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Abstract

The development of high sensgitivity instrumentation for detecting and
processing acoustic emission signals is outlined. Details are given of tests
on fracture toughness test pieces of low strength steels and the benefits and

limitations of such data are discussed. A summary of development work to

establish location techniques is given.

INTRODUCTION

The abilitly of metsls to emit sounds when deformed has lorg been recognised but

it ic only in ~omparatively recent years that the full technelogical implications
of acoustic emission phenomena have been appreciated. Of the varied applications
that have becn nroposed, one of the most important is the assessment of structural
intearity( 112/,

Vork on acoustic emission within the UXATZA Reactor Engineering and Materials
Laboratory began in 1968, At that t%gm some exploratory studies were made on
artificially flawed pressure vessels 3) A long term programme was then initiated
to develop a technigue suitable for use yrimarily on pressure vessels, during proof
pressure tests. The separate parts of the programme may be described as follows:

(1) Development of a high sensitivity instrumentation for detecting and processing
emission signals.

(2) Development of instrumentation and amalysis for defect location.

(3) Characterisation of emiszions and patterns of emission for low and medium
strength pressure vessel steels.

This paper describes some of the work dome in parts (2)-(3) of the progromme.
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BASIS OF THR ACOUSTIC “MIGCTFI APE CACH

When a metal containing defects is stressed, « sStress concentration occurs at the
tips of the defects. Under increasing stress, relaxation first occurs in these
regicns and may take the form of plastic flow, micro cracking or in the extrenme
large scale cracking. Acoustic emission is part of the energy released by these
processes anl soO provides an indication of the presence of defects,

Emissions can be detected remote from their source and so it is possible to inspect
a large area of a structure with a single detector and provide complete inspection
coverage witn a number ol detectors.

EQUIPMENT

o an electrical signal by means of a piezo electric

The emission is converted t

cer used is generally a 1 in. diam. x £ in. disc (70-100 KHz
i3
n

transducere. The transdu
resonant freouanV).%lcn
bonded to the test speci:

is contained in a metallic housing, Fig 1, and may be

wen with acdhesive or a thin film of gresse. The signal is

v a pre-amplifier near the transducer, filtered to remove
#nQd mechznical noise and then recorded or analysed directly.

then smplified often usir
low frequency electricasl

Stressing o£/ vetzl can preduce continuous emission or zZiscrete bursts of higher
amplitude, Fig 2. Analycis of these signzls can be mzde in a number of vays. Bach
ring of the transducer zhbove a set threshold level may be counted (ring down count) or
alternatively each burst type emission way be counted as a discrete pulse. The
number of counts per second or the integrated couant is then compared with some other
paramncter such as applied load, pressure or straine The trends may be displayed
grapiically on a chart recorder or X-Y plotter by converting the digital output

from the countsr to a simple voltage. A single tranesducer system used for

monitoring small scale tests is shown diagrammatically in Fig 3.

A source of emission can be located by using a series of transducers at known
locations and by measuring tne di fferences in the times taiien for a given emission
to reach the transdéucers. 4 small computer is used to record and store the time
data which can then be printed or plotted eutomatically using a conventional plotter
cry for greater speed; displayed on an oscilloscope. To calculate the position of
a defect, the time delays are converted tc distances eiither ramuzlly or with ihe

aid of the compuber. ¥ig & shows a system of 10 transd cer channels which providss
for on line location with any 4 chanrels as well as tape recording, and subsequent
analysis. Tiie system has recently been mounted in a trailer urit to facilitate ito
use in on si%e tests on plant and structures.

CHARACTERISATION STULIELS

The possible use of acoustic erassion to estimate defsct severity and proximity
to fzilure is being examined uszng notched test pileces snd artificially flawed

pressure vessels. This werk is still in progress and the observations are mainly
gual tdtlven

TESTS OH Shill SPECIHINS

Notched bend specimens =nd compact K syecimens(Q) (CKS) geperally 1 in. (2.5 cm)
thick have been uszed in ithe investigations. These were fatigue cracked and then
testeg accof&%ng 10 the recoummended procedure for plane sirain fracture toughness
tieasuremant Zhe tests were done in zn hydraulic tensile machine which was
manually controlled to give a steady rate of loadings A CKE specimen mounted ready
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for testing with a clip gauge and an acoustic emission transducer is shown in
7ig S5 During test the rate of emission {or cumulative emission) and the opening
of the notch (indicated by the clip gauge) were recorded as a function of the
epplied load using a 2 pen X-Y plotter.

Steels rconging from 30 ton/in (4.?x10kg3/cm } to 100 ton/:.n (15 % 103 kg/nma)
ultimate tensile streugth have been Litudieds At the highect strength levels a
maraging steel and.a medivm alloy guenched and temperea steel were tested. These
gave large burst type emission signals and in some tests there was an andible
release of energy when a 'pop in' occurred at the erd of the cracke Clear warning
of impending failure was given by a dramatic rise in the emission count which
began at about 8C% of the ultzmate failure loads In the low and medium strength
steels of 15 tons (2.3 x 107 kg/cn) to 20 tons yield strength (4.7 x 105 xg/cm®)
the cmission signals wers basically similar to those of the high strength steel bub
had generally lower amplitudes; also the proximity to failure was rot aiways
characterised by a rapidly increasing rate of emission.

Correlation of the emission occurring during loading with the load displacement
curves showed that the increasing rate of emission given by the ultra high

strength steels had taken place under linear elastic plane strain conditions whereas
the low and medium sirength steels nad failed in non plane sitrain and had given a
sharply rising emission rate only when there was gross plastic flow at the root of
the notch.

Observations made on the latter steels can be summarised using the result from a
C-tin steel specimen Fig 6a. Specimens having the least ductility and failing
between the equivalent of points A and B on the load displacement curve gave a
constant rate or a steadily rising rate of emission through to failure; specimens
havirg greater ductility and failing between B and C on the curve showed a sharp
rise before failure; at still higher levels typified by the C-Mn steel specimens,
the emission rate rose and then decreased again before failure. In some tests
there was a further increase in emission rate at failure, alse, when specimens
failed entirely by slow tearing there was a continuously high level of noise
(possibly due to rotation of the specimens on the loading grips) as the failure
was OCCuTTinge

Failure of the specimen used to obtain the result shown in Figba was predominantly
brittle but was preceded by a smpll amount of fibrous tearing. (This subcritical
crack extension is represented by a dark fracture region adjacent to the slightly
bowed fatigue crack (Fig 6a & b)). The influence of the tearing was investigated
by means of a series of tests in which similar specimens were loaded part way to-
failure, unlozded and then broken at a brittle temperature to reveal whether or
not a crack liad initiated during the loading operation. By ithese tests, the tear
was shown to have developed mginly during the relatively quiet period before final
fracture and to have made no significant contribution to the peak in acoustic
activity occurring in the earlisr part of the test. The results therefore lend
support ©o the view that the emissior observed in the low and wedium strength steels
tested was caused. chiefly by the occurrence of plastic flow.

Studies have also been made of reiationships which may permit quantitative asseso-
ment of defect/stress combinations using acoustic emission. The approaches examined
have been based on the cumnlative emiss% ? count TC and the fraciure mechanics
para?g§ers, stress intensity factor, K, or the crack opening displacement COD

or 6 For conditions of limited plasticity before faillure the emission can be
expressed in terms of the relationship

TE = A K2
oy

where & and u are constants
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However for conditions of greater plasticity appropriate fo low and medium strength
steels in thin sections and exposed to normal design and operational conditions the
crack openirg displacement apprcach has appeared more relevant.

Plots of TE& against & for three steels of differing yield strengths are showr in
Fig 7. Since the axes are logarithmic the approxxwtely linear variation shown by
each of the steels implies a relationship TE = A' 6,

where A' and n' are constants.

This is similar to the linear elastic express.un, and is %o ve expected as K and &
can be shown to be directly related when the plastic zone at the tip of the crack
is smal2(8), The values of n (derived by regression analysis) given in the figure
suggest no appreciable material dependency, however, further work is needed to
investigate whether or not this is true for different steels and test conditions.

SHALL VE33SL TESTS

Tests on small mild steel vessels were made early in the test programme with the
objectives of developing techniques and making a preliminary investigation of
emission phenomena in a vessel containing a flaw.

The vessels were essentially tubes, 12 om thick x 150 mm diem. x 100 cm longe.
Each vessel contained sn axial through wzll thickness defect sealed to prevent
water leskage by applying a patch of neoprene rubber reinfarced with stainless
stesl <hwet to the inner circumference of the tubes The endsof the tube were
sealed vith metal end plugs and rubber sealing rings. These end scals proved to
be a potent source of emission, particularly during the early part of the test.
Liowever during repeated pressurisation the noise from the end fittings became
negligible so that in pressure cycling tests it was possible to study emission
with greater confidence.

It is well known that a metal once strassed gives little or no emission during a
subscquent stressirg unless there has been some increase in stress concentration
with o the metsl, (for example due to the growth of a defect). This so called
Keiser cifect'®) can give considersble operational confidence if observed, for
examplo, in a repeat 7roof test on vessel after a period of sirvice. Conversely
the relanse of acoustic emission could imply that new defects had been introduced
or that existing defects had grown since the previous pressurigation. However in
some stezls recovery can occur so trat emission in a repeat test does not
necessarily imply the growth or appearanze of a new defect.

Two of the wild steel vessels were cyclicly pressurised 9 and 18 times
respectively, with delays of up to 5 weeks between cycles. During most of the
cycles the vessels gave negligible emission so that there was no evidence of any
Drogreosive recovery of emission. In one cycle of each series, however, zppreciable
ena sgion vas Getected, and in this cycle the defect had grown significantly by
widenirg at the tip of the notch, Fig 8. In the other cycles where there was
virtwelly no emission, there was no significant widening., Although the widening
was thought to indicate the initiation of a fatigue crack, the evidence onr this
peant wes inconclusives HNevertheless the result served to demonstrate the
ceasitivity of emission to relatively small changes occurring at a defect.

The~o tests also demonstrated the effect that stress cycling can have on the

emission that occurs subsequently at higher stresses. Vhen pressurised to failure
tre vessels were excepticna® in giving a much greater emission than mny of the
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many other vessels tested, Specifically, the meximum rate was 10,000 counts ver
1000 psi compared with rates generally of 500 counts per 1000 psi. The steep rise
in emission is chown in Fig 9.

LOCATION STUDIES

Initial gevelooment of the source location system was done in the laboratory with
the aid of a steel plate test bed and artificial emission sources generated either
electrically or by some mechanical means. Since thet time experience has been
gained from tests on large plate specimens and on experimental pressure vessels
containing machined slits to represent natural defects. MNore recently a number of
field trials have been conducted.

An example is a test made on a low alloy steel plate, 2.5 cm thick x 100 cm x

150 cm, which contzined a 10 cm long central tramsverse slit. The plate was being
stressed to failure in a machine of 400C ton (40 x 1C- Kg) load capacity for
fracture evaluation purposes. ¥Fig 10 shows the plate mounted in the machine
between two end lugs. Cooling trays were attached to the plate for cooling to the
test tewperature of ~-80°C, Four trarsducers were used all being glued to the
accessible area on the upper end lug. Analysis of the emissions released as the
specimen was loaded revealed three sources. Fach source was diffuse indicating that
the emissions came from an area rather than a specific point on the plate. One
source was associated with the slit and its computed position was close to the
actual position of the slit. The other sources were situated at opposite edges of
the plate and since no defects were confirmed ultrasonically in these regions it
seemed probable that these emissions had been caused by sowme local yilelding of the
plate.

The opportunity to examine the problems of field operation was taken when an
experimental, 3 in. thick prassure vessel had been repaired and was about to de
pressure tested at the fabricators. Although the vessel was situated centrally
in a boiler msking shop, where the normal activities of grinding, welding etc were
in progress, no special problems due to interference from transmitted mechanical
noise or spurious electrical signals were encountered and it was possible to check
and calibrate the acoustic emission system without the need to halt production
worke During the pressure test several leaks developed which were immediately
sensed by the instrumentation and so demonstrated the known value of acoustic
emission in leak dztection, However, the noise from the lesks was sufficient to
obliterate any genuine emission in the vessel. A later test was made to a higher
pressure at REML and emissions were detected satisfactorily.

The vessel currently contains a slit to represent a flaw and is being cyclicly
pressurised to promote growth of a fatigue crack. ZEmission from the growing

crack is beiung used for further development and proving of the source location
techniques and to study the factors which can complicate the quantitabive masurew
nent of acoustic emission {eg count ratel.

Other work has involved measurements Quring a proof test on a thick walled nuclear
reactor pressure vessel aud the investigation of problems associated with the
monitoring during the return to operating conditions of a 50 ft. diam. gas, cogled
reactor pressure vessel. Detalls of this wosk are to be published shortly(1o).

DISCUSSION AND CONCLUSICNS

Acoustic emission provides a means of inspecting all parts of a vessel simltaneously
and, applied in a final proof test it permits a full assessment of the vessel in its
coisiition immediately before operations Development of instrumentation and esnalysis
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fui delecting and locating emission sources in the relatively quiet conditions of
a yroof test is well advanced although scope remains for improvasent of detail.

Having loczted regions of above average activilty, these may be related to physical
features on the vessel; from this it may be possible to decide whether the emission
has originated in the vessel itself and is, therefore,” likely to be due ta the
presence of a defect or whether it has come from some extranecus source such as a
boltcd counnection, support structure 2tc. Further deductions on the nature of the
source may be made from the shape and size of the emil.ing region.

Interpretation of the strength of an emission source in terms of the severity of a
possible defect isat present qualitative and based on experience. For instance,
a sharp increase in the rate of emission under steadily rising load conditions
might be taken as an indicztion of a severe defect and the likelyhood of ipminert
failure, Quantitative analysis of large vescels is not yet poessible and regions
of tossible weakness indicated by acoustic emission would normally be examined
further by conventional NLT methods.

Progress towards a more quantitative P roach may be possible by relating acoustic
emission to the fracture mechanfégﬁﬁegn 8 - both a function of applied stress and
defect size and geometry. The derivation of such relationshi?s ard proof of their
general validity may be obtained in the course of monitoring cormercial pressure
vessels; however, information from such tests will be slow to accumlate snd tests
on experimental vessels vith known siges of defect subjected to known stress fields
appear a necessary supplenent.

Acocustic measurements on test pieces have the advantage that many parameters can

be investigated using available equipment. Although there are inherent difficulties
in applying ynantitatively the results from a test piece to a structure, a useful
qualitative indication of structural behaviour may be obtained. Specimen geometies
are required which sirmlate reasonably closely the state of stress or strain in a
structure. For conditions of plane strain test piece thickness may differ from
that of the vessel, whereas for conditions of non plane strain, specimen size may
be a critical factor and an adequate representation of the emission in structure
may reguire the use of specimens of full plate thickness,

These geometry requirements are generally met in specimens used to measure the
fractvre toughness of a materisl (K. or 5;). Hence, the monitoring of fracture
touphness tests is a convenient way*%o obtain relevant acoustic emission data.

In addition, the emission detected may be useful as an zid to define the onset of
fracture in the specimen and so permit a more accurate neastrement of the fracture
tougkness, This could be particularly important in tests to messure critical
values of COD (6,) where the onset of fracture by a slow growth process is
difficult to determine by other metheods.
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