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THE APPLICATION OF ACOQUSTIC EMISSION TO IN-PROCESS WELD INSPECTION
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2 G ABSTRACT

‘Acoustic emission is evaluated as an in-process nondestructive

test for welds. Experimental results show that cracks and porosity
' in welds emit acoustic emission during and following joint fusion.
Automatic machine welds in 1/2 in. plate and hand welds in 1/2 1in.
:fhick'coupons of stainless steel are discussed.

A correlation is shown be%ween acoustic emission rate, radiography,
and metallographic sections of a number of welds. Some defects not
detected by radiography are indicated by acoustic emission and verified
by metallographic sections. Acoustic emission rate from weld defects
'is shown to be a function of weld defect temperature.

Practical applications and problem areas are discussed.
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APPLICATION OF ACOUSTIC EMISSION TO IN-PﬁOCESS_NELD INSPECTION

S SR

we]d1ng is one of the most commonly used methods of Jo1n1ng metal

parts. The structural 1ntegr1ty of buildings, submarines, b1cyc1es, and(
skateboards depends on we]ded joints. The 1ntegr1ty of a welded Jo1nt }
depends pr1mar11y upon precise control of the welding process.
| Quality of the joint cah,be,verifﬁed, in most cases, by one of |
several pondestructive techniques. Interna1 veld defects such as cracks,
porosity; or inclusions can be detected either ultrasonically or
radipgraphica11y. Since either of these techniques is applied after the
fact, avcertain amount of gdess work is involved in determining the
dynamic conditions leading to the occurpence of defecfs in the weld
joint. With such a handicap, establishing reliable welding procedures
~and maintaining quality in produetion'can be expensive and time
consuming.. | | ‘
The'obvious solution to this dilemma is a real-time nondestructive

test which will indicate the occurrence of crackinp, porosity, or
inc]psions during the fabrication of e weld joint. It occurred to us

(1)

and others that acoustic emission, phich results from the fracture of
a material under stress, should be produced-by the growth of a crack in

a weld joint. . As the weld metal cools stress can be sufficient to cause
plastic deformation of the material as well as cracking'in the weld

metal or along the fusion line. Weld flaws such as inclusions or
porosity should also eause acoUstie emission-beeause'of the stress

concentration around a discontinuity. If so, acoustic emission would

provide an immediate indication of the quality of the weld. Since
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acoustic emissions are essentially omnidirectional, a transducer
located conveniently on the base metal would indicate flaws in a weld

joint several feet long. : o /

COUPON WELDS

'The,success of initial expériments is demonstrated graphicd]1y in
Figure i, The correlation between real-time aboustic emission data and
subsequent radiography is réadi]y‘apparent. The two. welds represented
here wére approximately two inches long in half inch stainless steel

“plate. Thgy were made with a'hand held gas-tungsten arc torch using
'f1115r:meta1: The defective weld shown in the upper trace was caused
to cfack by the addition of titanium on the second and fourth weld
passes. The numbered bars beneath each trace represent individual
weld ﬁasses. Acoustic emission from eacﬁ weld was monitored for
apbroximate]y 9 minutes. Acoustic emission from the two welds was
essentially the same during the fifsf weld pass but the defective we]d
appeared to begin cracking as soon as the titanium was melted into the
weld metal on theAsecond pass. The radiograph of this defective weld
shows a number of cracks and some porosity in the'weld metal while the
radiograph of the second weld gives no indicqtion of a defect. The
emission signals were initially stored on magnetic tape. fhe yeqtified
signals shoﬁn here repfesent the acoustic energy in a pass band of 50 KHz

t

to 300 KHz.

Data Corre]afion

The next step.was to generate a calibration curve relating

acoustic emission to the number and size of defects in the weld. For
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this purpose. 24 butt welds were made in both 304L SS and 316 SS (2)

A water cooled restra1n1ng fixture shown in F1gure 2 was used to 1nsure'
high stress buildup in the weld metal. A1l we]ds werg 2 inches long

in 1/2 inch thickAmateria1. The welding process was manua1‘ga$-tungsten
arc using filler metal. - A number of tricks were employed to obtain a
variation in Qé]d quality. vfhese include the use of incompatib]eAfillef
metal such as titanium, tanta]um and mild steel; occasional high current
 wash paSSes;‘longer than normal arc length; and bubbling the cover gas
fthroughAwater. Acoustic emission signals from the 24 weld coupons was
stored on magnetic tape for later analysis.

The’we1ds were radiographed and this information used to select
3 transverse metallographic sections for each cbupon. ngure 3 shows
a typical weld section. Each metallographic section was divided into
3 regions, as shown hefe, in order to obtain a crack length factor which
could be related to the acoustic emission data.

The aésumption here was that the.tota1 visible crack Tength éhould
be fe]ated to the number of acoustic emissions recorded. Visible cracks
in the cenFer region of each section were measured and their lengths
added to obtéin the crack length factor for each weld coupon. Figure 4
shows the result of plotting this crack length factor against the number
of acoustic emissfons from the center region of each coupon. The
correlation obtained in this manner is rather crude, but'at least a
trend‘is shown.

We feel that the point Jprcad shown here is 1arge1y due to the
inherent errors in measuring the relative crackAlength. An example of

~one such.error is shown in Figure 5. Longitudinal cracks were observed
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- visually during‘wélding of all four of the weld specimensvshownAhere.

However,,ih,the two lower specfmens the cracks were apparently fpséd by
subsequent weld passes. Figure 6 demonstrates another possible source

of error in the crack length measurement. Each of the three weld

specimens shown here generated in excess of 400 acoustic emissions,

whiéh'were attributed to the extensive porosity since the measureable
crack length in these specimens was small.

'RadiOQraphié examination of the two weld specimens shown in Figure 8

indicated no defects; however, random metallographic sectioning exposed

defects which correiate with tﬁe observed acoustic emissions. Weld #14’
appears to be cracked extensively corresponding to an acoustic emission
total in excess of 10,000 wHi]e Weld #11 exhibits one majof cra;k
corresponding to a total of 400 acoustic emissions.

The acoustic emission rate for thrée of the weld specimens is shown
in Figure 9 along with representative photomicrograph§ of the three
welds. Horizontal bars beneath each trace represent individual wéld
passes. It is intEresting'to note that the acoustic emission rate from
the three specimens is similar until the contaminating materia1‘is added

on the third pass to Specimens #27 and 23. As the photomicrograph shows,

the addition of tantalum to the weld spécimen'does not produce as

lextehsive cracking as the addition of titanium. The addition of titanium-

to Specimen #23 caused such an increase in the acoustic emission rate
that a cﬁange in scale - on the graph was necessary. Comparison of the
photomicrographs from Specimens #27 and 23 further demonstrates the

di%ficulty encountered in measuring the crack length from these micrographs.

The relative crack lengths recorded for these two specimens are 5.8 for
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_ Spec1men #27 and 6.9 for Spec1men #23 but the defect in Specimen #23

s

appears to be several times more extensive than that in Spec1men #27.
The d1ff1cu1ty of physically measuring the extent of defectiveness in
a weld specimen is probably responsible for the poor.correlation shown

in the relationship between relative crack 1ehgth and écoustic emission.

SINGLE PASS WELDS

A series of long single pass welds were made in 1/8 inch 304 stain-

1es$'plate,using an automatic welding machine}(354)We1ding parameters -

can be closely controlled on a welding machine to insure the weld to

 weld repeatability. Figure 9 shows the acoustic emission data obtained

from one of these singié pass welds., .The weld seam was 36 inches. long
and required approximate]yAB minutes to complete. In thié weld two

short pieces of titanium wire were laid in the weld groove and subsequently

welded over. Very localized cracking océurred in the region where the

titanium was added, as indicated on the graph by the bar directly above

. the acoustic emissibn trace. A -time delay between the welding of the

detective region and the occurrence ot acoustic emission trom that

region is readily apparent on this data trace. This time delay is not
surprising since, for cracking to occur, the weld meta] must c061 from a
]iduid state unti1 the. thermally induced stress exceeds the strength of
the weld in that region. A segment of the radiograph from each defective
region is inset above the acoustic»energy trace. Close examination of
the'fifsf defective region shows a number of fine cracks which run across
thé veld seam. .In the radiograph of the second defect there appears only
one 1érge crack directly across the weld seam but it has changed

direction.at least twice. The déta shown here is no more quantitative
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fﬁan;thaf shown for the coupon welds, butiin this case one can make a
direct compafigon between fhe acoustic emission frdm a-long segment

of the weld seam which contains ﬁo Cracks with that ffom the region
where craéks did occur. The data shown here was also coh?erted
éTectronica11y fo an acoustic emiésion rate plot which is shown -in
'Figure 10. This i$ the acoustic emission rate in pulses per minute a§ j
é function of time from the beginning of welding. The time at which the
two.defeétive regions wefe passed over by the welding arc is indRCafed
-on tﬁe graph.' Thehhigh emission rate at tHe beginning of the weld is
attributed to the interference of the a1ternéting exéiter current from
the‘wé1ding machine. The excifer cufrent'stops automatically when the
'érc.is stabilized. The pbint bf intereét here is that the emission
‘rate from the isolated defecis is well above the'backgrdund level from
the normal portions of the weld. The time delay between welding a
potentfal,defect and the onset of acoustic emission from the defect in

this series of welds varied from 20 seconds to 1 minute.

Temperature Dependence

To gain further insight into this time delay between welding and
cracking the weld joint températUre was recorded along with the
acoustic emission data. Assuming that ény point along the weld seam
would have essentially the same cooling rate from the melt as that
recorded, the acousfié emission rate for 4 different defects was con-
verted from a function of time to a function of temperature, as shown
in Figure -11. The emission rate from the four defects waé normalized
and then‘averaged to produce the smooth éurvé shown in this figure.-.

The emission rate beginé to rise sharply at about 600 °C and peaks at
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appfoxfméte]y 400 °C. -Of course, the re]atibnship shown here applies
only to the particular we]diﬁg conditions and the materials involved

in this series of tests. One would not necessarily expect naturé]]y
occUrring defects to exhibit the same emission rate versus temperature
fé]ationshfp as shown here, but the point is made that acoustic emission

_rate is a function of weld temperature.

Experimental Equipment

Fo¥<this'series of welds, acoustic emission, weld tempefature;q
and wé]der position data were recorded on magnefic tape for later
analysis. A block diagram of the acdustic emission monitoring system
used is shown in Figure 12. This‘block diagram a]go schematically
represents the equipment usedAin.the weld tests discussed earlier.

The transducers used for all these tests were deve]dped at Battelle-
Noﬁthwest especially for acoustic emission app]icationé. They exhibit
high sensitivity in several radial and diameter modes ranging from

150 KHz to 650 KHz. The pass band used for all thgse wé]d tests Qas ‘
limited to between 50 KHz.and 300 KHz, the upper limit being imposed by :
the bandwidth of the Ampex tape recorder and the Tower limit by

mechanical and electrical interference encountered during the weld tests.

RESISTANCE WELDS

We have also app1ﬁed acoustic emission-monitoring to other types
of welding. Figure 13 shows the resu]tsAobtained from monitoring a
series of spot welds in 6061 a}uminum. The welds were made to join a
strip df 1/8 inch ajuminummto a strip of 1/16 inch é]umfnum. ‘The

acoustic emission was received by attaching a standard acoustic
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emission receiver to one énd §f the 1/8 inch strip. %he welding
parameters»were'véried'to generate‘the variation 1n'nug§et diameter
shown on the graph. The acoustic emissions plotted here are those.
which occurred as the welder electrodes released the joint after the
weld is completed. These emissions are mechanica11y generated as the
.:g]ectrodeé separaté from thg metal surface. This is‘admitted1y an
indirecf measuremeht resulting from the surface deformation produced
when the joint is made. In moﬁtlcases, the surface deformation ié
directly related to the nugget diameter. This is demonstr@ted by one
point which doe; not fit the curve. This weld produced a 1argeAsurfaCe
deformation with accompanying acoﬁstic emission but no joint. This was
caused by shunting the current through a nearby joint. a
Aéoustic emission from a spot weld is divided into three discréte
groups. The first group of emissions occur when the e]e;trodes are
clamped to the metal. Emissions again occur on the follow-through when
the metal becomeé plastic and the electrodes compress the metal. The
- third group, as'previous1y menfioned, océurs‘as the electrodes release
the joint. The fifst‘group of emissions was found to correlate very
well with the electrode condition. A smooth, clean electrode surface
produced very little acoustic emission upon closure of the e]ectrodes
while an electrode which had become pitted produced a large numbér of
- acoustic emissions. The seéond group of emissions correlated roughtly
with the extent of plastic flow and also indicate the expulsion of
material at the e]ectrode.or the weld interface. Although the scope

of this experiment was limited it does demonstrate the feasibility of
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SUBMERGED ARC WELDS* |

| Acoustic emission can a]sélbe applied to industfia]lwe1dihg.' One
application which we have demonstrated épp]ies(the technique to monftoring
the quality of submerged arc welds. One of the major problems involved
with this type weld is the‘inc1usion of slag. The submerged arc weld
is ﬁrotected from the atmosphere by abp]ying a granulated silicate flux
which melts in the arc to form a glassy cbver over the weld bead. The
slag incTusions referred to are pieces of this glassy covef'which are
| trapped beneath a weld bead. We found that the acoustic emission rate
. during submerged arc we1ding.corre1ates well wfth the conformation of
the bead surface. Thus, we were able to detecf conditions leading to
the formation of slag inclusions.. Figure 14 shows the acoustic emission
rate from a series df submerged arc weld beads. The emission rate can |
be seen to chanée drasticé]]y.as the bead conformation progressively
changes from a normal bead to what is called a roped bead. The nbrmai
bead presents a smooth surface so that s]ag cannot be trapped. The
roped bead, as the name implies, has raised edges and pockets é]qng its
sides which can trap.slag on the next weld pass, thus causing a slag
inclusion. The correlation found here sfems from the fact that the
gfassy cover over a normal bead 1lifts smdoth1y away as it ;po]s and
solidifies, while the gfassy cover from a poorly formed bead is partially
trapped and fractures extensiQe1y as it separates from the weld bead |
surface. The ability to detect variations in bead quality can lead to
considerable reduction in re-work'tihe because defects can be located
and easily repaired onltﬁe weld surface. Repair time can be reduced

from days to minutes.

*This investiaation snonsored by NORTEC. Iné., Richland, Washington. - |
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Experimental Equipment’

A'portab1e acoustic emission monitoring instrument was used to
obtain data from the submerged arc welds and the reSistance welds. Th1s'
instrument presents, on a strip chart, a voltage proport1ona1 to the

rate of acoust1c emissions.

- CONCLUSIONS _

The.favorable results obtained on three differentltypes of welding
(gas-tungsten-arc, resistance, submerged arc) lead to the conclusion
" that acoustic emission can be successfully applied to nondestructive
" weld inepection. Defects can be detected as they occur without
detrimenfa] interference with the welding equipment. A single sensor
will detect cracking in a weld several feet ]ong; The occurrence of
cracking can be related to other dynam%c'condffions in a weld. These
results suggest that acoustic emission monitoring could be used to
advantage in theAdeve]opment of new welding procedures as well as on
the production line. Another promising application is the training of
welders. The almost immediate response of a defective weld should be
2 great help in'the development of weiding technique.

Used as an on-line quality contro],lacoustic emission monitoring
shield complement established final insbectfon methods in many weiding
| app]ications Of course, -much more experience on a w1der range of .
applications is necessary to va11date these conclusions, but the initial

experiments were very encouraging.
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