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-TH_E APPLICATIO N OF ACO USTIC Et'li SSION TO IN- PROCESS \~ ELD INSPECTION 

By 

~1. 0. Jolly 

ABSTRACT 

Acoustic emission is evaluated as an in-process nondestructive 

test for v1elds. Experimental results shov1 that cracks and porosity 

in welds emit acbus tic emission during and following joint fusion. 

Automatic machine we lds in l/2 in. plate and hand we lds in l/2 in. 

ihick coupons of stainless steel are discussed. 

A correlation is shown between aco~ stic emissipn ra t e, . radiography, 

and metallographic sections of a numbe r 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 ~hewn to be a function of weld defect tempe rat ure. 

Practical applications and problem ar·eas are discussed. 
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APPLICATION OF ACOUSTIC EMISSION TO IN-PROCESS WELD INSPECTI6N 

INTRODUCTION MASTER 
Welding is one of the most commonly used methods of joining metal 

parts. The structural integrity of buildings, submarines, bicycles, and I. 
'I skateboa·rds depends on v1elded joints. The integrity of a welded joint 1 

depends primarily upon precise control of the welding process. 

Quality of the joint can be verified, in most cases, by one of 

several nondestructive techniques. Internal weld defects such as cracks, 

porosity; or inclusions can be detected either ultrasonically or 

radiographically. Since either of these te~hniques i~ applied after the 

fact, a certain amount of guess work is involved in determining the 

dynamic conditions leading to ~he occurrence of defects in the ~'/eld 

joint.· With such a handicap, establishing reliable welding procedures 

and maintaining quality in production can be expensive and time 

consuming. 

The obvious solution to this dilemma is a real-time nondestructive 

test which v1i 11 indicate the occurrence· of cracking, porosity, or 

inclusions during the fabrication of a weld joint. It occurred to us 

and others(l) that acoustic emis~ion, ~hich results from the fracture of 

a material under stress, should be produced by the growth of a crack in 

a ~eld j6int .. As the weld metal cools stress can be sufficient to cause 

plastic defor~ation 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 cause acoustic emission because.of the stress 

concentration around a discontinuity. If so, acoustic ~mission would 

provide an iiT'mediate 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. / 

COUPON WELDS 

The success of initial experiments is de~onstrated graphically in 

Figure 1. The correlation between real-time acoustic emission data and 

subs,equeot radiography is readily apparent. The tv1o welds represented 

here were approximately two inches 1 ong in ha.lf inch stainless steel 

plate. They were made with a hand held gas-tungsten arc torch using 

fi 11 er metal. The defecti~e weld shown in the upper trace was caused 

to crack by the.addition of titanium on the second and fourth weld 

passes. The numbered bars beneath each trace represent individual 

weld passes. Acoustic emission from each weld was monitored for 

approximately 9 minutes. Acoustic emission from the two welds was 

essentially the same during the first weld pass but the defective weld 

appeared to begin cracking as soon as the titanium was melted into the 

weld metal on the second pass. The radiograph of this defettive weld 

shows a number of cracks and some porosity in the weld metal while the 

radiograph of the second weld.gives no ~ndication of a defect. The 

emission signals were initially stored on magnetic tape. The rectified 
• 

signals shown here represent the acoustic energy in a pass band of 50 KHz 

to 300 KHz. 

Data Correlation 

The next step was to generate a calibration curve relating 

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

A water cooled restraining fixture shown i~ Figure 2:was used to insure 

high stress build~p in the weld metal. All welds were 2 inches long 

in 1/2 inch thick material. The welding process was manual ga~-tungsten 

arc.using filler metal.· A number of tricks were employed to obtain a 

variation in v1eld quality. These include the use of incompatible filler 

metal such as titanium, tantalum and mild steel; occasional high cu~rent 

.wash ~asses; longer than normal arc length; and bubbling the cover gas 

:through water. Acoustic emission signals from the 24 weld coupons was 

stored on magnetic tape for later analysis. 

The welds were radiographed and this information used to select 

3 transverse metallographic sections for each coupon. Figure 3 shows 

a typi-cal weld section. Each metallographic section was divided into 

3 regions, as shown here, in order to obtain a crack length factor which 

could be related to the acoustic emission data. 

The assumption here was that the total visible crack length should 

be related to the number of acoustic emissions recorded. Visible cracks 

in th~ center region of each section were measured and their lengths 

added to obtain the crack length factor for each weld coupon. Figure 4 

shows the result of plotting this crack length factor against the number 

of acoustic emissions from the center region of each coupon. The 

correlation obtained in this manner is rather crude, but at least a 

trend is shm·m. 

We feel that the point spread shovm here is lu.rgely due to the 

inherent errors in measurin~ the relative crack length. An example of 

one such.error is shown in Figure 5. Longitudinal ctacks were observed 
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visually during welding of all four of the weld specimens shown here. 

However,. in the b1o l m'ler specimens .the cracks \'lere apparently f.used 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, 

which were attributed to the extensive porosity since the measureable 

crack length in these specimens was small. 

Radiographic examination.of the b'lo weld specimens shovm in Figure 8 

.indicated no defects; however, random metallographic sectioning exposed 

defects which correlate with the observed acoustic emissions. Weld #14 

appears to be cracked extensively corresponding to an acoustic emission 

total in excess of 10,000 while Weld #11 exhibits one major crack 

corresponding to a total of 400 acoustic emissions. 

The acoustic emission rate for three of the ~eld specimens is shown 

in Figure 9 along with representative photomicrographs of the three 

welds. Horizontal bars beneath each trace represent individual weld 

passes. It is interesting to note that the acoustic emission rate from 

the three specimens is similar until the contaminating material is added 

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

the addition of t~ntalum to the weld specimen does not produce as 

~xtensive cracking as the addition of titanium. The addition of titanium· 

to Specimen #23 caused such an increase in the acoustic emission rate 

that a change in scale· on the graph was necessary. Comparison of the 

photomicrograp~s from Specimens #27 and 23 further demonstrates the 

difficulty encountered in measuring the crack length from these micrographs. 

The relative crack 1 engths record.ed for these t\'10 specimens are 5.8 for 
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. Specimen #27 and 6.9 for Specimen #23, but the defect in Specimen #23 

appears to be several times mor~ extensive than that in Specimen #27. 

The difficulty of physically measuring the extent of defectiveness in 

a weld specimen is probably responsible for the po·or correlation shown 

in the relationship between relative crack length and acoustic emission. 

SINGLE PASS WELDS 

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

less plate using an automatic welding machine. (a~ 4 lwelding parameters 

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

weld repeatability. Figure 9 sho\'IS the acoustic emission dat.a obtained 

from one of these single pass welds .. The weld seam was 36 inches. long 

and required approximately 8 minut~s to complete. In this weld two 

sh6rt pieces of titanium wtre were laid in the weld groove and subsequently 

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

ti tani urn was added, as indica ted on the graph by the bar directly above · 

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

defective region and the octurrence of acoustic emission from that 

region is readily apparent on this data trace. This time delay is not 

surprisi~g since, for cracking to occur, th~ weld metal must cool from a 

liquid state until th~.therm~lly 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 first defective region shows a number of fine cracks which run across 

the weld seam. In the radiograph of .the second defect there appears only 

one large c~ack directly across the weld s~am but it has changed 

direction.at least twice. The data shown here is no more quantitative 
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than that shmm for the coupon \'Jelds,. but' in this case one can make a 
. . 

direct comparison between the acoustic emission from a·long seg~ent 

of the weld seam which contains no tracks with that from the region 

where cracks did occur. The data shown here was also co~verted 

electronically to an acoustic emission rate plot which is shown iri j 

'l Figure 10. This is the acoustic emission rate in pulses per minute as 1 

a function of time from the beginning of welding. The time at which th~ 

two defective regions were passed over by the \'Jelding arc is indicated 

on the graph. The high emission·rate at the beginning of the weld is 

attributed to the interference of the alternating exciter current from 

the w~lding machine. The exciter current stops automatically when the 

arc is stabilized. The point of interest here is that the emission 

rate from the isolated defects is \'Jell above the background level from 

the normal portions of the weld. The time delay betv1een ~tJelding a 

potential defect and the onset of acoustic emission from the defect in 

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

Temper~ture Dependence 

To gain further insight into this time delay between welding and 

cracking the weld joint temperature was recorded along with the 

acoustic ~mission aata. Assuminq that any point along the weld seam 

would have essentially the same coolinq rate from the melt as that 

recorded, the acoustic emission rate for 4 different defects was con­

verted from a function of time to a function o~ temperature, as shown 

in Figure 11. The emission rate from the four defects was normalized 

and then averaged to produce the smooth curv~ shown in this figure .. 

The emission:rate begins to rise sharply at about 600 °C and peaks at 
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approximately 400 °C. Of course, the relationship shown here applies 

only to the particular welding conditions and the materials involved 

iri this series of tests. One would not necessarily expect naturally 

occurring defects to exhibit the same emission rate versus temperature 

relationship as shown here, but the point is made that acoustic emission 

rate is a function of weld temperature. 

Experimental Equipment 

For this series of welds, acoustic emission, weld temperaturej, 

and welder position data were recorded on magnetic tape for later 

analysis. A block diagram of the acoustic emission monitoring system 

used is shown in Figure 12. This block diagram also schematically 

represents the equipment used in the weld tests discussed earlier. 

The transducers used for all these tests v1ere developed at Battelle~ 

Northwest especially for acoustic emission applications. They exhibit· 

high sensitivity in several radial and diameter modes ranging from 

150 KHz to 650KHz. The pass band used for all these weld tests was 

1 i.mi ted to beb1een 50 KHz and 300 KHz, the upper 1 i mit being imposed by · 

the bandwidth of the Ampex tape recorder and the lower limit by 

mechanical and electrical interference encountered during the ~1eld tests. 

~ESISTANCE WELDS 

We have also applied acoustic emission-monitoring to other types 

of welding. Figure 13 shows the results obtained from monitoring a 

se~ies of spot welds in 6061 aluminum. The welds were made to join a 

strip of 1/8 inch aluminu~ to a strip of 1/16 inch aluminum. The 

acoustic emission v1as received by attaching a standard acoustic 



. ~ 

.. /.· ' . J 
" 

~~:!ip,rii~-w'~wai-ts?i>O'iw.;w.sr.;p;r.&4:wwM4'ft¥ti'*•;w4¥~~~6e'?ii:Ejiz~;$1J.~ft-f!f:i'*Mww'~'*\:eif#it4ow%~~,.,.~, .. ~lr'z; . 
. . 

-8- BNWL-SA-2212 

emission receiver to one end of the l/8 inch strip. The weldin~ 

parameters were varied to generate the variation in nu~~et diameter 

shown on the graph. The acoustic emissions plotted here are those 

~hich occurred as the welder electrodes r~leased the joint after the 

weld is completed. These emissions are mechanically generated as the 

:electrodes separat~ from the metal surface. This is admittedly an 

indirect measurement resulting from the surface deformation produced 

when the joint is made. In most cases, the surface deformation is 

directly related to the nugget diameter. This is demonstrated by one 
.... 

point which does not fit the curve. This weld produced a large surface 

deformation ~tJith accompanying acoustic emission but no joint. This \·Jas 

caused by shunting the current through a nearby joint. 

Acoustic emission from a spot w~ld is divided into three discrete 

groups. The first group of emissions occur when the electrodes are 

clamped to the metal. Emis$ions again occur on the follow-through when 

the metal becomes plastic and the electrodes compress the metal. ·The 

third group, as previously mentioned, occurs as the electrodes release 

the joint. The first group of emissions \'/as found to.correlate very 

well with the electrode condition. A smooth, clean electrode surface 

produced very little acoustic emission upon closure of the electrodes 

while an electrode which had bec6me pitted produced a large number of 

acoustic emissions. The second group of emissions correlated roughtly 

with the extent of plastic flow and also indicate the expulsion of 

material at the electrode 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 also be applied to industrial welding. One 

application which we have demonstrated applies the technique to monitoring 

the quality of submerged arc v1elds·. One of the major problems involved 

with this type weld 1s the inclusion of slag. The submerged arc v1eld 

is protected from the atmosph~re by applying a granulated sil.icate flux 

which melts in the arc. to form a glassy cover over the we.ld bead. The 

slag inclusions referred to are ·pieces of this glassy cover which are 

trapped beneath a weld bead. We found that the acoustic emission rate 

. during· submerged arc welding correlates well with the conformation of 

the bead surface. Thus, we were able to detect conditions leading to 

the formation of slag inclusions .. Figure 14 shov1s the acoustic emission 

rate from a series of submerged arc weld beads. The emission rate can 

be seen to change drastically as the bead conformation pro.gressively 

changes from a normal bead to what is called a roped bead. The normal 

bead presents a smooth surface so that slag cannot be trapped. The 

roped bead, as the name implies, has raised edges and pockets along its 

sides which can trap. slag on the next weld pass, thus causing a slag 

inclusion. The correlation found here stems from the fact that the 

glassy cover over a normal bead lifts smoothly away as it cools and 

solidifies, while the glassy cover from a poorly formed bead is partially 

trapRed and fractures extensively as it separates from the weld bead 

surface. The ability to detect variations in bead quality can lead to 

considerable reductio~ in re-work ·time becaus~ rlefects can be located 

and easily repaired on ~he weld surface. Repair time can be reduced 

from days to minutes. 

*This investigation sponsored by NORTEC, Int., Richland, Washi~qton. 
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Experimental Equipment· 

A portable acoustic emission monitoring instrument was used to 

obtain dati from the. submerged arc.welds and the resistance welds. This 
I 

instrument presents, on a strip chart, a voltage proportional to the 

rate of acoustic emissions. 

CONCLUSIONS 

The favorable results obtained on three different types of welding 

(gas-tungsten-arc, resistance, submerged arc) lead to the conclusion 

·that acoustic emission can be successfully applied to nondestructive 

·· we 1 d inspection. Defects can be detected as they occur ttli thout 

detrimental interference with the welding equipment. A single sensor 

will detect cracking in a weld several feet long. The occurrence of 

cracking can ·be related to other dynamic conditions in a weld. These 

re~ults suggest that acoustic emission monitoring could be used to 

advantage in the development of new welding procedures as well as on 

the production line. Anoth~r promising ~pplication is the training of 

welders. The almost immediate response of a defective weld should be 

a great help in the development of welding technique. 

Used as an on-lifie quality control, acoustic emission monitoring 

shield complement established final inspection methods in many welding 

applications, Of course, .much more experience on a wider range of 

applications is necessary to validate these conclusions, but the initial 

experiments v1ere very encouraging. 
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