
Control of GMAW: Detection of 
Discontinuities in the Weld Pool 

Ultrasonic pulses transmitted into the base of the weld pool 
detect discontinuities and signal parameter changes 

BY N. M . CARLSON, J. A. JOHNSON A N D D. C. KUNERTH 

ABSTRACT. Ultrasonic methods were 
used to detect incomplete sidewall fusion, 
porosity and weld bead geometry in mol
ten steel pools formed during gas metal 
arc welding of T-joints and single-bevel V 
grooves. A dual-element, piezoelectric 
transducer mounted on the base metal 
transmitted ultrasonic pulses into the re
gion at the base of the weld pool. The re
turning echoes were shown to be indica
tive of the geometry of the pool and of 
the presence of incomplete fusion and 
porosity. Two analysis methods, based on 
ray tracing and transducer field calcula
tions, were used to confirm the experi
mental results. An expert system was pro
posed to analyze the returning echoes 
and to provide information about the 
weld pool to an intelligent controller that 
determines when the welding process 
parameters need to be changed. A non-
contacting ultrasonic system was dis
cussed as a potential practical alternative 
to the contact system used in this work. 

Background 

In a research program at the Idaho Na
tional Engineering Laboratory (INEL), meth
ods of sensing the physical properties of 
the weld during gas metal arc welding 
(GMAW) are being evaluated as part of 
the development of an automated 
GMAW system. In this system, properties 
of the weld would be controlled using the 
feedback from the sensors as input to a 
model of the welding process that relates 
these properties to welding parameters. 
This paper describes the portion of that 
work relating to the use of ultrasound to 
detect weld defects as they are being 
made. Ultrasonic techniques are shown to 
be capable of obtaining information from 
the region in and around the molten weld 
pool that relates to the formation of 
incomplete sidewall fusion and porosity. 
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This information can be sent to the con
troller, which then makes decisions about 
how the welding process should be al
tered to prevent further discontinuities 
from forming. 

A diagram of an automated welding 
control scheme is shown in Fig. 1. On the 
left are the various types of sensors capa
ble of detecting the physical properties of 
the weld. These sensors may be catego
rized by type — infrared, electrical, optical 
and ultrasonic — or according to the prop
erties of the welding process they mea
sure, such as pool geometry (optical and 
ultrasonic), cooling rate (infrared), droplet 
formation mode (electrical), and disconti
nuities (ultrasonic). 

Infrared sensors can be used to detect 
cooling rate, which is important for con
trol of fracture toughness while maintain
ing strength in some steels (Ref. 1). Work
ers at Auburn University are also using in
frared techniques for pool size and 
tracking measurements (Refs. 2,3). 

Electrical signals include variation in cur
rent and voltage, as well as the standard 
DC values. Variations provide information 
on transfer mode of droplets detaching 
from the melting wire (Refs. 4, 5). This is 
important, since for many applications the 
spray transfer mode (Ref. 6) is required for 
quality welds and the boundary between 
this transfer mode and other, undesirable 
modes may shift due to factors beyond 
the control of the system. 

KEY W O R D S 

GMAW Control 
Discontinuity Detection 
Weld Pool Discontinuity 
Fillet Welds 
Single Bevel Vs 
Incomplete Penetration 
Sidewall Penetration 
Ultrasonic Methods 
Weld Test Methods 
NDE Expert Systems 

Optical techniques such as the INEL vi
sion system can be used for joint tracking 
and fitup measurements, as well as for 
observing the shape and size of the top 
surface of the molten pool and the drop
let detachment (Ref. 7). Richardson at 
Ohio State University has developed a vi
sion system that views the pool through a 
special hollow torch body, providing some 
of the same information as the INEL vision 
system (Ref. 8). Ultrasonic methods are 
also being used to determine the pool ge
ometry at the molten/solid interface. (Ref. 
9). Initial experiments were performed by 
Lott (Ref. 10) at INEL and Katz and Hardt 
at MIT (Ref. 11). Fenn and coworkers at 
Brunei University claim to have used ultra
sonic measurements to determine the 
depth of joint penetration and to control 
that depth by varying the welding current 
in submerged arc welding (Ref. 12). Un
fortunately, insufficient detail was pre
sented in their papers to confirm or repeat 
their results. 

The final sensor in Fig. 1, which is the 
topic of this paper, uses ultrasound to de
tect discontinuities in the weld pool during 
welding. The ultrasonic echoes from the 
molten/solid interface and the molten 
pool provide information about the qual
ity of the fusion zone and the molten pool. 
Unacceptable welding conditions that can 
result in porosity, incomplete sidewall fu
sion or undercut are detected. 

Other sensors are also being used, 
which are not listed on the control-scheme 
diagram. These include spectroscopic and 
photometric measurements of the arc for 
penetration control (Ref. 13), real-time ra
diography for discontinuity detection (Ref. 
14), and measurements of the audible 
sound emitted by the process for droplet 
transfer mode detection (Ref. 5) 

The column labeled Analysis in Fig. 1 is 
where the raw sensor data are converted 
into the desired information on the pro
cess, such as cooling rate deduced from 
the raw infrared data. This information is 
passed on to two intelligent modules, 
which use the information to determine 
the best method of filling the weld while 
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maintaining the correct heat input to the 
weld. These modules contain economic 
constraints as well as physical ones since 
the fill strategy determines the number of 
passes required to fill the joint and thus the 
productivity of the process. 

The final step is a model of the welding 
process, which converts the requested 
heat and fill inputs to the physical welding 
parameters (Ref. 15). Both Hardt (Ref. 16) 
and Eagar (Ref. 17) at MIT are also work
ing on aspects of modeling GMAW, in
cluding the control scheme required for a 
nonlinear, cross-coupled system and the 
physical aspects of the wire melting. 
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Preliminary Experiments 

An initial study was conducted to de
termine the capability of longitudinal 
acoustic waves to detect discontinuity 
conditions in the molten weld pool during 
GMAW. Refracted longitudinal waves 
were used primarily because they can 
propagate into the molten weld pool and 
thus allow inspection of the pool's interior 
during the welding process. 

A single-element, 5-MHz piezoelectric 
transducer, operated in the pulse-echo 
mode, was mounted on a Lucite wedge 
such that 45-deg refracted longitudinal 
waves were generated in a 25.4-mm (1.0-
in.) thick carbon steel sample. The trans
ducer was positioned 25.4 mm from the 
top edge of a 90-deg sidewall preparation 
so that the 45-deg longitudinal wave was 
directed into the bottom corner of the 
weld preparation and was moved in align
ment with the electrode throughout the 
welding pass — Fig. 2. The other side of the 
preparation was at a 60-deg bevel. The 
two parts were tacked together with a 
6.35-mm (0.25-in.) steel backer bar with a 
4.5- to 8.0-mm (0.18- to 0.31-in.) root 
opening at the bottom of the preparation. 
A-scan signals from two flaw generating 
conditions (porosity and incomplete side-
wall fusion) and from a good weld (Fig. 3) 
were acquired. 

Incomplete sidewall fusion was 
achieved by mistracking the welding gun 
relative to the joint and simultaneously in
creasing the contact-tube-to-workpiece 
distance from 15.9 mm (0.63 in.) to ap
proximately 25 mm (1.0 in.) and decreas
ing the wire-feed rate. To achieve poros
ity, a fitting with a septum was added to 
the argon shield gas line that permitted the 
injection of a volume of air into the cover 
gas. The final quality of the weld was de
termined by radiographic techniques for 
these preliminary tests. 

The first A scan in Fig. 3 shows echo 
signals from the benign, geometric reflec
tors in the weld preparation prior to 
welding. These reflectors include the bot
tom corner (Reflection B), the sidewall 
preparation (Reflection C), and internal 
reflections from the Lucite wedge (Reflec
tion A). 

Fig. 1 - Conceptual diagram of the parts of an automated GMA W system. 

The second A scan in Fig. 3 shows that 
when the root pass penetration is ade
quate and the molten pool is aligned with 
the transducer, no significant reflectors 
are observed from the bottom corner or 
the sidewall preparation. Since incom
plete sidewall fusion had occurred on the 
root pass (third A scan), the bottom cor
ner signal was still present because the 
corner geometry was not significantly al
tered by the welding process. Porosity 
(fourth A scan) in the molten weld pool 
resulted in a set of dynamically changing 
reflections that occurred later in time than 
the original bottom corner reflection. The 
last three A scans in Fig. 3 can be discrim
inated visually, which implies that an ex
pert system could be developed to distin
guish these three welding conditions (Ref. 
8, 18). 

This initial study demonstrates that re
fracted longitudinal waves can provide 
information about two unacceptable 
welding conditions, porosity and incom
plete sidewall fusion. However, multiple 
reflections introduced by the transducer 
wedge provide no information about the 
welding process and complicate signal in
terpretation. To understand the source of 
the received signals, analysis techniques 
are needed to model the interaction of the 
sound waves with the molten pool and 
the weld preparation. Also, both radiog
raphy and destructive evaluation are re
quired to determine accurately the quality 
of the weld at locations of interest. Thus, 
a series of additional experiments are 
planned that will address these shortcom
ings. 

Experimental Procedures 

Improvements were made in the ultra
sonic transducer and in the evaluation of 
the results for these experiments. The 
major difficulty in the preliminary experi
ments was the presence of the echoes 
from the internal reflections in the Lucite 
wedge. To overcome this difficulty, a du
al-element transducer was designed and 

purchased. In this transducer, two 12.7-
mm (0.5 X 0.5-in.) square piezoelectric el
ements were mounted on separate Lucite 
wedges that were next to each other but 
electrically and acoustically isolated. One 
element served as a transmitter and the 
other as a receiver. The reflections from 
inside the transmitting wedge were not 
observed in the receiving wedge. The 
two elements were angled slightly toward 
each other so that the centers of the 
sound beams intersect at a point 25.4 mm 
(1.0 in.) deep in the carbon steel base 
metal. This point is at the bottom corner 
of the 90 deg weld preparation because 
the angle of refraction was again chosen 
to be 45 deg — Fig. 4. Both elements were 
matched to have a broadband frequency 
response centered at 5 MHz. 

The transducer was kept in a fixed po
sition and data were acquired during 
welding at 0.32 mm intervals as the elec
trode moved along the weld preparation 

Fig. 2 —Single element 45 deg refracted 
longitudinal transducer aligned with elec
trode on single bevel V-groove weld sam
ple. 
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past the transducer. An encoder was 
mounted on the side-beam welding ma
chine to measure the position of the elec
trode. Thus, the position of the electrode 
relative to the transducer was known and 
the formation and solidification of the 
weld pool, as well as the pool itself, could 
be observed. The electrode position was 
recorded, the transducer was pulsed and 
the echo data were digitized using a com
puter-controlled workstation (Refs. 19, 
20). 

Two different weld preparations were 
used. The first, a single-bevel V groove, 
was the same as was used in the prelim
inary experiments described above. The 
second was a fillet weld of 25.4-mm steel 
on a 6.35-mm steel bar. However, ultra-
sonically the geometries of the two prep
arations were identical as the transducer is 
mounted on the 90 deg corner portion of 
both samples. In fact, the bevel side of the 
groove specimens often was not fused to 
the backing bar and did not appear in 
some of the sample photos of the de
structive evaluation. 

GMAW was performed using a Linde 
side-beam welding machine and a Cobra
matic wire feeder. The welding parame
ters were: currents from 212 to 310 A, 
voltages from 22 to 28 V, travel speeds 
from 0.23 to 0.27 m/min (9.1-10.6 in./ 
min), and wire feed rates of 7.9 to 12.4 

Reflections from weld preparation 
I prior to root pass 

A= Lucite wedge multiple rellec!iois 
B Bouom corner of we'c nrepa'a''on 
C- Mooe convertec reflection 

Good sidewall penetration 
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m/min (311 to 488 in./min) using 1.1-mm 
(0.045-in.) diameter welding wire. The av
erage deposition rate was 1.4 g/s (11 lb / 
hr). The spray transfer mode was used 
with a contact-tube-to-workpiece dis
tance of 15.9 mm (5/8 in.) The shielding 
gas was 98% argon and 2% oxygen. 

The flaw types generated for these ex
periments were incomplete sidewall fu
sion and porosity. The incomplete side-
wall fusion was generated as before by 
mistracking, increasing the contact-tube-
to-workpiece distance, and reducing the 
wire feed speed. Porosity was generated 
by manually fanning the cover gas. The 
porosity obtained with this technique was 
very gross compared to that obtained in 
the preliminary experiments. Undercut on 
the sidewall adjacent to the top of the fill 
was made by mistracking the electrode up 
the sidewall. 

Destructive evaluations of the welds 
were made at 26 transducer locations on 
weld root passes to determine the quality 
of the weld for correlation to the acquired 
ultrasonic data. The welds were cut per
pendicular to the preparation in a plane 
containing the transducer sound center-
line. The destructive evaluations showed 
the geometry of the weld pool and the 
presence of both near-and-far-side in
complete fusion, acceptable sidewall fu
sion, and porosity. 

Ray-Tracing and Sound Field 
Calculations 

Echoes were received from the sidewall 
preparation prior to the root pass and 
from the weld pool as the electrode 
passed the transducer. During welding, 
the echoes from the preparation may be 
reduced in amplitude or changed in shape 
because the molten metal penetrates the 
sidewall and changes the reflectivity of the 
sidewall. To understand the sound paths 
of the signals received before and during 
welding, two methods of analyzing the 
data were used to validate the arrival 
times and relative amplitudes of received 
signals and to determine the sound path in 
the experimental data. 

In the first method, rays were traced 
from the point where the ultrasound en-

^ ^ l 

13 2 17.6 22.2 
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Fig. 3—A scans of weld preparation prior to and 
during the root pass of good and flawed welds 
acquired with a single element transducer. 

Weld pool 

Fig. 4 —Schematic of the center rays from the 
dual-element transducer. 

tered the part, to various reflectors on the 
preparation and in the weld pool, and 
then to where the ultrasound exited the 
part at the receiving transducer. A com
puter program was written to trace these 
rays, accounting for the refraction of the 
ray as it entered or exited the molten pool 
and for the change in the angle of reflec
tion upon mode conversion (change in 
sound mode from longitudinal to trans
verse and vice versa). The input to the 
computer program consisted of the num
ber of rays, information on whether the 
ray is reflected or transmitted when it 
reaches a boundary, the mode of the ray 
on each leg, and the sound speeds of the 
longitudinal and transverse wave modes 
in the two media (solid steel and molten 
steel). No attempt was made to account 
for the effect of the temperature gradi
ents near the solid/molten interface. Al
though these gradients are known to 
affect the sound speed and distort the 
sound field slightly (Ref.21), such calcula
tions are complex and are not needed for 
identification of the wave paths observed 
in the data. The output of the program 
consisted of the locations of each entry 
and reflection point of the ray, the transit 
time for each leg, and the total transit time 
for the ray. 

Two versions of the program were 
used. In the first, the user entered the ini
tial angle of the ray at the entry point and 
observed the path of the ray on a graph
ics terminal. In the second version, the 
program iterated through initial angles un
til the final leg exited at the location of the 
receiving transducer. 

In the second analysis method, another 
computer program (Ref. 22) was used to 
determine the approximate beam spread 
of the sound field. The program calculated 
the field due to a transducer coupled to 
the solid through the plastic wedge with a 
thin layer of fluid couplant. In this tech
nique, the transducer face was divided up 
into many small areas, each of which was 
assumed to be a source of spherical 
waves. A ray was traced from each source 
point, through the wedge and into the 
solid to the requested field point. The 
vector sum of the fields of each of the rays 
was then calculated to find the total inci
dent field at that point for a particular fre
quency. 

From the field of the transducer, the 
relative amplitudes of the signals were 
determined. Using this code the magni
tude of the sound field at locations along 
the bottom surface of the weld sample (x 
direction) and along the sidewall prepara
tion (z direction) was calculated for the 
transducer placed on the steel sample at 
coordinates (x = —25.4, z = 25.4). The 
calculated longitudinal beam spread was 
defined to be the area between the points 
where the amplitude of the field was 
down by 20 dB relative to its maximum 
value along the beam centerline. Note 
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that the centerline for transverse waves 
from this transducer was at an angle of 27 
deg in the steel part, while the angle for 
longitudinal waves was 45 deg. For the 
longitudinal waves these 20-dB points are 
at (x = —11, z = 0) in the x direction (on 
the bottom of sample, 11 mm from the 
bottom corner), and at (x = 0, z = 10) in 
the z direction (up the sidewall, 10 mm 
from the corner). Between these positions 
along the bottom and up the sidewall the 
ultrasonic field was down by less than 20 
dB compared to the field at the centerline 
of the transducer. For the refracted trans
verse beam, the beam spread along the 
bottom (x direction) was 10 to 23 mm (0.4 
to 0.9 in.) from the bottom corner with no 
significant sound field on the vertical side-
wall. Because of reciprocity, the effect of 
the beam spread on the amplitude of a 
received signal from a given point was 
expected to be the same as that on a 
transmitted signal to the same point. 

Experimental Results before 
Welding 

An A scan of the unwelded part is 
shown in Fig. 5. Three large signals can be 
seen and their source can be identified 
using the two analysis techniques de
scribed above. The results of ray-trace 
analysis of this unwelded preparation are 
shown in Fig. 6. The sound entrance and 
exit points were 25.4 mm from the edge 
of the 25.4-mm-thick carbon steel weld 
sample. Only the base metal on the 90 deg 
side is shown since the backing bar and 
the base metal on the 60 deg side were 
not acoustically coupled to the first piece. 
In Fig. 6A, a direct longitudinal wave at 45 
deg reflecting from the corner is shown. 
This ray is actually made up of three legs: 
one from the transducer to the corner, 
one across the corner and one returning 
to the transducer. The second leg is too 
short to be seen in the figure. For simplic
ity, the ray is called the L-L ray, meaning 
that it consists of two longitudinal legs. 
The coordinates in the x-z plane of the 
entry and exit points and the reflection 
point are shown in the figure. The ray 
moves to some extent in the direction 
perpendicular to the plane of figure cor
responding to the distance between the 
center of the sending and receiving ele
ments — Fig. 4. The ray-trace program cal
culated the total time for this ray to be 
15.6 yus (including the transit times in the 
two wedges of the dual-element trans
ducer). This correlates well with the first 
echo observed in the A scan in Fig. 5. The 
L-L signal to the corner is obviously along 
the centerline of the transducer and should 
be a large reflection in the acquired A 
scan. 

Fig. 6B shows a more complicated path 
consisting of an initial transverse ray at 27 
deg, which mode converts at the bottom 
surface to a longitudinal ray. This inter-

14.0 17.2 23.4 26.5 20.3 

Time (fis) 

Fig. 5-A scans of weld preparation acquired 
with dual element transducer. 

sects the sidewall preparation at 8.4 mm 
and reflects to the top surface entering the 
Lucite wedge at a final angle of 56 deg. 
This path is called T-L-L (meaning trans
verse-longitudinal-longitudinal). The re
verse of this path is also possible. The 
predicted time for this ray is 19.8 us. This 
path correlates well with the second echo 
in Fig. 5. The T-L-L path should have a large 
amplitude since both the initial and final 
rays are within the beam spread of the 
transducer. The initial transverse leg (or fi
nal transverse leg for the reverse path) in
tersects the bottom at -12.5 mm (—0.5 
in.) well within the beam spread of the 
transducer. The final (or initial) longitudinal 
leg intersects the sidewall at 8.4 mm (0.33 
in.) up from the bottom corner and the 
20-dB point is at 10 mm (0.04 in.) up from 
the bottom corner. 

Fig. 6C shows another path, L-L-T, gen
erated by an initial longitudinal leg at 34 
deg that reflects off the bottom and mode 
converts to a transverse wave at 12.5 mm 
up the sidewall. This wave enters the Lu
cite wedge at an angle of 63 deg. The to
tal time for this ray is also 19.8 /xs, the same 
as the T-L-L ray. However, the L-L-T path 
is not expected to have a large amplitude. 
The initial longitudinal ray arrives at the 
bottom at 8.4 mm from the corner, within 
the 20-dB limit of the beam, but the final 
transverse ray originates from a position 
on the sidewall well beyond the trans
verse wave beam spread of the trans
ducer. A similar analysis shows that the 
reverse of this ray is also expected to be 
small. 

Other rays that are expected to be small 
in amplitude include a T-T ray, which is 
similar to the L-L ray shown in Fig. 6A, and 
a T-L-T ray, which consists of an initial 
transverse ray to the bottom surface at 
14.8 mm that mode converts to longitudi
nal, intersects the weld preparation at 
14.8 mm, and mode converts back to 
transverse (T-L-T). Both these rays have 
total travel times of 25 (is. The reflection 
received from the T-T ray is not expected 
to be of significant amplitude since the 
corner at 25.4 mm is outside the beam 
spread for both the initial and final trans
verse legs. Finally, in the case of the T-L-T 
combination, the transverse ray to or 
from the sidewall is beyond the beam 

45 r 

(-25.4, 25.4) 

a) 

\ L t-
(0, 0) 

56° 

27° 

b) 

(-24.5, 24.5J 

A 

\ L L 
X 

(0, 8.4) 

(-12.5, 0) 

(-25.4, 25.4) 

(0, 12.5) 

(-8.4, 0) 

Fig. 6— Traces for rays before we/ding. A—L-L 
ray path; B— T-L-L ray path; C — L-L-T ray path 

spread of the transducer for transverse 
waves and the signal is not expected to be 
large. In Fig. 5, this ray is observed, but it 
is smaller than the other two discussed 
above and is not observed in all preweld 
sidewall preparation A scans. The reasons 
for this are not clear and may be related 
to the roughness of the preparation. 

Experimental Results during 
Welding 

Digitized data and destructive evalua
tions were obtained for a total of 26 loca
tions on root weld passes. Photomicro
graphs and A scans for five of these weld 
locations are presented in Figs. 7-11. The 
weld shown in Fig. 7 is a fillet weld. The 
others are single bevel V-groove welds — 
the bevel side did not fuse to the backing 
bar and came off during destructive eval
uation in the examples shown in Figs. 9 
and 11. These examples illustrate the sig
nals obtained for a good weld (Fig. 7), un
acceptable welds (Figs. 8-10) and one 
very poor weld —Fig. 11. These signals 
were analyzed to determine if incomplete 
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Fig. 7 - Polished and etched weld sample of adequate sidewall penetra
tion and fill height with A scan acquired during the root pass. 

14.00 17.10 20.25 23.40 26.50 
Time (^s) 

Fig. 9 — Polished and etched weld sample of incomplete penetration with 
A scan acquired during the root pass. 

1 mm 

Fig. 8 — Polished and etched weld sample of adequate sidewall penetra
tion and low fill height with A scan acquired during the root pass. 
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Fig. 10 — Polished and etched weld sample of near and far side incom
plete penetration with A scan acquired during the root pass. 
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Velocity 

Density 

Acoustic 
impedance 

m/s 
6.88 X 103 

kg/m 3 

27.9 X 106 

Ns/m3 

penetration, porosity or undercut condi
tions could be detected by observing the 
changes in the signals due to the various 
sound paths in the weld sample. The A 
scan below each photomicrograph is of 
the digitized acoustic signal as the molten 
weld pool passed the transducer. The re
sults obtained from the ray trace and field 
code analyses were used to understand 
the echoes in the digitized signals. 

The molten pool affected the three sig
nals from the weld preparation (Fig. 5) in 
various ways. Consider first the L-L signal. 
When adequate sidewall penetration oc
curred, the longitudinal wave refracted at 
the molten interface with the majority of 
the sound entering the pool and with little 
sound energy returned to the receiving 
element. The amplitude of the signal re
flected from the molten/solid interface 
can be calculated from the impedances of 

the two media. The impedance in turn 
depends on the sound speed and density 
of the material. For solid and molten steel 
at the melting point the sound speeds, 
densities and impedances are (Ref. 23): 

Solid Molten 
4.8 X 103 4.05 X 103 

m/s 
7.8 X 103 

kg/m 3 

37.4 X 106 

Ns/m3 

The amplitude reflection coefficient, R, 
can be calculated from the impedances, Z, 
by: 

R = (Zs-Zm)/(ZS + Zm) = 0.146 

Thus, with adequate penetration, the L-L 
echo should be only 14.6% of its preweld 
amplitude in Fig. 5. Higher amplitudes oc
cur only if the penetration is not complete. 
If discontinuity conditions like inadequate 
sidewall fusion were present, the effec
tive impedance over the area of the 
incomplete fusion is zero, resulting in all 
sound energy being reflected from the 
discontinuity at an angle favorable for re
ception by the receiving element. Actu
ally, because of the increase in attenuation 
of sound with temperature, the reflected 
amplitude from a sidewall with good pen
etration is expected to be significantly less 
than that predicted from the reflection 
coefficient. 

Now consider the effect on the T-L-L 
ray. The centerline of this ray intersects 
the sidewall 8.4 mm from the bottom 
corner. Thus, this ray path can be affected 
by sidewall fusion or undercutting higher 
than 8.4 mm. 

Complete sidewall fusion with ade
quate fill is achieved in the weld shown in 
the photomicrograph in Fig. 7. In the A 
scan acquired from the molten pool, the 
signal from the L-L ray to the bottom cor
ner is not observed as the longitudinal 
waves enter the pool because adequate 
sidewall fusion is achieved and no sound 
is reflected back to the transducer. The fill 

height of 8.5 mm is sufficient to alter the 
waveform of the T-L-L ray at 20 ^s since 
this ray intersects the sidewall at 8.4 mm. 

Complete penetration of the bottom 
corner is shown in Fig. 8, but with a low 
level of only 4 mm. The L-L signal is small 
but present and the waveform is different 
than that observed before welding —Fig. 
5. This is due to the fact that the corner 
reflector is still present because the low fill 
level of this root weld does not affect all 
of the rays that contribute to the L-L sound 
path. Figure 12 shows that at this low fill 
level about 60% of the L-L beam is send
ing and receiving sound energy from the 
corner. In addition, the T-L-L ray is not af
fected by this weld because the fill level is 
well below the centerline of the returning 
L wave. 

Incomplete penetration of the bottom 
corner is shown in two examples. The first 
(Fig. 9) example is of incomplete fusion of 
the backup bar but full fusion of the side-
wall. The L-L signal has a very low ampli
tude, indicating acceptable sidewall fu
sion, and the waveform of the T-L-L is not 
altered since the fill level is below the 
centerline of the beam. The bottom cor
ner reflection appears to indicate a com
plete fusion condition, which is not the 
case in this weld as the backup bar is not 
penetrated. Therefore, this technique is 
not appropriate for determining the qual
ity of penetration for the backing bar but 
only the quality of fusion at the sidewall. 

Figure 10 shows a root pass with both 
incomplete sidewall fusion and undercut. 
Incomplete fusion is evident in the A scan 
since the L-L signal from the corner, al
though decreased in amplitude, is still a 
significant reflector. In this case the fill 

Fig. 11-Polished 
and etched weld 
sample of porosity, 
undercut and 
incomplete 
penetration with A 
scan acquired during 
the root pass. 

height of 11 mm (0.43) is sufficient to af
fect the corner reflector rays that have a 
ray path to 10 mm in the z direction. 
Therefore, the bottom corner reflection 
can only be due to the presence of corner 
geometry caused by incomplete sidewall 
fusion at the root of the weld. The T-L-L 
wave is affected in a minor way by the 11 
mm fill height and the undercutting at 12 
mm, indicating that this fill geometry is not 
one that alters this path very much. 

A new signal, between the L-L and 
T-L-L, appears in the A scan in Fig. 10. Us
ing the ray tracing program, this is deter
mined to be due to the path shown in Fig. 
13. The angle of the molten pool is such 
that the surface of the pool is a specular 
reflector that returns the ray shown in Fig. 
13 directly back to the transducer at the 
time observed in the A scan. 

In Fig. 11, incomplete fusion, porosity 
and severe undercutting caused by an 

Fig. 12 — L-L ray paths in the presense of a mol
ten pool showing some rays transmitted into 
the pool and others returning to the transducer. 
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EMAT receiver 

Fig. 13 —Ray path that accounts for the pres
ence of the extra echo observed in the weld 
shown in Fig. 10. 

unacceptable welding process are shown. 
The bottom corner reflector (L-L) remains 
when the molten pool is present, indicat
ing the incomplete sidewall fusion, al
though the fill height is adequate. This 
means the corner reflection is due to 
incomplete fusion and not low fill level as 
in Fig. 8. The T-L-L signal is reduced in am
plitude and the waveform altered dramat
ically because of severe undercutting and 
gross porosity at the sidewall. 

Discussion 

Ultrasonic Discontinuity Detection 

The analysis of data acquired during 
root passes from 26 stationary transducer 
locations shows that certain discontinuity 
conditions can be detected using refracted 
longitudinal sound waves to interrogate 
the molten pool. Severe undercut above 
8 mm can be detected by the T-L-L path, 
because of the distorting effect the un
dercut has on the signal. Furthermore, this 
distortion can be observed as a decrease 
in the amplitude of the signal and a change 
in the waveform. Incomplete fusion can 
be detected if it occurs at the sidewall. 
However, incomplete fusion of the back
ing bar is not detected using the current 
experimental setup. 

Expert System Potential 

An expert system could be used to de
termine discontinuity conditions during 

Steel backer bar Weld pool 

T ime (jiS) 

Fig. 15 — Noncontacting ultrasonic data show
ing the effect of low fill level. 

Fig. 14 — Schematic of noncontacting sensing of 
fill level of a fillet weld. 

GMAW. By first recording the initial weld 
preparation signals using a dual-element 
ultrasonic transducer and then monitoring 
the signals observed during welding for 
the presence of an L-L signal with a large 
amplitude and waveform changes in the 
T-L-L signal, the system could make deci
sions about the presence of discontinuity 
conditions and the quality of the weld ge
ometry. The expert system would then 
provide an input signal to a closed-loop 
process control system to minimize the 
amount of unacceptable root weld from 
the automated welding process. The sys
tem could work like one already devel
oped for use in ultrasonic evaluation of 
solidified, partially completed welds (Ref. 
24). In that system, a simple "If, Then, Else" 
type of logic is used to evaluate the am
plitude and shape of ultrasonic signals and 
decide if the A scan contains echoes from 
incomplete sidewall fusion, porosity or 
good weld. The system is an expert 
system in the sense that the decision pro
cess is based on the same cues in the A 
scans that the developers of the system 
were able to use to discriminate among 
the different flaws and good weld. 

Noncontacting Ultrasonic System 

To make the system truly practical, dif
ficulties in using the piezoelectric trans
ducers must be overcome. The major 
problem is the maintenance of coupling 
between the transducer and the part. This 
is normally done with a film of gel be
tween the Lucite wedge and the part. This 
gel must be fairly thin and uniform with no 
gaps or large bubbles. In the preliminary 
experiments, a special fixture was built to 
provide a continuous flow of gel between 
the transducer and the part for the short 
(1-m) distances of travel. Stroud (Ref. 25) 
uses more complex devices which main
tain coupling by pumping gel into a tube, 
which then takes the place of the plastic 
wedge. 

Another approach is to use noncon
tacting transducers (Ref. 26). In preliminary 
experiments on fillet welds, a laser spot 
was focused on the molten weld via mir
rors and lens to generate ultrasound di
rectly on the surface of the weld pool 
(note the laser energy was much less than 

that used in laser beam welding). The ul
trasound was transmitted through the 
pool to an electromagnetic acoustic trans
ducer (EMAT) on the part as shown sche
matically in Fig. 14. With this experimental 
setup, the sound path went through the 
molten/solid interface about 3.9 mm 
(0.15) up the sidewall and was therefore 
affected by low fill level. When the fillet 
weld geometry was acceptable, sound 
generated by the laser was received by 
the EMAT. Figure 15 shows a sequence of 
A scans obtained at 8-mm intervals with 
this noncontacting system, starting in an 
area of adequate fill level, passing through 
an area of low fill level, and then back to 
adequate fill level. The signal received by 
the EMAT at 12 ps through the sound path 
shown in Fig. 14 was initially present, dis
appeared in the region of low fill level, and 
then returned as the acceptable fill level 
was restored. Starting with the fourth A 
scan, a severe drop in fill level resulted in 
the disappearance of this signal. This oc
curred because the change in the fillet 
weld geometry alters the sound path to 
the EMAT to such an extent that no sound 
was received. As an acceptable fill level 
was again achieved, the EMAT received a 
signal from the weld as seen in the last 
three A scans of Fig. 15. 

For this noncontacting system to be 
fieldable, several improvements must be 
made. The EMAT is much less sensitive 
than piezoelectric transducers and the 
signals in Fig. 15 show a poorer signal-to-
noise ratio than those presented above 
for the piezoelectric transducer (Fig. 5, 
Figs. 7-11). An order of magnitude im
provement in sensitivity is required for 
practical use. The laser beam must be de
livered to the weld via a fiber-optic cable 
to reduce personnel hazards in the work 
area and to increase the mobility of the 
source of excitation on the weld for inter
rogation of the total weld interface. Using 
only mirrors and lenses, sound could be 
generated only on the upper part of the 
weld pool. 

Conclusions 

Discontinuities may be detected during 
GMAW using ultrasonic methods. The 
types of discontinuities detected in this 
work are incomplete sidewall fusion, gross 
porosity and undercut. The information 
about the position and types of disconti
nuities being formed could be derived 
from the ultrasonic signals by an expert 
system and the results sent to the control
ler of an automated GMAW system. The 
controller could change the welding pa
rameters to prevent the continuation of 
the discontinuity condition, thus improv
ing the quality of the welding process. In 
addition, the conditions leading to defects 
may also be detected (Ref. 9), and the 
potential exists for preventing the discon
tinuity conditions altogether. Noncontact-
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ing systems may improve enough in the 
fu ture t o p rov ide a very practical means 
o f implement ing the technique o n the 
shop f loor . 
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This Bulletin contains two reports that characterize the mechanical properties of two different 
structural shapes of constructional steels used in the pressure vessel industry. 

(1 ) Characteristics of Heavyweight Wide-Flange Structural Shapes 
By J. M. Barsom and B. G. Reisdorf 

Th is r e p o r t p r e s e n t s i n f o r m a t i o n c o n c e r n i n g t h e c h e m i c a l , m i c r o s t r u c t u r a l a n d m e c h a n i c a l ( i n c l u d i n g 
f r a c t u r e t o u g h n e s s ) p r o p e r t i e s f o r h e a v y w e i g h t w i d e - f l a n g e s t r u c t u r a l s h a p e s of A 3 6 , A 5 7 2 G r a d e 5 0 a n d 
A 5 8 8 G r a d e A s tee l s . 

(2 ) Data Survey on Mechanical Property Characterization of A588 Steel Plates and Weldments 
By A. W. Pense 

Th i s s u r v e y r e p o r t s u m m a r i z e s , f o r t h e m o s t p a r t , u n p u b l i s h e d d a t a o n t h e s t r e n g t h t o u g h n e s s a n d 
w e l d a b i l i t y of A 5 8 8 G r a d e A a n d G r a d e B s tee l s as i n f l u e n c e d by h e a t t r e a t m e n t a n d p r o c e s s i n g . 

P u b l i c a t i o n of t h i s Bu l l e t i n w a s s p o n s o r e d by t h e S u b c o m m i t t e e o n T h e r m a l a n d M e c h a n i c a l E f fec ts 
o n M a t e r i a l s of t h e P r e s s u r e Vesse l R e s e a r c h C o m m i t t e e of t h e W e l d i n g R e s e a r c h C o u n c i l . T h e p r i c e o f 
W R C Bu l l e t i n 3 3 2 is $ 2 0 . 0 0 pe r c o p y , p lus $ 5 . 0 0 f o r p o s t a g e a n d h a n d l i n g . O r d e r s s h o u l d be s e n t w i t h 
p a y m e n t t o t h e W e l d i n g R e s e a r c h C o u n c i l , S u i t e 1 3 0 1 , 3 4 5 E. 4 7 t h St . , N e w Y o r k , NY 1 0 0 1 7 . 
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