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Abstract

The discontinuous yielding during tensile loading of many crystalline

solids results in a serrated or steplike stress-strain curve and is known as

the Portevin-Le Chatelier effect.  In this paper the replicable features of

the discontinuous yielding of dead-weight loaded annealed specimens of alumi-

num and brass are documented and compared with the acoustic emission accom-

panying such deforniations.  It is shown that one method of acoustic:.-emission

monitoring provides data which is consistent with the hypothesis that the

elastic energy released during a yield increment is proportional to the elas-

tic energy stored since the last yield increment.  Another method of monitor-

ing gives a better indication of the number of acoustical. events occurring

and permits assessment of the frequencies of the emissions.

It is concluded that a major portion of the acoustic emission during the

strain-loading of crystalline materials is primarily associated with elastic -

energy release during the propagation of nonhomogeneous deformation, which is

the genesis of the Portevin-Le Chatelier effect during dead-weight loading.
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. Introduction... .. '.

Studying the acoustic emissions from solids usually has one of the two

following motivations: (1) a need for innovative monitors of the structural

integrity of engineering materials, (2) the desire to complement basic-

research studies of material phenomena with the new perspectives obtained

through acoustic emission techniques. The first of these has received con-

siderable attention in recent years and acoustic emission techniques are now

used for flaw detection (1,2).  The second has not yet progressed beyond a

general, qualitative correlation of acoustic emission with other mechanical

properties (1,3).  Thus basit research on the physics of acoustic emission

from solids under stress is lagging the application of acoustic emission tech-

niques in materials testing.

There are many aspects of material behavior which can be associated with

dcoustic emission (1,3).  We here report on a study of the acoustic emission

associated with the very important material phenomena of discontinuous slip,

which is known as the Portevin-Le Chatelier (PL) effect.  As discussed below,

strong quantitative correlation of acoustic emission with discontinuous slip
-1--

has been found.

Previous Work

The phenomena of repeating discontinuous yielding of solids was discussed

as. early as 1841 by Masson (41.  In 1923 Portevin and Le Chatelier (5), after

whom the phenomenon is now named, observed repeated momentary decreases in the

load of a hard tensile machine for deformations of aluminum-copper-Vagnesium

alloys.    They 'Also noted  that each oscillation  of load corresponded  to  the

appearance °f lines which propagated along the specimen, accompanied by a
ll

clearly audible, small, dry sound. These lines were first reported by Luders



l

3

(6) in 1860, and are named .after·.him.

The first systematic attempt to determine what factors influence the oc-

currence  and behavior  of  the ·PL effect was by McReynolds  (7) . He established

that alloy composition, temperature of test, and rate of deformation are fac-

tors which affect repeated yielding.  A major part of his investigation was

devoted to showing that deformation is inhomogeneous and propagates through

the specimen in wave-like fashion.

McReynolds suggested that a mechanism for sustained discontinuous yield-

ing was rapid precipitation hardening.  A similar mechanism was proposed by

Cottrell  (8)  in  1953. That "solute atom idffusion-vacancy hypothesis"  has  re-

mained a persistent basis for subsequent studies.  Although Cottrel]'s model

and many of its refinements provide some physical basis for the effect, no one

existing model is capable of explaining all the features of the PL effect in

crystalline metals and alloys.

The delineation of regular features of discontinuous yielding is strongly

dependent upon the type of testing, that is, whether controlled strain rate or

controlled loading rate.  Whereas jerky stress-strain curves can be obtained

--0
by elongation with a hard tensile testibg machine, the discontinuous yielding

during dead-weight loading exhibits very sharp, uniform steps.  For constant

rates of dead-weight loading, several general features of the PL effect have

been established for annealed aluminum and  brass (9,10,11,12,13).  For both

of these materials at room temperature the magnitude of the strain increments

increases with increasing stress.  For 70-30 brass the amplitude of the stress

increment which precedes a strain increment increases with deformation.  This

is not true for aluminum; rather, the amplitude of the stress increment feaclps

a maximum value after about 2% deformation as shown in Fig. 1.  Thereafter,

the PL effect gradually disappears.  Such behavior has fundamental signifi-
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cance in.understanding the strain-hardening process of this metal and its

alloys.

Some frequently reported features of acoustic emission during plastic

deformation of metals suggest a probable strong correlation with the PL

effect.  Figure 2 clearly shows that the emission is discontinuous.  A dis-

continuous emission is also exhibited during crack growth.  In fact, "...it

is difficult to distinguish between the signals due to growth of the plastic

zone and those due to small increments of crack extension. Both appear to

grow in jumps and steps." (3) Therefore, it is important to characterize the

discontinuous acoustic emission which resul.ts from discontinuous yielding.

A commonly used indicator of acoustic emission activity is the counts-

per-second rate of the acoustic energy above a certain value impinging upon a

piezoelectric transducer.  Typical records are shown in Fig. 3.  The similar-

ity with the  a 6" vs. E curve of Fig. 1 is obvious. Acoustic emission

rates similar to those of Fig. 3 have been reported by Tatro (18) for alumi-

num and by Dunegan and Green (3) for mild steel.

The general similarity of acoustic emission rate and 4 6- behavior leads

us   to  believe  that a strong correlation--cdn. be obtained experimentally. There

are several ways of possibly correlating the phenomena.  One is that the acous-

tic emission can be associated with the mobile dislocation density.  This was

first offered as a possible model by Schofield (16) and has been recently ex-

amined by James and Carpenter  ( 17) and found inadequate. They propose break-

away of dislocations from pinning points; a model frequently used in relation

to the PL effect.  Another perspective, independent of any direct accounting

of dislocations, assumes that the elastic energy re ]eased during a strain in-        -

crement is proportional to the elastic enengy stored during the preceding
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stress increment.   Then, when  8 6- is maximum, the released energy. would be

.maximum and would.·cause stresB  waves  of  sufficient. amp·litude to sustain ring-

ing of the transducer as well as to cause counting of multiple reflected

pulses.  Since most acoustic-emission transducers operate at resonance, in-

creased count rate can result from simply greater amplitudes, rather than in-

creased emission activity.

Although we will here discuss only experiments with aluminum and brass,

it should be pointed out that the PL phenomenon occurs in many metals and

alloys.  The upper yield point phenomenon in mild steel is observed during

dead-weight loadings to repeat as discontinuous yielding.  This was origin-

ally reported in 1909 by Le Chatelier (17) and has been studied more recently

by Wilson (20).  Repeated discontinuous yielding has been studied in aluminum

(7,9,10,11,21,22,23), nickel (23,24,25), copper (23), zinc (26,27), and alloys

of copper-zinc (7,12,13), aluminum-magnesium (28,29), aluminum-copper (7),

nickel-cobalt (30), and others (31).

Experimental Procedure

A special testing machine was constructed for the purpose of quietly

applying dead-weight loads to 6-inch long tensile specimens.  This machine in-

cludes specially designed specimen grips which permit the application of piezo-

electric transducers to the polished ends of the specimen.  These grips and a     '

portion of the machine are shown in Fig. 4.  All loads for the tests described

here consisted of applying dead-weight increments to the end of a mechanical

lever.  The specimens were machined from 1/2-inch diameter rods to a finished

thickness of 1/4 inch.  Aluminum specimens were annealed at 1100'F. for two

hours and allowed to furnace-cool.  The brass specimens were similarly

annealed at 1250'F.



6·

,1     Two types of transducers. were ·employed in these. tests. .The ·first.type

is  a ·standard acoustic-emission. transducer having a resonant frequency of

100 KHz.  This type of transducer is very sensitive to the amplitude of       '

fast-rising pulses, in that it will begin oscillating at its resonant fre-

quency and the ringing down takes place in a considerable time interval, re-

sulting in a correlation between the number of cycles above a given voltage

with the amplitude of the incident pulse. The second type of transducer is

wide-band and hesvily damped, having a center frequency  of  1 MHz. Since  this

transducer will not ring when excited, the number of cycles above a given

voltage is more indicative of the number of pulses incident upon the trans-

ducer and, in fact, good fidelity is achieved.  Both types of transducer

were purchased from Panametrics.

The signals from the transducers are amplified by Tektronix lA7A ampli-

fiers and displayed on a Tektronix· 556 oscilloscope.  The outputs from the

amplifiers are high-pass filtered and their excursions above a threshold

amplitude are electronically counted.

Most tests are performed with considerable patience.  A load increment

2
of value 0.10 Kg/mm is applied and any-fdsulting strain or acoustic emission

is recorded.  No additional load increment is applied until both straining

and acoustic emission have ceased for at least two minutes.  With such delib-

erate monitoring the basic features of both discontinuous yielding and

acoustic emission are dramatically delineated.

Results and Discussion

Some results of a typical aluminum test are shown in Fig. 5.  The load-

ing began one week after annealing.  The acoustic emission, which is plotted

as the number of counts above an arbitrary threshold, is prominent for the
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region of deformation exhibiting the PL effect.  In that region the incre-

ment of stress sufficient to induce thu next strain increment foliows the·

pattern of Fig. 1. Likewise, the acoustic emiss'ion occurs similarly to

that portrayed in Fig. 5.  The few emissions which occur at larger values

of stress are not accompanied by noticeable discontinuous yielding,  This

behavior, or slight variations of it, has been observed in all of the alu-

minum tests.  The emissions at larger strains suggests metallurgical or

mechanical transitions are possibly occurring there.  This aspect of the

acoustic emission is discussed elsewhere (32).  The point to be made here

is that the acoustical activity persists only where the deformation is dis-

continuous.  By testing an aluminum specimen within a day or two after

annealing, the region of the distinct PL effect is extended and so also

that of'the acoustic emission.

Since the PL effect is very dramatic in brass, many tests have been

conducted with both a-brass and leaded, yellow brass.  Since, during.these

tests, the load is not increased until straining and acoustic emissions

cease, the resulting strain histories are very interesting.  Figure 6

shows a typical strain history for a test-'uhich required 11 hours of moni-

toring.  During a strain increment the average rate of straining is approx-

-6    -1
imately 7 x 10 sec  , until a strain of value .018 is achieved, then it

-6    -1
decreases   to   1.3   x 10 sec  .  Following a strain of .045 the straining

-4    -1
rate remains fairly constant, averaging about 10 sec The acoustic

emission also changes following this last strain (see Fig. 7).  All the val-

ues of strain and strain rate pertain to those measured over the 15 cm gage

length.

In order to indicate the degree of reproducibility in these tests,



8

three identical tests, using the wide-band transducers, are shown in

Fig:  7  along with Test.7206 whi·ch  used the s·tandard resonant transducer.·

It is obvious that the wide-band transducer gives more indications of

acoustic activity between yield increments, while the resonant transdu-

cer responds primarily during the yield increment.  This means that the

output of the former correlates with the number of events or stress

waves while that of the latter is more indicative of the amplitude or

energy of these events.

If we assume that the energy which is released as ultrasonic waves

during each PL step is associated with the total elastic energy stored in

the  specimen, then, since that energy is monotonical ly increasing with

load, so also should the acoustic emission.  But this is not the case.

Normally a small or large acoustic emission follows a correspondingly

small or large stress increment which precedes a yield increment.  There-

fore, let's consider  the elastic: energy stored since  the last strain  i.n-

crement.  If  (SL  is the stress at which the last strain increment

occurred  and  if AG- is the increase necessary to produce the next unit

of plastic deformation, then the elastiS_energy,   AW, stored between

these strainings is:

A5Al»' r   < 61 + f  j  --6-    )
(1)

I--

where g is Young's modulus. If o  is considered large in comparison01

with 46 - (this is true for the brass tests since the initial yield stress

is appreciable), then eqn. (1) can be approximated as

6-   4 0- Licfzj
A lA) 2   _-0         -     -                              (2)

E                -LE
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Figure 8 shows two brass tests for which the acoustic emission, 4 C,
·    is · Very similar  to the changes  in 21 (- 2 . In order to facilitate visual

comparisons, the curves were fabricated by condecting the discrete data

points.  The agreement should be greater in 7206 since in this test the

acoustic emission was monitored with a resonant transducer. Test 7217

of that same figure also shows the effect of' allowing the specimen to re-

main dormant under load overnight.  When loading is resumed after such an

interruption. a large stress increment is required to produce the first

straining which is accompanied by a correspondingly large amount of acous-

tic emission.  Such behavior is indicative of very slow diffusion proc-

esses which modify the yield criteria following plastic deformation.

The different responses of the two types of transducers can be seen

from the examples of the acoustic signals shown in Fig. 9. All of these

signals are displayed with a vertical sensitivity of 50 microvolts per

division. The signals shown in (a) are from a resonant transducer.  The

frequency of the displayed signal is approximately the same as the reson-

ant frequency of the transducer, and persistent ringing is evident.  Each

of tlie two signals in (b), (c) and (d)-ar& simultaneous displays of the

amplified outputs from wide-band transducers placed at the end of the

specimen.  These signals are not ringing.  In fact, even in the case of

(b)large background noise *, single pulses can be easily detected.  The

time separation of the signals at the two ends of the specimen, such as

in (c), delineates the wave-propagation feature of the emission.  Since

the time difference is less than the time for a wave to travel the gage

length of the specimen, we are assured that the emission originated with-

in the deforming region of the specimen.
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Closure                              ··

Previous studies of the acoustic emission.' from deforming metals have

led investigators to confirm that plastic deformation is discontinuous

(3,33).  It is also nonuniform; both on the microscopic and the macrosc9pic

levels.  Intermittent localized slip band formation has been clearly docu-

mented by Pond and Harrison (34).  They show that individual slip lines in

the early stages of single crystal deformation can be separated by as much

as 30 microns and that when a slip line forms the amount of slip is not

equivalent to several Burger's vectors but several hundred, even several

thousand Burger' s vectors.  As straining progresses, the lines become reg-

ularly spaced at closer intervals, thus local uniform but nonhomogeneous

deformation is eventually obtained on a microscopic level.  Similar obser-

vations, using electron microscopy, have been reported by Fourie (35).

On the macroscopic level the deformation propagates from local slipped

areas across the specimen, achieving momentary uniformity until the initi-

ation of more slip bands.  The manifestation of this behavior in a de-
,,

forming polycrystal  is the delineation„of' propagating slip bands, Luder' s

lines, on the surface of the specimen. Again such behavior, especially

the features of slowly propagating deformation, can be most vividly ob-

served in face-centered cubic metals and alloys undergoing dead-weight

extension.  It is clear then that the PL effect is intimately associated

with the basic work-hardening mechanisms of crystalline materials.

We have shown that, during discontinuous yielding, the energy of the

acoustic emission correlates qualitatively with the elastic energy stored

since the last strain increment. The basic sources of acoustic emission
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in crystalline solids are considered to be various dislocation mechan-

isms (36). The·correlation of the acoustic emission with an incremen.tal

elastic energy makes it appropriate to examine.' the mechanisms which are

potentially consistent with this observation.  On a continuum scale, the

incremental elastic energy can be associated with the local yield cre-

teria.  Future considerations, from both of these perspectives, of the

acoustic-emission phenomena, should result in a clearer understanding of

plastic deformation and work-hardening of erystalline solids.
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