
\
IC/87/136

INTERHAL REPORT
(Limited distribution)

') fl Mi ; 1007 i "-' ;

/ J i t t e r n a t i o n a l Atomic Energy Agency

' UTTEBHATIOIIAI. COTRE FOR THEORETICAL PHYSICS

OH THE POSSIBILITY OF THE SOLITOB DESCBIPTIOH

OF ACOUSTIC BOSSI01I DUHIBG PLASTIC DEPC9WATION OP CRYSTALS •

A. Pawelek ••

Internatlocal Centre for Theoretical Physics, Trieste, Italy.

HIRAHAKE - TRIESTE

June 1967

• Submitted for publication

The essential part of this paper has been presented as a seminar during
the period of the Spring College of Materials Science on Metallic
Materials, ICTP, Trieste, Italy, 11 May - 19 June 1987.

•• Permanent address: Institute for Metal Working and Physical Metallurgy,
Academy of Mining and Metallurgy, Al. Mickiewicaa 30, 30-059 Krakow ,
Poland.

Two 'basic sources of acoustic amiBSion (AE) during plastic deformation of pure

crystals are diBcussed. One ii related to non-stationary dislocation notion

(the hremflatrahlung typo of aoouatio rediation), and the other to dislocation annihi-

lation processes (the w i n component of the tranaition type of acoustic radiation},

The possible soliton description of the breMs-trahlung acoustic radiation by oscillating

dislocation kink and by bound tcinic-antikink pair (dislocation breather} is considered

on the basis of Bsbelb^'s theory [Proc. Roy. Soo. London 1266. 222 (1962)]. The dis-

location annihilation component of transition acoustic emission is considered only in

relation to the Prank-Read source operation. X soliton model for this type of acoustic

radiation iB proposed and the simple quaatum-aaobanical hypothesis is advanced for the

purpose. Both soliton descriptions are discussed on the basis of available experi-

mental data on the AE intensity behaviour during tensile deformation of crystals.
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I. Introduction

l'hni-d are two general approaches to explain the causes of the acoustic emission (AE)

pulses g.T&i-eted during tenaile deformation of crystals. The first one is based on the

assuiupvion that AE is induced by non-stationary dislocation notion. The theoretical

fundaments for this approach were given for the first tine by Eshelby1 for an oscillating

dislocation kink, and later by Kosevich ' for a Bystea of non-stationary noving disloca-

tion loops. The A£ related with a non-etationary action of dislocations is analogous to

the electromagnetic radiation by the accelerated (or/and deccelerated) charged particles,

and thus this type of the AE nay be called the bremsstrahlung acoustic radiation .

The other approach to the AE is based also on an analogy to the classical electrody-

namics, i.e. the AE pulses are induced like the transition electromagnetic radiation gene-

rated by the charged particles going through the boundary between two media of different

dielectric constants. Therefore the AE duo to the escape of dislocations from a crystal on

its free surface, being just a boundary between two elastic media of different shear modu-

lus, aaj ba called the transition acoustic radiation. The first theoretical analysis of

thij typt cT AE was made by Hatzik at al. . The dislocation escape from a crystal nay be

ctiaii-ler»i as the process of annihilation of a real dislocation with its virtual image

in '-jsj'jrt to the crystal surface. Therefore the contribution to the transition acoustic

radiulicn (apart from the Rayleigh waves induced by the esoape of edge dislocations only')

involveo mainly the processes in which the dislocation annihilation occur, including the

annihilation of dislocations Inside the crystal.

The above mentioned approaches to the AX are rather of classical and phenomsnologi-

aal .-.hn̂ aeter since they are based on the continuous elastic theory and do not deal with any

atonic nature of slip plane, or/and dislocation Motion. However, to our knowledge, the
n

. firat attempt has yet been made in order to relate the slip plane with lattice dynamics ,
q

au noil an to relate the AE with the atonic nature of dislocation notion , the one-dimen-

Bional Frenkel-Kontorova10 (FK) model being used in the latter oase. The HC model (includ-

ing its modifications and/or arteneiona to higher dimensions) is still attractive

for many researches on various domains of condensed matter physics, such asi dislocation

dynamics (e.g. twinning processes , homogeneous nucleation of dislocations at high strain

rates , thersodynamic equilibrium of kinks on a dislocation Mgaent13, kink notion as the

soliton on a background of quasi-periodic processes 4 or kink chain dynamics1-'), oooaensu-

rats-incoBBjsnsurate phase transitions1 or domain Kail motion in magnetic materials1?.

In this paper, using the equivalence between soliton Motion in the continuously ap-

proximated PK Model and the kink Motion along the dislocation line as a string in a three-

dimensional crystal18 ( more recently see also 3|13-13|19j( w ^ ^ lik- to ^^ out

SOM* soliton and quantUM-meahanical aspects of the AX induced by tensile deformation of

crystals. Firstly, in SectIJpthere is proposed a simple quantum Msohanical Modification

of Eshelby's description of the brimsstrahlung acoustic radiation by the oscillating kink.

A Modification consists in the new suggestion (alternative to the one given by Eshelby )

on the way the kink is oscillating whioh follows from a soliton description of the dis-

location kink behaviour. Secondly, in Sao.Ill, there is presented also a aoliton descrip-

tion of the dislocation annihilation component of the transition acoustic radiation. This

description is related mainly to the operation of Prank-Read souroe during plastic defor-

mation since in this oaae over each time period idwn the dislocation loop runs axmy from

the souroe the annihilation of the opposite sections of dislocation line occurs. A quantum-

-meohanical hypothesis on dislocation fcink-aatikink pair annihilation is advanced, and

the both descriptions are discussed in 3*c.IV on the basis of available experimental data.

II. The breasetrahluog acoustic radiation by oscillating dislocation kinks

One of the mechanisms of energy dissipation during plastic deformation is related to

the dislocation kinKs own vibration, and the resisting foroe is an effect of acoustic ra-

diation by the kink. This mechanism is soaet 1 M M called the 'flutter' •achanism20. Eshel-

by1 proved, by means of the dislocation string model, that the rate, W, of the acoustic

radiation energy due to an oscillating kink ia given by
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where u i« the linear velocity of th* kink (the dot in Eq.(l) d«not«a the tins derivative),

ŵ . is the kink effective B U S , and 06 - U * / 1 0 % c k ^P"" 4" on *•>• qvuuitiiy cfc defined aa

V 1 / 3

where c^ ana o^ are transversal Mil longitudinal velocities of the sound, respectively

( W - shear Modulus, a - lattice ptrmttr). In Rahelby's picture the kink oscillates aa

a whole rigid system (see Fig.la), and the linear velocity of the kink asy be written aa

(3)

where Cb, and A. are kink vibration frequanoy and amplitude, respectively.

On the other hand the previously samtioned amthaamtical equivalence between the one-

-dintmaional FT aoliton and the kink aoving along the dislocation Una aa a atring in the

Peierls potential allotM to consider the problasi of internal kink vibration on the baaie

of the non-1inear differential aima^lordon (30) aquation

Bin
• • ( ( * . * )

(4)

«here c is the spaed of sound and O ia the characteristic frequency. The Mll-knowio o

one-eoliton solution of Eq.(4), givan by (••• ••«» )

(5)

describee the tia*-poaition dependence of the shape of one-kinked dialooation line (one

and of dislocation Una ia located in a Paiarla valley, for x—•©•, and tha other

u t h» k i n k

and is located in tha next PalerIs valley, <H -a for x-+-°« ) in a non-dissipative sine-

-Gordon Bystas) where daaping and external forces are disregarded. Thua, Eq.(5) describes

at the same time, the only pure tranalational Motion of tha kink at v valocity

along a dislocation Una K » f «l-v Z/e 2 Is the kink width and ^ -o

rest width).

-U-

In a real crystal during plastic dafonaation tha kink Motion ia perturbed by external

foroa and particularly by duping force due to the theraal lattice vibration and the kink-

-phonon interaction should be taken into account. In this paper, however, we do not con-

sider Eq.(4) with additional tans oorreaponding to tha just Mentioned force*. We would

like to present rather a general picture of the possible kink behaviour in relation to the

AE during plastic dafoimtion which oan be deduced from its pure only, but essential behav-

iour in a non-dissipative eystea. Therefore wa Mill still use Eq.{4) and kink-phonon in-

21taraotion ia considered by applying Rubinstein's Method for a Basil perturbation of the

30 aoliton to the probloM of dialooation kink internal vibration. Thus, according to Rubin-

atain21, we consider a atatio dislocation kink, (h°(x)-{i/f*)tan~1|exp(i/<o)S, under a

aaall perturbation, >V4 2a/T» and m require that the function

ia a solution of the SO aquation. It appears thai thia requirement, under tha aaauMption

^(x,t) - ^ ( x ) axpC-iCOt) (6a)

Isada to tha Sohrodinger equation

7 2 ^ ( x ) 3 l r -I

which asy be interpreted in the sense of da Broglie wave , aa tha on* for a quasi-particle

^)/of,of energy KJlV/a , where k2-(o2-^)/of , and of rest BMS H, Moving in the reflection-

lass potential field

(8)

Tha solution ^ of Sq.(7j, obtained for 6)»0 for the first tia» by Landau and Lifshiti
23

(9)

daaoribas tha translationaTMode aasooUtad with ins dialooation kink. On tha other hand,

the solution ^fc, obtained for Aj |4> for the first tia» by Horse and Paahbaoh
24

do)
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deaoribes the phonon nodes associated with the asadl perturbation due to the lattice vi-

bration see(Rubinstein21 and B O W recently also Bishop at al. 2 5). Thus the aolution (10),

taking iinu aooount the solution (9), deaoribea the amall-eaplitude harmonic oscillations

of the >sv»™kinked dislocation line. It should be eajphaaiMd here that also the large-mapll-

14
tude anhanonic oscillations of the one-kinked dislocation line have bean discussed

using tne nixed, one-aoliton one-periodic solution of the 30 equation found reoently by

Zagvodainski and Jaworski26. It has bean shown there14 that the anhansonic dislocation

line vibrations are due to the excitation and propagation of 'heavy' rather than normal

phonons along dislocation line. The -heavy' phonons, introduced by Bshelby1 and later dis-

cussed also by Seeger and Engelke20, are responsible acoording to Sehelby for a short-range

interaction between the kinks on the dislocation Hns. Koreover, the mixed one-sollton

one-periodic solution of the 30 equation, describing anharmonio oscillations of the one-

-kinked dislocation line is a sore general one because it tends, in low-amplitude Unit,

just to Rubinstein's solution given by (10) for harmonic oscillations - as it has been

reoently shown analytically by Jama-ski27. Therefore in both harmonic and anharsionic

cases the dislocation line vibration are due to the excitation of the -heavy' phonon

since even in a harmonic case the dispersion relation for the phonona ia still

o\Z+Ci2, Below we Show that the kink besides its translations! action along dis-
o o

line, has also its own internal oscillation originating by its interaction with

'h«avy* phonons.

The reflectionless character of V(x) potential swans that it ia tranaparent for

-heavy- phonon votes, i.e. t<*) *>•• ™ * <**»«• t o - i p aispersion relation Ci -c2*: *UO,

except the ^ mods of Oi frequency and of k*> wave vector which ia trapped by the soliton

at rest. This mean* tb*t the static kink vibrates at the saaw « o frequency as one

the modes just trapped by it. However, the -ay the kink ia osoillating is rather different

than the one discussed by Bshelby1. It follows frosi ths forme of the translational mode

given by (9), and of the vibrational mode «yot S^*™
1 *H (10) f o r k ^ i •"* particularly

fro* E<J.(6a). sjsreever, fro. Eq.(8) follows that the increment of atom displaosMsnt A*|°

for a static kiok

»» _ _ L L " k~ - .... "^. A i (ii)

is deterained by the kink one-dimensional conpreesive or tensile strain "i*|°/^x which

is related just with the *|̂ . magnitude. Consider the screw dislocation line with a static

kink. In this oasa the kink is of the character of edge dislocation line section, and the

'heavy' phonon nodes should be of a longitudinal polarisation, i.e. along the dislocation

line. Thus we say say that dislocation kink own Internal oscillations, responsible for

acoustic radiation, consist in the successive tensile and oosqpreisive strain occurring at

the 4) 0 frequency and with an amplitude *0(*|'0) depending on the f o sagnitude (see Pig.

lb or lo). Although Eshelby's fonaila (1) is of a classical character, wa assume that

it is still valid, however, instead of u in Eq.('j) we should use the linear velocity \iQ of

the static kink in its ooBjpreeslve-tansile oscillating Notion

u • - fo A (H* ) sin(£u> t) (12)

The considerations presented above are valid alao for a tranalatory action of the

21

dislocation kink since, according to Rubinstein , the 3C equation is invariant with re-

spect to the Lorents transfomation. It should be notioed here that the sore exact proof
26

for a snving 30 soliton has recently been given by Pernandei at al. . Using also the

Rubinstein Method for a saall perturbation and. applying the Lorentz transformation

they have shown that the soliton of the 90 equation behaves just like a quasi-particla in

the sense, or de Broglie wave since its aosjantua in a moving coordinate system at v veloci-

ty is proportional to ths wave vector k"*^~ (V/°O)V
 1--* / ° 0

 ot **" TiDr*tional ™otle .lust

trapped by the translatory moving soliton. Thus the total linear velocity of the moving

dislocation kink varies within the range of v+u , where only the term u is responsible

for acoustic radiation. And similarly to the Gq.(l2) the velocity u may be written as
• • m

2
where 0> - c 2 k Z + 6l2 and the amplitude A depends on "pv which is given by (10) for



It is interacting that, at tha aaaa tiaa, Kna * suggested that tha breather (so ia

called tha osoillaUng hound aoliton-antiaolito pair) of tha 90 aquation bahavaa alao like

a quasi-particle In tha aanaa of da Broglia wava since ite axxatntua and energy are propor-

tional to ita wava vector and vibration frequency, respectively. Applying hia idam to tha

dislocations we aajr auppoaa that in a raal crystal dislocation breathers can exist which,

being the bound dialooation kink-antikink pairs, have their own internal oeai nations too

(aaa Fig.2). Thus tha dialooation breather, <JL, ia alao daaoribad by tha wall-known two-

-aoliton SO aquation aolution whioh m y be wittan in a aiailar fora aa uaad by Bna

-1.
a sin I

o t - (y/cJ*n
k» J_

2T
(14)

« • sinq, i' » cos(q), q is a oonatant, and tha breather frequency 4). , for a small

parameter r«$l, may be written aa follows

K • ̂  «p (- ̂ ) us)

where A. ia the amplitude of breather frequency and v ia ita velooity as a whole system.

Hance, tha dislocation breather, again by analogy to tha oscillating charged particle in

electrodynamics, oan also produce tha braaastrahlung type of aoouatic radiation. Thua, in

the case of dialooation breather, similarly to Eqs(l2) and (13), tha ooaponent u. of its

total linear velocity, responsible for this radiation can be written as

) . (16)

Bveu'jually, tha way the dislocation breather ia oscillating (aae Fig.2) ia a very

strong support for tha way proposed in thia paper for tha single kink oscillations because

in both C A M S tha oaoillationa are related rather to tha changes in kinka width than, to

the change* in positions of the kink System as a whole.

III. Tha soilton Machaniaa of the AR due to tha Prank-Bead aouroa operation

' It vs the wall-known fact that a dislocation segment can act during tha plastic defor-

mation aa a Frank-ftead source, and that in every stage of tha aouroa operation, associated

-6-

with a generation of successive dialocation loop tha sections of the dislocation line of

oppoaita orientations a n annihilated. In this sense tha Prank-Bead souroe is, at the B U M

time, alao tha souroe of the transition type of acoustic radiation. Of course, it 1B alBo

tha source of braaaatrahlung acoustic radiation because of an acceleration of dialocation

loops generated froa it. The latter oaaa was discussed by Katsik and Qushko30 and the

former one recently also by Pawalak at al. ' . Hare wa would like to show a possible BO-

liton aaohaniaa of tha dialocation line Motion annihilation during a Prank-Read source

operation. Ha give, however, only general picture and. MS oonsidar the simplest case of the

annihilation process of two dislocation kinka of opposite signs. In a oompletly pure case

the annihilation prooeso of the dislocation kink-antikink pair is quite well described by

tha soliton-antiaoliton dublet s-*, being an other wall-known two-aoliton solution of the

2130 aquation (see e.g. )

2a o i i n h ( » i M |

.i' f ' IT |^v «,ah(x/^ f (17)

Pig.3 shown tha interaction between tha kink and tha antikink both aoving along the dis-

location line at the aaaa velooity v but in oppoaita directions. It should be emphasized

that Eq.(17) describes tha dislocation kink-antikink pair annihilation process in a com-

pletely non-disaipativa sine-Gordon aye-tea, and thua thia process leads at once to the

creation of new kink-antikink pair running away along a dislocation line in opposite di-

rections and at tha saae velocities aa before the annihilation. However, the kinks now

move in another Peierls valley which ia shifted by two interatomic distances (Fig.3).

3uch a Bwohaniav, aa wall aa tha formation of ooMplataly new kinka with the aid of ther-

mal fluctuations can serve as a quite possible way for tha forward motion of dislocations

in active slip planas undar an external shear atraas during plastic flow.(see Pig.4). It

ia clear that both of these mechanisa* (creation of thermal kinka and tha annihilation

of kink pairs with their simultaneous creation, Fig.4) ooour on the same dielooation line.

However, tha Frank-Bead eouroe operation involves an additional aeohaniaa. The motion

of approaching each othan dialooation Una aeotiona oan also laad aaraly to tha kink-an-

tikink pair annihilation processes without slaultaneous creation of <• new kink pairs

beoause each kink of an annihilating pair belongs to different sections of dialooation

-9-



line. Pig.5 illustrates schematically the soliton mechanism of Such an annihilation process.

It has.-been assumed here that the initial segment AB io an edge dislocation (Fig.5a). In

this case the approaching sections AjAg and B^Bg of the dislocation line (Fig.5b) are

the sane as the screw dislocations of opposite signs. When assuming that the axis x passes

along a section e.g. Ai*o' o n e c a n B o a t h a* *"• P o m i t l v e "46° kinks on the AjAg notion

are solitone (s) aince they do move along x axis, whereas similar kinks on the B-B, sec-

tion ore antisolitona (a) since they do ajove in opposite din>ction to x axia (see Fig.50).

When A LA 2 and B.B, sections are approaohing one another (on the distance of one or few

apaoinga between the PeierU valleys) their aoliton configuration (Pig.5c) changes rapidly

due to the annihilation of soliton-ejrtisoliton pairs. As it baa been pointed out previous-

ly it 18 quite evidem that there are annihilated mostly ounh kink pairs where one soli-

ton belongs to the AjAg Section and the other to the I^Bj section. Consequently, these aec-

tiona do completely disappear (Fig.5d). The scheme of the mechanism of such a disappearance

(Bee Pig.5e) illustrates the siaplMt case only (for better clearness of the drawing),

whan the approaching dislocation Beotiona are rectalinear (both of AjAg enda lie in a

Peierls valley and both of B.B, in next one) and on each of these sections is a single

e-« pair only. Thus Fig.5e illustrates an elementary process of the dislocation kink-

-antikink pair annihilation during the Prank-Read souroe operation. Therefore, assuaiing

that the kink behaves like a quasi-particle, as it has been arguated in 3eo.II, we suppose

that the moat probable effect of dislocation kink pair annihilation iB the creation of two

quanta of elastic wave (quite analogously to electron-positron pair annihilation resulting

mostly in the creation of two photons). Denote the kink and antikink energi«B by E ( and

Ej respectively. Then during the disappearance of the rectangular A*A£B£B* loop (Fig.Je)

two translational mode* assooiated with soli tons ajuat disappear which should result

moat probably, in the creation of two phonons of A) frequency. This fact may be written

8ohea»iically a* follow

ariw. (18)

ThuB, it is seen that during Frank-Read souroe operation rather a multisoliton annihilation

process occurs which is very efficient and abundant source of phonons production. Below we

both approaches to AE on the basis of available experimental data.

-10-

IV. Discussion

The breaastrahlung type of acoustic radiation induced by the oscillating ayBteo of

dislocation kinks (single kink or dislocation breather), considered in this paper on the

basis of Eshelby'B theory, is rather of high frequency character. On the contrary, similar

typesof aooustio radiation induced by the ayBteai of non-stationary saving dislocation loops

2 \

discussed by Kosevich • , are rather of low frequency character. This is because in the form-

er case the AE is related to atom vibrations whereas in the latter one it is rather

related to macroscopic aizes of dislocation loop system.

On the one hand, the swat experimental observations of AE during plastic deformation of

crystals are interpreted in relation to the non-stavtianary Motion of dislocations though

not always referred to directly to any of the above mentioned theories. For instance,

Fisher and Lolly suggested that AE is a consequence of the fast collective motion of a

large number of dislocations. Similarly Sedgwick•" has considered the operation of the fast

dislocation sources or the sudden release of dislocation pile-upe as possible AE sources.

He stated that there exist a correlation between the eiies of dislocation sources (i.e.

lengths of dislocation segments being potential Frank-Read souroes) and the observed distrii

bution of the swaaured AE intensity as a strain function. Another explanation was given by

Jaaea and Carpenter^ who suggested that the observed AS pulse rate is proportional to the

rate of the mobile dislocation density increase diich is imposed by the stimulating process-

es of the dislocation breakaway from the pinning points and, in turn, to a less degree by

the fast multiplication of dislocations. Thus, these explanations assumed, in « certain

atna* a priori, the bremsBtrahlung type of aoouatic radiation aa the main contribution to

the observed AE signals.

On the other hand, the series of experiments on calotte crystals carried out by

Boiko at al.^'^ 6 strongly suggest that the main contribution to the observed AE signals

arises rather from the dislocation annihilation component of the transition type of acous-

tic radiation. 3uch a suggestion is supported by the fact that they have not observed

any essential changes in AE intensity during only non-*tationary motion of dislocations,

i.e. the AS intensity before the escape of dislocations from a crystal was considerably

lower than just during their eBcape. Also our recent experimental results ' are in good

-11-



qualitative agreement with the explanation of AE in terms of transition type of acoustic

radiation. Naaely, i t has teen stated4 that the increase of AS intensity induced hy the

sudden change in atrain rate during copper single crystal tensile deformation in caused

hy the increase of dislocation line Motion annihilation evants due to the generation of

dislocation loops emitted from additional number of Prank-Read eouroea, started jurt

owing to the strain rate increase. Also other correlation between the behaviour of IE

and mechanisms of plattio flow of copper single aryetals during two first stages of

work-hardening lias recently Deen reported31. There uaa also stated there .among others,

that there exietsalso the correlation of IE intensity distribution with Prank-Read souroe

length diBtribut-on ( i . e . similarly was suggested by Sedgwick 3 ) , however, not im-

mediate, but rather through the distribution of dislocation line section annihilation

events, determined just by the Prank-Read source distribution..

As a final conclusion one can say that the soliton description of the bremsBtrah-

lung type of ccoustic radiation by the oscillating dislocation kink or breather, as well

as the aoliton .description of the dislocation annihilation component of transition

acoustic radiation due to the Frank-Head souroe operation may be useful in practice for

the determination of the contribution of both types of radiation to the observed AE

signals. Hence, the possibility of the soliton and simple quantum-mechanical description

of the acoustic radiation nay be helpful in an exact spectral analysis of the AE pulses

generated during plastic deformation.
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Figures captions

Fig . l . Schenatio illuatmiiono of the dislocation kink internal oacillationa

after ^ahelby (a) and aooording to aoliton deaoription (b,c) .

Fig.2. Schematio illustration of the internal aoillationa of the dislocation

breather noving aa a whole at v valooity along a dialooation line parallel

to the x-axis.

Fig,3. SoheMtic representation of the dislocation kink-antikink pair annihilation

with Instantaneous creation of new kink-antikink pair.

Fig.4. Sohamatio rapraaentation of the forward notion of dislocation under

external shear stress aa a result of both kink-antikink pair formation

with aid of thermal fluotuation ( e .g . "^-^ paira where i - l , . . , 6 ) , and

with of tbair uarlier annihilation (e .g . "j-«it Bi~*l P» i r 8 ) -

Fig.5. 3oliton mechanism of dislocation seotton annihilation during dislooation

loop generation by Frank-Bead souroe (for details aea in the text) .
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