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Weld Pool Oscillation as a Tool for Penetration 
Sensing during Pulsed GTA Welding 

Measurement of the oscillation frequency of the weld pool during welding yields 
information about the penetration of the weld 

BY A. J. R. AENDENROOMER and G. den O U D E N  

ABSTRACT. This paper deals with weld 
pool oscillation during pulsed gas tung- 
sten arc (GTA) welding of unalloyed 
steel. Experiments were carried out in 
which the weld pool was triggered into 
oscillation during both the base time and 
the pulse time by short current peaks, su- 
perimposed on the pulsed welding cur- 
rent. The arc voltage was continuously 
measured during welding and the oscil- 
lation frequency spectrum was calcu- 
lated on-line from the voltage variations 
by means of Fast Fourier Transform analy- 
sis, using a computer program. It was 
found that the obtained frequency distri- 
bution gives direct information about the 
penetration of the weld pool and can 
serve as a basis for sensing and in-process 
control of weld penetration. 

Introduction 

Pulsed GTA welding was introduced 
in the late 1960s as a variant of the con- 
ventional (constant current) GTA welding 
process that is now used in a wide range 
of applications. In pulsed GTA welding, 
the welding current alternates repeatedly 
between a high and low level. Usually, 
the pulses are rectangular in shape and 
the pulsed current is determined by four 
parameters: the pulse current Ip, the base 
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current Ib, the pulse time tp and the base 
time tb - -  Fig. 1. In most cases the pulse 
frequency is low (1-5 Hz), whereas the 
travel speed is kept at a constant level. 

Under the action of the high current Ip 
during the pulse time tp the material melts 
and forms a weld pool, which generally is 
elliptical in shape. The low current Ib dur- 
ing the base time tu does not contribute to 
melting of the material but is sufficiently 
high to maintain the arc. In fact, the size 
of the weld pool decreases during tb as a 
consequence of solidification. 

A basic feature of pulsed GTA weld- 
ing is that, under ideal conditions, full 
joint penetration is achieved during the 
pulse time tp, whereas partial joint pene- 
tration is achieved during the base time 

KEY WORDS 

GTA Welding 
Pulsed GTA Welding 
Weld Pool 
Weld Pool Oscillation 
Oscillation Frequency 
Penetration 
U nderpenetration 
Overpenetration 
Sensing 
In-Process Control 

tb. This can be realized by an appropriate 
combination of pulse parameters and 
travel speed. Thus, the weld can be con- 
sidered as an array of overlapping spot 
welds - -  Fig. 2. 

For each specific situation, the exact 
values of the welding parameters have to 
be determined empirically because these 
parameters depend on material proper- 
ties and on the size and geometry of the 
workpiece. In the case of orbital tube 
welding, for instance, the welding para- 
meter setting is determined by the orbital 
velocity, the material properties and both 
the tube wall thickness and the diameter 
of the tube. The heat accumulation (heat 
input minus heat output) also has to be 
taken into account. 

The pulsed GTA welding process has 
many specific advantages compared to 
conventional GTA welding, such as re- 
duction of the heat input required, in- 
creased weld bead depth-to-width ratio, 
narrower heat-affected zone, reduction 
of grain size, reduction of pore forma- 
tion, improved tolerance to heat sink 
variations, reduced tendency to hot 
cracking and increased arc stability (Reg. 
1-7). 

Pulsed GTA welding is generally used 
when optimal weld penetration is re- 
quired, like single pass welding of thin 
material or root pass welding of thick ma- 
terial. Although the application of pulsed 
GTA welding generally results in high- 
quality welds, there is still a considerable 
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Fig. 1 - -  Pulse parameters for  pu lsed GTA weld ing (Ip = pulse current, 
I b = base current, tp = pulse time, tb = base time). 

Fig. 2 - -  Over lap o f  subsequent spot welds. A - -  hor izonta l  cross-sec- 
t ion top side; B - -  longi tud inal  cross-section; C - -  hor izonta l  cross-sec- 
t ion bo t tom side. 
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Fig. 3 - -  Schemat ic i l lustration. A - -  Op t ima l  penetrat ion; B - -  underpenetrat ion; C - -  over- 
penetrat ion. 

chance that deviations from optimal pen- 
etration occur during welding. These de- 
viations can be due to variations in the 
workpiece dimensions, cast-to-cast vari- 
ations in the chemical composition of the 
workpiece and unpredictable accumula- 
tion of heat in the workpiece. Each of 
these effects can give rise to either un- 

derpenetration or overpenetration - -  Fig. 
3. In the case of underpenetration, part of 
the joint will be left unwelded, which can 
considerably reduce the strength and the 
corrosion resistance of the joint. In the 
case of overpenetration, sagging of the 
liquid weld metal will occur, reducing 
the strength of the joint and ultimately re- 

suiting in melt-through. Thus, it is evident 
that in the case of pulsed GTA welding 
there is a need for penetration sensing 
and control. 

This paper deals with joint penetra- 
tion sensing during pulsed GTA welding 
using an approach based on weld pool 
oscillation. 

Penetration Sensing Based on Weld  
Pool Osci l lat ion 

As stated above, penetration sensing 
and control are of considerable technical 
and economical interest not only in the 
case of conventional GTA welding but 
also in the case of pulsed GTA welding. 
A promising approach of weld penetra- 
tion sensing in the case of conventional 
GTA welding is based on weld pool os- 
cillation. In this approach the weld pool 
is triggered into oscillation by current 
pulses superimposed on the welding cur- 
rent, and the oscillation frequency is con- 
tinuously measured during welding. 

Kotecki, et  al. (Ref. 8), were the first to 
recognize weld pool oscillation as an im- 
portant phenomenon occurring during 
arc welding• They studied ripple forma- 
tion in solidified stationary welds and 
were able to explain this formation in 
terms of the oscillating weld pool sur- 
face. Renwick and Richardson (Ref. 9) 
and Zacksenhouse and Hardt (Ref. 10) 
investigated the behavior of stationary 
weld pools triggered into oscillation by 
short current pulses and determined the 
oscillation frequency by monitoring the 
arc voltage (which is linearly related to 
arc length). They carried out experiments 
under different welding conditions and 
found an inverse relation between the os- 
cillation frequency and the weld pool 
size. Madigan and Renwick (Ref. 11) 
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Fig. 6 - -  Pulse parameters for pulsed GTA welding with extra trigger 
pulses (Ip= pulse current, I b = base current, tp = pulse time, tb = base time, 
I t = trigger current, t t = trigger time). 

Hardt [Ref. 16]), 
but these attempts 
were rather un- 
successful. Wang, 
eta l .  (Ref. 17), de- 
signed a sensing 
system based on 
resonance by su- 
perimposing a si- 
nusoidal variation 
on the arc current. 
Unfortunately, the 
signal-to-noise 
ratio was found to 
be too low for ap- 
plication in the 
case of travelling 
arc welding. The- 
oretical and ex- 
perimental work 
carried out by Yoo 
(Ref. 1 8), 

used the weld pool oscillation principle 
as a basis for weld penetration sensing, 
an approach further developed by 
Sorensen and Eagar (Ref. 12). Salter and 
Deam (Ref. 13) and Yoo and Richardson 
(Ref. 14) showed it is also possible to de- 
tect weld pool oscillation by measuring 
the arc radiation during welding (optical 
sensing). However, a disadvantage of this 
sensing method is that additional (opti- 
cal) equipment is required. 

Following the weld pool oscillation 
approach, Hardt (Ref. 15) carried out 
welding experiments under different 
conditions and found that in the case of 
partial penetration a clear relationship 
exists between weld pool width and weld 
pool oscillation frequency. Attempts 
were also made to establish the relation- 
ship between weld pool size and oscilla- 
tion frequency by applying pulse modu- 
lated white noise in the arc (Tam and 

Sorensen and 
Eagar (Ref. 19) and Xiao and Den Ouden 
(Reg. 20, 21) showed different oscilla- 
tion modes can be distinguished, de- 
pending on the degree of penetration. 
More specifically, it appears that under 
normal conditions a partially penetrated 
weld pool and a fully penetrated weld 
pool oscillate in different modes (Mode 1 
and Mode 3, respectively), as illustrated 
in Fig. 4. The oscillation frequency of the 
two modes can be expressed by the fol- 
lowing equations (Ref. 20): 

p a r t i a l  p e n e t r a t i o n  ( M o d e  I ): 

/:f f = 5 . 8 4  D -312 

\/z 
(1) 

full penetration (Mode 3): 

¢ 7 " y / 2  
= D -I  , , .o=t; ) 

(2) 
with ]' the surface tension of the liquid 
metal, p the density of the liquid metal, 
D the equivalent diameter of the weld 
pool (the diameter of the circle having an 
area equal to the surface area of the weld 
pool in the case of partial penetration and 
the diameter of the cylinder having a vol- 
ume equal to the volume of the weld pool 
in the case of full penetration) and H the 
plate thickness. 

Generally speaking, the Mode 1 os- 
cillation frequency is considerably larger 
than the Mode 3 oscillation frequency. 
Thus, an abrupt change in oscillation fre- 
quency occurs when the weld pool trans- 
fers from partial penetration to full pene- 
tration or vice versa. This change in 
oscillation frequency can be used as 
basis of weld penetration sensing. 

It should be noted that in addition to 
Mode 1, a partially penetrated weld pool 
can also oscillate in a different mode 
(Mode 2), which is asymmetric in nature 
and gives rise to a convex weld bead. 
However, this oscillation mode can be 
easily suppressed by an adequate choice 
of the welding parameters (low travel 
speed, small arc length, small electrode 
tip angle). 

Thus far, weld penetration sensing 
based on weld pool oscillation has only 
been considered for conventional GTA 
welding. However, this paper will show 
that weld pool oscillation can also be 
used for penetration sensing in the spe- 
cific case of pulsed GTA welding. An es- 
sential feature of this approach is that the 
weld pool can be triggered into oscilla- 
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Table 1 --Chemical Composition of Steel Fe 360 (wt-%) 

C Si Mn P S 

3 mm 0.074 0.04 0.32 0.017 0.014 
4 mm 0.094 0.04 0.54 0.017 0.009 

O Cr Ni 

0.0135 0.09 0.04 
0.0089 0.09 0.04 

Table 2--Welding Conditions Used in 
Experiments with 3-mm Plate 

electrode material tungsten, 2% thoria 
electrode diameter 2.4 mm 
electrode top angle 25 deg 
arc length 1 mm 
travel speed 7.5 cm/min 
shielding gas He, 24 Umin 
purging gas Ar, 3 Umin 

penetration under optimal over 
pulse current 65 100 120 

(A) 
base current 35 35 35 

(A) 
total cycle 1000 1000 1000 

time (ms) 
pulse time 70 70 70 

(ms) 
base time 930 930 930 

(ms) 

Table 3--Welding Conditions Used in 
Experiments with 4-ram Plate 

electrode material tungsten, 2% thoria 
electrode diameter 2.4 mm 
electrode top angle 25 deg 
arc length 1 mm 
travel speed 3 cm/min 
shielding gas He, 24 Umin 
purging gas At, 3 L/min 
pulse current (A) 160 
base current (A) 28 
total cycle time (ms) 1000 
pulse time (ms) 100 
base time (ms) 900 

tion both during the pulse time and the 
base time and that oscillation frequency 
during the pulse time and the base time 
can be separately measured. Assuming 
that this is possible, the following three 
situations can be distinguished: 

1 ) Optimal penetration: Full joint pen- 
etration occurs during the pulse time and 
partial joint penetration during the base 
t ime- - the  weld pool oscillates in Mode 
3 during tp and in Mode 1 during tb. 

2) Underpenetration: Partial joint 
penetration occurs during both the pulse 
time and base time - -  the weld pool os- 
cillates in Mode 1 during both tp and bo. 

3) Overpenetration: Full joint pene- 
tration occurs during both the pulse time 
and base t ime-- the weld pool oscillates 
in Mode 3 during both tp and tu. 

On the basis of the foregoing, it is now 
possible to define the principles of weld 

pool oscillation sensing in the case of 
pulsed GTA welding. 

These principles are schematically 
presented in Fig. 5 and can be briefly for- 
mulated as follows: Optimal penetration 
occurs when two frequency peaks ap- 
pear in the oscillation frequency distrib- 
ution, underpenetration occurs in the 
case of one peak of high frequency and 
overpenetration occurs in the case of one 
peak of low frequency. 

Experimental Conditions 

To explore the possibilities of weld 
penetration sensing during pulsed GTA 
welding using the principles formulated 
in the previous section, experiments 
were carried out with an Elma Hybrid 
400 inverter-type power source, 
equipped with in-house-built computer 
control. The weld pool was triggered into 
oscillation during both the base time and 
the pulse time by short (3 ms) and high 
(300 A) rectangular trigger pulses super- 
imposed on the welding pulses - -  Fig. 6. 
(It should be noted that it would also be 
possible to trigger the weld pool into os- 
cillation during both the base time and 
the pulse time by means of the normal 
pulses, assuming that the upslope and 
downslope are sufficiently steep. How- 
ever, the signals obtained under these cir- 
cumstances are less pronounced and 
often obscured by noise, which makes 
the frequency analysis less reliable). 

During welding the arc voltage was 
continuously measured and the fre- 
quency spectrum was calculated from 
the voltage variations by means of FFT 
(Fast Fourier Transform) analysis, using a 
computer program. 

The material used in the welding ex- 
periments was steel Fe 360 in the form 
of plates of 3 and 4 mm thickness. The 
chemical composition of the steel is 
given in Table 1. 

To separately examine the three dif- 
ferent oscillation situations, which occur 
in the case of underpenetration, optimal 
penetration and overpenetration, experi- 
ments with different heat inputs were car- 
ried out with the 3-mm plates. The weld- 
ing conditions used are given in Table 2. 
To examine the three oscillation situa- 
tions subsequently during one welding 
run (constant heat input), experiments 
were carried out with the 4-mm plates at 
sufficiently low travel speed, during 

which use was made of the heat accu- 
mulation in the workpiece. The welding 
conditions used in these experiments are 
given in Table 3. 

Results and Discussion 

Optimal Penetration, Underpenetration and 
Overpenetration 

In Figs. 7 and 8, the results of the 3- 
mm plate welding experiments are pre- 
sented. Figure 7A shows a time interval 
of the arc voltage and arc current record- 
ing in the underpenetration situation. It 
can be seen that Mode 1 oscillation oc- 
curs both during the pulse time and the 
base time. The situation of optimal pene- 
tration is presented in Fig. 7B. The figure 
shows Mode 3 oscillation occurs during 
the pulse time, whereas Mode 1 oscilla- 
tion occurs during the base time. In Fig. 
7C a time interval of the overpenetration 
situation is shown. Mode 3 oscillation 
occurs during both the pulse time and the 
base time. 

Using the FFT algorithm, frequency 
spectra were calculated on-line from the 
voltage samples directly after the upslope 
for tp and directly after the downslope for 
tb. The frequency resolution, calculated 
from 128 voltage samples at a sample fre- 
quency of 2000 Hz, is 15.6 Hz. This rel- 
atively large uncertainty is still allowed 
because the task of the controller is only 
to differentiate between Mode 1 and 
Mode 3, the frequency difference be- 
tween these modes being in the order of 
50-150 Hz. 

In Fig. 8, the frequency spectra corre- 
sponding with the voltage variations dur- 
ing the pulse time and the base time for 
the situations shown in Fig. 7 are pre- 
sented. Figure 8 shows that, in the case 
of underpenetration, two peaks of high 
frequency occur for both the pulse time 
and the base time (Fig. 8A); in the case of 
optimal penetration, a low-frequency 
peak occurs for the pulse time and a 
high-frequency peak for the base time 
(Fig. 8B); and, in the case of overpene- 
tration, two peaks of low frequency occur 
both for the pulse time and the base time 
- -  Fig. 8C.These observations are consis- 
tent with the predictions formulated 
above. 

It can be seen that both the Mode 1 
peak and the Mode 3 peak appear at 
somewhat different frequencies in Figs. 
8A, 8B and 8C. This is due to the differ- 
ence in heat input (weld pool size) used 
in the three different situations. 

Transition Experiments 

A typical example of the results ob- 
tained in the transition experiments is 
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presented in Fig. 9. Figure 9A gives a 
plot of the oscillation frequency as a 
function of distance and shows that the 
weld pool changes gradually from un- 
derpenetration via optimal penetration to 
overpenetration. The oscillation fre- 
quency remains high during underpene- 
tration (Mode 1 ) and remains low during 

overpenetration (Mode 3), but switches 
between high and low, synchronously 
with the current pulses, during optimal 
penetration (Mode 1/Mode 3). The figure 
clearly shows that incorrect penetration 
is characterized by a single mode oscil- 
lation (Mode 1 for underpenetration or 
Mode 3 for overpenetration); whereas 

optimal penetration is characterized by a 
mode switch (Mode 3 during the pulse 
time and Mode 1 during the base time). 

In Fig. 9B, the data of Fig. 9A are pre- 
sented in the form of a plot of the sum fre- 
quency (defined as the sum of the oscil- 
lation frequency during the pulse time 
and the oscillation frequency during the 
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base time) as a function of distance. The 
use of the sum frequency as parameter 
has the advantage that direct information 
is obtained about the overall degree of 
penetration during the total cycle time. 

Prospects for Weld Penetration Sensing 

In the experiments described above, 
the arc voltage and arc current were con- 
tinuously measured and digitally 
recorded during welding. For frequency 
analysis, a software program was written 
to apply the FFT algorithm on a repre- 
sentative number of voltage samples of 
the subsequent pulses for both pulse time 
and base time. After frequency analysis, 
the weld is characterized by frequency 
peaks, which provide information about 
the degree of penetration. 

In the case of optimal penetration, the 
frequency peaks obtained are due to 
Mode 1 oscillation during the base time 
tb alternated with Mode 3 oscillation dur- 
ing the pulse time tp. This results in a 
time/frequency plot showing a fluctua- 

300 -i- v 

200 
0 "  

E 
loo 

30 35 40 45 50 
time (s) 

Fig. 1 0 -  Plot o f  sum frequency vs. time, corresponding with overal l  
op t imal  penetrat ion and situations o f  overpenetration at t = 31, 36, 39, 
45 and 48 s. 

tion between 
high and low fre- 
quency for each 
period. On the 
basis of the re- 
sults obtained, it 
can be con- 
cluded that sens- 
ing of weld pool 
geometry during 
pulsed current 
GTA welding is 
possible by 
monitoring the 
peaks in the fre- 
quency distribu- 
tion - -  optimal 
penetration is 

obtained when two peaks appear in the 
frequency distribution. Deviations from 
optimal penetration can be sensed within 
one pulse cycle, which corresponds with 
a l-s time resolution of the sensing sys- 
tem when the pulse frequency is 1 Hz. 

As an illustration, part of a sum fre- 
quency/time plot is given in Fig. 10. This 
plot corresponds with a weld that ex- 
hibits situations of overpenetration at t = 
31, 36, 39, 45 and 48 s. Since the travel 
speed in the present case is 1.25 mm/s, 
these situations of overpenetration are lo- 
cated at a distance of 39, 45, 49, 56 and 
60 mm from the beginning of the weld. 
Because these situations of overpenetra- 
tion occur only during one pulse period 
at a time, the overall weld penetration is 
not adversely affected. 

Conclusions 

Based on the experiments described 
in the previous sections, the following 
conclusions can be drawn: 

During pulsed current GTA welding, 

three different situations can occur, de- 
pending on the welding conditions: un- 
derpenetration, optimal penetration or 
overpenetration. 

The weld pool can be triggered into 
oscillation both during the pulse time 
and the base time by the normal welding 
pulses. However, the amplitude of the os- 
cillation triggered in this way is relatively 
small. Weld pool oscillations of larger 
amplitude can be obtained by applying 
extra current pulses superimposed on the 
normal welding pulses at the beginning 
of the pulse time and at the beginning of 
the base time. 

The oscillation frequency of the weld 
pool can be calculated from the mea- 
sured voltage variations using an FFT al- 
gorithm. 

In the case of underpenetration, Mode 
1 oscillation occurs during both the pulse 
time and the base time. This situation is 
characterized by one (high frequency) 
peak in the frequency distribution. 

In the case of optimal penetration, 
Mode 3 oscillation occurs during the 
pulse time and Mode 1 oscillation during 
the base time. This situation is character- 
ized by two peaks in the frequency dis- 
tribution (one high-frequency peak and 
one low-frequency peak). 

In the case of overpenetration, Mode 
3 oscillation occurs during both the pulse 
time and the base time. This situation is 
characterized by one (low frequency) 
peak in the frequency distribution. 

Sensing of weld pool geometry during 
pulsed current GTA welding is possible 
by monitoring the peaks in the frequency 
distribution. Optimal penetration is ob- 
tained when two peaks appear in the fre- 
quency distribution. 

Deviations from optimal penetration 
can be sensed within one pulse cycle, 
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which corresponds with a time resolution 
of 1 s when the pulse frequency is 1 Hz. 
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