To con- 
centrate the study on the effect of welding 

Table 6 — Welding Parameters when C = 16.5 

WFS (m/min) 

4.95 
5.94 
6.93 
7.92 

No. TS (m/n 

41 0.30 
42 0.36 
43 0.42 
44 0.48 

8(A) ^(A) V(ms) 4(A) tb{ms 

195 300 8 70 6.7 
234 300 8 70 3.2 
273 300 8 120 1.4 
312 324 8 300 S 

Table 7 — Welding Parameters when C = 18.2 

No. TS (m/min) WFS (m/min) 

51 
52 
53 
54 

0.30 
0.36 
0.42 
0.48 

5.46 
6.55 
7.65 
8.74 

4(A) 4(A) 
215 300 
258 300 
301 302 
344 388 

V(ms) 4(A) tb{ms) 

70 4.7 
70 1.8 
00 8 
00 S 
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Fig. 11 — Synchronization of measurements. 

current/voltage, the metal deposition can 
first be controlled at a constant C. 

Fig. 12 — Weld pool image and weld pool surface center. 

WFS ITS = C (15) 

Then C can be changed in order to 
study the effect from the metal deposition 
on the SD and PD. 

When designing an experiment, the 
travel speed is first specified at a value 
from 0.3 m/min to 0.48 m/min, typical for 
GMAW. Then the wire feed speed is de- 
termined based on C used. The average 
welding current has been determined ap- 
proximately by the wire feed speed and is 
used as a constraint in the current pulse 
waveform design. Also, to facilitate the 
possibility where the arc voltage is easily 
measurable in manufacturing facilities 
with SD, the effect of the current on the 

relationship between 
arc length and arc 
voltage needs to be 
overcome. Hence, the 
peak current and its 
period are set con- 
stants and the base 
current and its period 
are determined based 
on the average cur- 
rent. In this study, 300 
A and 8 ms were used 
as the peak current 
amperage and period. 
The welding parame- 
ters designed are 
shown in Tables 3-7 
for five series of ex- 
periments with five 
different C. 

• • 
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Wbmmmft 
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Fig. 13 — Welding currentIvoltage and SD. Current and voltage signals ^P* 

shown are averages of the measurements for the present and last previous ^" 
point. [J 

LU 
< > 

> 

dp 
(mm) 

1.62 
2.51 
2.63 
2.64 
1.93 
2.58 
3.01 
3.23 
2.45 
2.83 
3.27 
3.31 
2.60 
3.27 
3.33 
3.45 
2.93 
3.74 
4.09 
4.35 

Table 8 — Experimental Results for Modeling 

No. 

11 
12 
13 
14 
21 
22 
23 
24 
31 
32 
33 
34 
41 
42 
43 
44 
51 
52 
53 
54 

c h Welding Voltage (V) 
(A) ^a UP vb 

1.4 136.8 26.4 31.3 22.4 
1.4 158.6 28.2 32.4 24.4 
1.4 192.0 30.4 33.6 27.7 
1.4 218.1 31.3 33.8 29.7 
3.1 154.1 27.9 31.9 23.8 
3.1 182.1 30.1 34.1 25.7 
3.1 212.1 30.4 33.4 27.1 
3.1 246.4 32.7 34.4 30.6 
4.8 176.4 30.1 34.1 26.4 
4.8 211.4 31.7 35.2 27.6 
4.8 243.6 32.0 34.2 28.8 
4.8 275.9 34.8 35.9 33.4 
6.5 192.4 30.7 34.3 26.6 
6.5 230.1 32.5 34.8 28.8 
6.5 271.7 34.5 35.5 32.4 
6.5 308.2 35.6 36.2 35.0 
8.2 211.1 31.5 34.6 27.6 
8.2 254.8 33.4 34.9 30.2 
8.2 298.3 35.1 35.6 34.5 
8.2 334.9 37.1 38.4 35.7 

ds 

(mm) 

0.45 
0.28 

-0.33 
-0.16 

0.33 
0.16 

-0.17 
-0.31 

0.31 
0.05 
0.04 
0.69 
0.15 
0.02 
0.30 
1.00 

-0.43 
-0.01 

0.33 
1.05 

Ms 

(mm) 

0.84 
0.72 
0.61 
0.45 
0.68 
0.49 
0.44 
0.41 
0.57 
0.43 
0.40 
0.38 
0.42 
0.37 
0.33 
0.17 
0.39 
0.30 
0.24 
0.16 

At/ 
(V) 

3.59 
2.46 
2.28 
1.93 
3.19 
1.65 
1.16 
1.05 
2.23 
1.28 
0.99 
0.76 
1.82 
1.22 
0.81 
0.74 
1.73 
1.06 
0.79 
0.94 

Wf 
(mm) 

6.38 
6.70 
6.57 
5.61 
7.85 
6.87 
8.90 
6.59 
8.17 
8.81 

11.13 
7.88 
8.66 

10.83 
8.98 
8.55 

11.54 
9.17 

14.69 
7.41 
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Fig. 14 — Relationship between Ms and weld penetration when C =11.4.     Fig. 15 — Different penetrations M^ A — Peakperiod;B—peak period in deeper 
penetration;    C    —    base   period;    D    —    base   period    in    deeper 
penetration. 
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Fig. 16 — Modeling. A — Nonparametric graphic model; B —plane model. 

Results and Discussion 

Using the welding parameters in Tables 
3-7, five series of experiments were con- 
ducted and the results are given in Table 8. 

As can be seen from Table 8, when 
WFS/TS is constant, with the increase in 
the average current, average change of SD 
in peak period decreases, while PD in- 
creases. Take C = 11.4 as an example; the 
relationship between the average change 
of SD in peak periods and the PD is shown 
in Fig. 14. 

In analyzing the GMAW-P process, 
when the impact of droplets is not consid- 
ered, the front of the weld pool head is 
pressed down by the arc and the molten 
metal flows upward to the tail of the weld 
pool during the peak period as shown in 
Fig. 15A. In the base period, the molten 
metal flows back to the front due to the 

decrease of the arc pressure and the weld 
pool surface rises as shown in Fig. 15C. 
When the metal deposition is unchanged, 
the SD and arc length will increase if the 
PD increases as shown in Fig. 15B. 

From another point of view, if the weld 
penetration increases, it must be caused ei- 
ther by an increase in the base current or a 
decrease in the base period because the 
peak current amperage and period are 
kept constant. Since the arc pressure in the 
base period will increase if the base current 
increases or the molten metal will have less 
time to flow back if the base period time 
decreases, a deeper penetration will result 
in that less metal flows back by the end of 
the base period as shown in Fig. 15D. Fur- 
ther, it is likely that the weld pool surface 
will be pushed to the same level due to the 
unchanged peak current amperage and pe- 
riod. Hence, the change of SD during the 

peak period would tend to reduce as was 
observed from Table 8 and Fig. 14. 

When the droplet is taken into consider- 
ation, the change of SD in peak current pe- 
riod should change. However, the peak 
current amperage and period are main- 
tained unchanged and do not change with 
experiments. The effect of the impact of the 
droplet on the change of SD should be con- 
sidered unchanged with experiment. Hence, 
the droplet should not change how the av- 
erage change of SD in peak period is related 
to the weld penetration when the WFS/TS 
is constant in the GMAW-P process. 

Taking WFS/TS as a factor into ac- 
count, the weld penetration is the function 
of Ms and WFS/TS 

dp=f{Ms, WFS/TS)        (16) 

The interpolation of data can give a non- 
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accuracy is as good as 
the plane model. 
Hence, the depth of 
the weld penetration 
can be predicted, 
with an acceptable 
accuracy, by the 
change of the weld 
pool surface depth 
during the peak cur- 
rent period. 

Modeling for 
Practical 
Application 

Fig. 18 — AUvs. Ads. 

parametric graphic model for the rela- 
tionship (Equation 16) as shown in Fig. 
16A. As can be seen, the surface in Fig. 
16A is close to a plane. Hence, a plane 
model can be fitted 

d    = 
+ 4.31 

3.34  x  Ad,   +0.01 WFS/TS 
(17) 

with a standard deviation of 0.27 mm. The 
fitting plane is shown in Fig. 16B with the 
interpolation of data. This linear plane 
model has sufficient accuracies for weld 
penetration control in the GMAW-P 
process. 

Analysis of Model 17 shows that the 
second term with WFS/TS has little con- 
tribution to the weld penetration. Hence, 
it is possible that the model can be simpli- 
fied without consideration of WFS/TS. 
Using a straight line to fit, the result is 
shown in Fig. 17B and the resultant model 
is 

3.45 x A^ + 4.51 (18) dp=- 

While the result 
that the depth of the 
weld penetration can 
be predicted by the 
change of the weld 
pool surface depth 

during the peak current period is funda- 
mental, its direct application in penetra- 
tion control in manufacturing facilities 
could be complex if the weld pool surface 
depth is measured using a machine vision 
method. To find a method to monitor the 
weld penetration using signals that are 
easily measurable in manufacturing plants, 
a possible relationship between the change 
in weld pool surface depth and a change 
in arc voltage is thought because 1) a sur- 
face change will cause the arc length to 
change, and 2) a change in the arc length 
can be measured from the arc voltage. In 
the peak current period, the current is 
constant and the arc voltage is only deter- 
mining the arc length. Hence, it is possible 
that the change of the arc voltage in the 
peak current period may reflect a change 
in weld pool surface depth. 

For quantitative studies, let's similarly 
define the change of the voltage in the ith 
peak period as 

with a standard deviation of 0.27 mm. The MJpi = max{Upi)-mm{Upi) ptJ Jpi) (19) 

and the average change in different peak 
periods as 

At/ [%aj'¥ (20) 

From the experimental data as given in 
Table 8, Fig. 18 is obtained. It is apparent 
that At/ and M.s are highly correlated as 
expected. A model can be easily estab- 
lished to correlate them. 
Using At/ to replace lsds, the following 
model is fitted: 

dp = - 0.56 x At/ + 0.08 x WFS / TS 
+ 2.69 (21) 

o 
DC 
< 
LU 
(/) 

The standard deviation is 0.27 mm, and it  ^^ 
is the same as for Model 17. Further, the  ^^ 
following model can be fitted from the ex- 
perimental data in Table 8 

dp = - 0.71 x At/+ 4.12     (22) % 

Its standard deviation is 0.31 mm, slightly 
higher than that using both At/ and C = 
WFS/TS. For weld penetration control, this 
model can be considered as effective as 
Model 21. Because Model 22 only uses volt- 
age signals, it is suitable for practical appli- 
cations in manufacturing facilities. 

Conclusions 

• The weld pool surface indeed con- 
tains sufficient information to determine 
the depth of the weld penetration as ex- 
pected during GMAW-P. 

• The depth of the weld penetration 
can be determined with adequate accuracy 
from the change of the weld pool surface 
depth during the peak current period. 

• The depth of the weld penetration 
can also be determined with adequate ac- 
curacy from the change in arc voltage dur- 
ing the peak current period. 
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• Because the arc voltage is easily 
measurable in manufacturing plants, the 
relationship confirmed in this study be- 
tween the depth of the weld penetration 
and the change of the arc voltage during 
the peak current period provides a sim- 
ple yet suitable method to monitor the 
weld penetration for manufacturing 
applications. 
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