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Abstract

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

crystals are discusaed. One im related tc non-stationary dislocation motion

(the bremssirahlung typs of acoustio radiation), and the other to dislocation amnihi-
lation processes (the main component of the tranasition type of acoustic radiation),

The popsible soliton description of the bremsstrahlung acoustic radiation by oscillating
dislocation kink and by bound kini-entikink pair (dislocation breather) is considersd
on the besis of Eshelby*s theory [Proc, Roy. Soo, London 3266, 222 (1962)]. The dis-
location annihilation component of transition scoustic emission is considered only in
relation to the Frank-Read source opsration. A soliton model for this type of acoustic
radiation i proposed and the simple quantum-wachanical hypothesis is advanced for the
PUTDOse . Both soliton descriptions are discusmed on the basis of available experi-—

mental data on the AE intensity behaviour during tensile deformmtion of crystalse.
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I. Introduction

fLss are two general approaches to explain the causes of the acoustic emiBsion (AE)
pulsee ;. ncvgted during tensile deformation of crystale. The first one is based on the
assumpiion that AE is induced by non-stationary dislocation motion. The theoretical
fundaments for this approach were given for the Tirst time by Esbelby’ for an oacillating
dislocation kink, and later by Kouvichz'3 for a system of non-stationary moving disloca~
tion loops. The AE related with & non-etationary motion of dislocations is analogous to
the electromagnetic radiation by the accelerated (or/and deccelerated) charged particles,
and tius this type of the AE may be called the bremestrahiung acoustic radiation’,
fhe other approach to the AE is based alsc on an snalogy to the classical electrody-
namice, i.e, the AE pulsen are induced like the transition electromagnetic radiation gene—
rated by the charged particles going through the boundary beiween two media of diffarent
dielectric constants. Therefore the AE due to the sscape of dislocations from a crystal on
its free surface, being just a boundary between two elastic media of different shear modu-
ina, may o called the transition acoustic rediation, The first theoretical analysis of
thiz type =f AE was made by Natzik at 51.5-7. The dislocation escape from g cryetal may be
considerad a8 the procesa of annihilation of a real dislocation with its virtual image
in rasgs>t to the crystal surface. Therefors the comtribution to the transition acoustic
radiuticn (apart from the Rayleigh waves induced by the escape of edge dislocations onlyT)
involves mainly the processes in which the dislocation annihilation occur, including the
amnihilation of dislocatioms inside the crystal.

The above mentioned appromches to the AE are rather of classical and phenomsnologi-

cal cha-acter mince they are based on the continuous elastic theory and do not deal with any

atowic mature of slip plans. or/and dislocation motion. However, - to our knowledge, the

. firmt attempt has yet been made in ordsr to relate the slip plane with lattice dmicla,
ac well as to relate the AE with the atomic nature of dislocation notion9, the one-dimen—
sional Prenkel-Kontorova'l (FX) model being used in the latter case, The FX model (includ-
ing 1ts modifications and/or extensions to higher dimensions) is still attractive

for many researches on varioue domeins of condensed matter physics, such as: dislocation

-
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dynanics (e.g. twinning pa-ooasaoau, homogeneous rucleation of dislocations at high sirain
ratoll'z, thermodynamic equilibrium of kinks on a dislocation ug-ntu, kink motion as the
moliton on s background of quasi-periodic pc-ooouuu or kink chain dynmliclls), commen i~
rate—incommensurate phase tranli'ti.tml]'6 or domsin wall motion in magnetic -torialsm.

In thie paper, nsing the squivalance hetween soliton meticn in the contimucusly ap—
proximatsd ¥X model and the kink motion along the dislocation line as a siring in & three-
dimensional cry-talls ( wore recently sea also 3'1}'15'19), we would like to point out
some Soliton and quantum-mschaniocal mspects of the AE induced by tensile deformation of
crystals. Firstly, in Sec,Ik, there is propossd a simple quantum-mechanical wodification
of Eshelby’s dsscription of the bremsstrahlung scoustic radiation by the oscillating kink.
i modification consists in the new suggestion (altermative to the ope given by Elhelbyl)
on the way the kink is osoillating which follows from s wsoliton description of the dip-
location kink behaviour. Secondly, in S#0.IIT, there is presented alsc a acliton descrip=
tion of the dislocation annihilation componant of the transition acoustic rediation. This
desoription is related mainly to the operation of Frank-Read souros during plastic defor-
mation since in this oase over each time period when the dislocation loop runs away froa
the source tha annihilation of the oppomite sections of dislocation line ocours. i quantum—
—sschanical hypothesis on dislooation kink-antikink pair mmihilation is advanced, and

tha both descriptions are disoussed in Sec.IV on the basis of svailable experimental data.

IT. The hreasstrahlung acoustic radistion by oscillating dislocation kinks

One of the mechanisms of energy dissipation during plastic deformation is related to
the dislocation kinKs own vitration, and the resisting force is an sffect of acoustic ra-
distion by the kink. This mechanism is sometimescalled the ‘flutter’ -ohnninzo. Eahal-
byl proved, by means of the dislocation string model, that the rate, ¥, of the acoustic

radiation snergy due to &n oscillating kink im given by

Wad ‘k<‘.‘2> (1)
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whers u is the linear velocity of the kink (the dot in Eq.{1) denotes the time derivative},

w,_is the kink effective mass, and of « Az/lmkci depends on the quantity c_ defined we

-1/3

2c2
¢c =m0, {1l ¢ —

2
. o)
1
whers c, adl o, ars irsnsversal and longitudinal velocities of the sound, respectively
{ r - shear sodulus, & « lattice parameter). In Eshelby’s picture the kink oscillates as

a whole rigid system (ses Pig.la), and the linear velooity of the kink may be written as

u e -GLh sin(lo t) (3)

where Gk and A are kink vibration frequency and amplituds, respectively,

On the other hand the previocusly ssntioned mathematical eguivmlence betwesn the cne-
—dimensional FX soliton and the kink moving along the dislocation line as & string in the
Paierls potential allows to consider the problem of intermal kink vibration on the basis

of the non-linear differential sine~Jordon {3G) equation

Ve ey
D12 % 22

where C, is the speed of scund and Oo is the oharacteristic frequenoy. The well-kmown

G? sind(x,1) = 0 (4)

one-soliton solution of Eq.{4), given by (wes 0.5.3)

)]] (5)

dancrih- th‘ tims-position dependence of the shape of ome—kinked dislocation line (one

q.(x.t) - ;t-n {-xr(

ond of dulooation line im located in a Paierls valley, R] = for xe-%0 , and the other
Sy
cnd is loottod in the next Peierls valley, 1 wa for x=+%e ) in & non-dissipative sine-

-Gonlon sy-t- swhare damping and external foross are disregarded. Thus, Eo.(5) describes

SR YD

at the same time,

tho only pure translational wotion of the kink at v velocity

B TS
along a dislocation line (‘i'io‘Jl*Z/‘g 16 the kizk width and §,=0 /G), is the kink
LMoL

reat width).

i Ty

In a resl crystal during plastic deformation the kink motion ie perturbed by external
foros and particularly by damping force due to the thermal lattice vibration and the kink-
-phonon interaction should ba taken into mccount. In this paper, however, we do not con-
sider Eq.(4) with additional terms corresponding to the just mentioned forces. We would
like to present rather a general picture of the possible kink behaviocur in relation to the
AE during plastic deformation which can be deduced from ita pure only, but essential behav-

iour in & non-diswipative system. Therefore we will still use Bq.(4) and kink-phonon in-

teraction is considered by applying Rubinstein's 2

method for a small perturbation of the
90 soliton to the problem of dielocation kink internal vibrsation. Thus, according to Rubin-
-toinzl, we consider a miatic disloocation kink, n]:(x)-(h/fr)tm-l{oxp(xfio)}, undsr a

saall perturbation, Yé 2s/ , and we Tequire that the function

ﬂl(xi‘) - q:(‘) ""P(‘lt) (8)

is a solution of the 3G equation. It appears that this requiressnt, under the assumption

N (xst) = Pla) axp(-10¢) (6a)
leads to the Sohradingnr squation
2 -
:‘__b"r_.;"). + F E- v(x;_‘»f(z) -0 (n

which may be interpreted in the wense of de Rroglie ‘“22. &% the ons for a quasi-particle
of energy E<tiN2/3, whers kz-(oz-mf)/of, and of rest mass M, moving in the reflection—

less potential field
2 ”
V(x) = - ——F weck (:/io) (8)

2
The solution Y, of Bq.(7), cbtained for W0 for the first time by Lanisu and Lifshits 3

R |
l‘ib(x) - 2‘E° oosh (:/I o) (¢)]
describes the translational mods assooiated with the dislocation kink. On the other hand,

the solution ﬁrk, obtained for )40 for the first time by Morss and Po-hhnhu
-‘fk{x) - (21 )'1/ 2, w’lain [k + 1i;1mh(x/g o)] (10)
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descrives the phonon modes associated with the smsll perturbation dus to the lattice vi-
bratica sve (Rubinstein®: and mare recently also Bishop st al.aﬁ). Thun the solution (10},
taking :nvo sooount the solution (9), describes the small-aaplituds harmonic oscillations
of the ma~kinked dislooation line. It should be emphasized hare that also the 1-;-;--..1{11-
tude anharmonic oecillations of the one—kinked dislooation line have heen di-cuuodu
using the mized, one-soliton one-periodic molution of the 30 equation found recently by
Zagrodsinsici and JaworskiZ®, Tt has been shown there'? that the snharwonic dislocation

line vibrations are due to the exoitation and propagstion of ‘heavy’ rather than noruwal
phonoas slong dislocation line. The ‘hesvy” phonons, introduced by Eshelby’ and later die-
cussed alac by Sesger and Engolhm. ars responsible according to Eshelby for a short-range
interactlion  between the kinks on the dislocation line. Noreover, the mixed one-soliton
one-periodic solution of the 5C equation, desoribing anharmenic ocscillations of thes one~
-kinkwd dimlocation line is a more glnml one because it tends, in low-amplitude limit,
just to Rubinstein‘s solution given by {10) for harmonic oscillations ~ aw it has been
recently shown analytically by Juorlkiz’. Therefore in both harmonic and anharmonic
cases the disloocation line vihration are dus to the excitation of the "heavy’ phonon
-edn-u since aven in a harmonic case the dispersion rclation for the phomons is still
4322?32, Below we show that the kink besides ita trenslational motion along dis-
lsontion line, has alsc its own internal oscillation originsting by its intersciiom with
“heavy”’ phenons.

The reflectionless charscier of V(x) potential means that it is transparent for
“heavy” phonon'modes, i.s. ¥{x} doss not change their dispersion relation 02w§k2+al§.
axcept the ’*o mods of 6.\0 frequency and of k=0 wave vector which is trapped by the soliton
at rest.

This means that the static kink vibrates at the same (do frequency a8 one

the modes just trapped by it, However, the way ihs kink is omoillating im rather different

.+ than the one discussed by Enlul‘byl. It follows from the forme of the translational mods l*‘,

given by (), and of the vitwational wode # , given by (10) for k=0, and particularly
from Eq.(6a). Newesver, from Bq.(B) follows that the increment of stom displacement AN‘:
for a mtatic kink ‘
A o ).ﬂ: N a * A (1)
"]-')x ”z-f‘iobz
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is determined by the kink cne-dimensional compressive or tensils strain )U( °/d x vhich
is related just with the *b magnitude, Consider the screw dislocation line with a static
kink. In this oass the kink is of the character of edge dislocation line section, and the
‘heavy’ phonon wodes should be of a longitudinal polarisation, i.s. along the diamlooation
line, Thue we may say that dislocation kink own internal oscillations, responsible for
sooustic radiation, consist in the sucosssive tensile and compressive strain occurring at
the 6.\0 frequancy and with an asplitude 40(1»0) depending on the A/ magnitude (mee Fig,
1b or lo).  Although Esbslby’s fornula (1) is of & classical character, we agsume that
it is #till valid, however, insteadof u in Fq.{3) we should use the linear velocity ug of

the static kink in its compressive—~tensile owscillating wotion
u == WA (Y,) sin(, t) (12}

The considerations presanted above are valid also for s translatory motion of the
dislocation kink since, according to mbi.natoinal, the 3G equation is invariant with re -
spect to the Lorents transformation. It should be noticed here that the more exact proof
for a moving 30 soliton hae recently been given by Parnandes at n.l.aa. Using aleo tha
Rubinstein a wathod for a mmal]l perturbation and applying the Lorents traneformation
they have shown that the soliton of the 50 equation behaves just like a quasi-particle in
the sensa of de Broglie wave wince its somentum in s moving coordinate systea at v veloci-
ty is proportional to the wavs vector ke ;l(v/oo)'l l-vafof of the vibratienal mode just
trapped by the translatory moving soliton. Thus the total linear velocity of the moving
dislocation kink varies within the range of vtum, where only the term v 18 responsible

for acoustic rediation. And similarly to the Eg.(lE) the velocity um way be written as

b Sl ‘,n ‘l("’k) "m(wn t) (13)

2
woore @ = c? k% + @2 and the amplitude & depends on 4, which i given by (10) for

k '1:1("/00) 1= vzlcs .



It is interesting thai, at the same time, lnl29 suggested that the breather (so is
oalled the omoillating bound solitor—antisolito pair) of the 50 equation behaves also 1ike
a quasi=-particle in the mense of de Broglie wave since its momentum and energy are propor—
tional to its wave vector and vibration frequency, respectively. Applying his ldea to the
disloocations we may suppose that in a real orystal dislocation breathers can exist which,
being the bound disloocation kink-antikink pairs, have their own internal oscillations too
(see Pig,2)., Thus the dislooation breather, "lb' is also described by the well-lmown two~
—soliton SG equation solution which may be written in a similar form as used by ng

ot - (‘v/c )x]

8 &in [r'

r oolh(l’%'?")

where £ » sing, ' » con{q), g is & conmimnt, and the breather frequency "b' for & small

wl

Myt = _2'? tan (14)

parameter r€l, may be written as follows

ﬁ’b'%m(-%) (15)
where Ab ia the amplitude of Lreather frequency and v im its velooity as a whole sywiem.
Hence, the dislocation brsather, again by anslogy to the omcillating charged particle in
electrodynamics, can alsc produce the bremsstrehlung type of acoustic radiation. Thus, in
* the came of dialocation breather, mimilarly to Eqe({12) and (13}, the component u, of its

total linear velocity, yesponsible for this radiation can be writien as

W, = = Gk, sin(Wy, ) (e

Evensually, the way the dislocation breather is oscillating (see Pig.2) is a very
strong mugport for the way proposed in this paper for the mingle kink osoillations bscause
in both ciies the oscillations are relsted rather to the changes in kinks width tban to

the changes in positions of the kink system as a whole.

-+ 1I1. The soliton mechanism of the AE dus to the Frank-Read source operstion

“1{ 1p the well—known fact that a dislocation segment can act during the plastic defor—

matich as o Frank-Read souros, and that in every stage of the sources apsration, associated

=8

with a generation of sucoessive dislocation loop the Bections of the dislocation line of
opposite orientations are annihilated. In this sense the Frank-Reasd source is, at the same
time, also the acuroe of the transition type of acoustic radiation, 0f course, it ie also
the source of bremastrahlung acoustic rediation because of an acoslerstion of dimlocation
loops gensrated from it. The latter case was discuwsed by Nateik and minhhom and the
former ona recently also by Pawelek at al.*’3!, Here we would like to show a possible so-
liton mechanism of the dislocation line ssotion annihilation during a Frank-flead source
opsration. We give, however, only general picture ani we consider the mimplest case of the
annihilation procems of two dislooation kinks of opposits signs. In a completly pure case
the annihilation process of the dislocation kink-antikink peir is quite well Qescribed by
the soliton-entimoliton dublet A%, being an other well—imown two-soliton solution of the

2 equation (ses e.g. Zl)

2 4l e linh(vt/{)
- — -.l._....___
a9 T = gy [ o

Pig.) shows the interaction beiween ths kink and the mntikink both moving along the dis-—
location line at the same veloocity v but in opposite directions., It should be enphasized
that Bq.(17) describes the disloocation kink-antikink pair annihilation process in a com—
pletely non-dissipative mine-Gordon mystem, and thus this prooess leads at oncs to the
creation of new kink-antikink pair rumning ewmy along a dislooation line in opposite di-
rections and at the same velocities as before the annihilation. Howgver, the kinks now
move in another Peierls valley which is shifted by two interstomic distancee (Fig,l).
3uch a mechanisa, as well as the formation of completaly new kinks withtbe aid of ther—
mal fluctuations can eerve as & quite possible way for the forward motion of dislocations
in active slip planes under an artarnal ahsar stress during plastic flow. {see Fig.4). It
is clear that both of thess mechanisas (oreation of thermal kinks and the annihilation
of kink pairs with their simultsneous oreation, Pig.4) coour on ths same dielocation lina,
However, the Frank-Read socurce oparation involvem an sdditional mechaniem. The motiop
of approaching each othemdislocation line secticus can also lead merely to the kink-an-
tikink pair ammihilation processes without simultaneous creation of « naw kink pairs

beoauses each kink of an annihilating pair belongs to different sections of dislocation
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line., Pig.5 illustirates achematically tha soliton mechanism of such an annihilatiion procaisy
It ham-besn assumed here that the initial segment AB is an edge dislocation (Pig.5a). In

thie case the approaching sections A 4, and B, B, of the dislocation line (Fig.5h) are

the same as the screw dislocations of oppoeite signs. When assuming that the axis x pasees
along a section e.g. 1.11.2. one can 8es that the positive edge kinks on the Al‘z saction
are solitons (8) Aince they do move along x axis, whereas similar kinks on the l!lB2 g80=
tion are antigolitons () mince they do move in opponite direction to x axim (mee Fig.50).
When 4,4, and B,B, sections are approaching one another (on the distance of one or few
spacinge between the Peiarls vallays) their soliton configuration (Fig.5c) changes rapidly
due to the annihilation of soliton-antiscliton pairs. Aa it has been pointed out previous—
tbat there are annihilated mostly such kink paire where one soli-

ton belongs to the ‘1“2 section and the other to the 8152 seotion, Consequently, these aec-~

ly it 18 quite evidani

tiena do completely disappear {Fig.5d), The scheme of the wechanism of such a dimappearance
(see Pig,58) illustrates the simplest case only (for better clsarness of the drawing),

when the approaching dislocation pections are rectalinear {both of 4,4, ends lie in a
Peierls valley and both of BB, in next ons) and on oach of these sections is & ®ingle

88 pair only. Thus Fig.5e illustretes an slementary process of the dislocation kink-
-antikink pair annihilation during ihe Frank-Read source opsration. Therefore, assuming
that the kink behaves like a quasi-particle, as it has been arguated in Sec.II, we suppose
that the most probable effect of disloomtion kink pair annihilation is the creation of two
quanta of elastic wave (quite analogously to elaciron—positron pair amnihilation resulting
mostly in the creation of two photons}, Denote the kink and antikink energies by E:. and
E.  respectively. Then during the disappearance of the rectangular AjASBIB; loop (Fig.5e)
two translationsl modes associmted with solitons muwt disappear which should result '
most probably, in the oreation of two phonons of &) frequency. This fact may be written

sohemalically as follows
E, + By = Ao, (18}

Thus, it i8 eesn that during Frank-Read source operation rather a muliisoliton annihilation
procesg ocours which is very efficient and abundant scurce of phonons production., Below we

discuae both  approaches to AE on the baaim of awailable experimental data,

<10-

IV, Diecuasion

The bremssirahlung type of acoustic radiation induced by the oacillating system of
dinlocation kinks (Bingle kink or dislocation breather), conmidered in this paper on ihe
basis of Eshelby‘e theory, i® rather of high frequency character. On the contrary, similar
typesof acoustic radiation induced by tha syetem of non-setationary moving dislocation loops
diacussed by Kuuvich2'3, arerather of low frequency charscter. This is because in the form-
er case the AR is related to wstow vibrations whereas in the latter one it 13 rather
related to macroRcopic sizea of dimlooation loop system.

On the one hand, the wost sxperimenial observations of AE during plastic deformation of
crystals are interpreted in relation to the non-statienary motion of dislocations though

not always referred to directly to any of the above mentioned theories.
32

For instance,
Fisher and Lally”® suggested that AE is a consequence of the fast collective motion of a
large number of dislocations, Similarly Sodg\n'.ck” has considered the operation of the fast
dislocation sourceas or tha sudden release of dislocation pile~ups as pessible AE sources.

He stated that thers sxiet & correlation between the sizes of dislocation sources (i.e.
lengths of dialocation megwentis baing potential Prani-Read sources) and the observed distirie
Bution of the measured AE iniensity as a strain function. Another explanation was given by
James and C.rpantor34 who suggested that the obsarved AE pulse rate is proportional to the
rate of the mobile dislocation density increase which i» imposed by the stimulating process-
es of the dislocation breakaway from the pinning points amd, in turn, to a less degree by
the fast maltiplication of dislocatione. Thus, these explanations assumed, in & certain
sease A priori, the bremsstrahlung type of acoustic radiation as the main contribution to

the observed AE signals,

On tho' other hand, the series of sxperimenis on caloite crysials carried cut by

Boiko at 01.35'36 strongly suggest that the main contribution to the obssrved AE signals
arises rather from ths dislocation annihilation cowponent of the transition type of acous-
tic redistion. Such a suggestion is supporied by the fact that they have not o‘bugrvod36
any essantial changes in AE intensity during only non-siationary motion of dimslocations,

i.e. the AE intensity before the escape of dislocations from a crystal was conoidarably

4,31

lowsr than just during their escape. AlAo cur recent experimental results are in good

=11~



qualitative agreement with the explanation of AE in terms of transition type of acoustic
radiation. Namely, it has been statad4 that the increase of AR intensity induced by tha
sudden change in strain rate during copper single crystal tensile deformation is caused
by the increase of dislocation line ection mnnihilation events due to the generation of
dislocation loops emitted from additional mumber of Frank—fead sources, started just
owing to the stirain rate increase. Also other oorrelation batween the behaviour of AE
and mechanisme of plastic flow of copper mingle crystals during two first stages of
work-hardening has recently been roported31. There was ala;o stated there31,mong others,
that there exist;alao the correlatipn of AE intensity dietribution with Frank-Read source
length distribut .on (i.e. similerly vas suggested by 30d.guick33), howevar, not im—

mediate, tut rather through the distribution of disloostion line section annihilation

events, determined just by the Frank-Read source dietribution..

As s final conclusion ohe can say that the soliton description of the bremsstrah-
lung type of ccoustic radiation by the oscillating dislecation kink or breather, as wall
as the soliton .description of tha dislocation annihilatiion component of transition
acoustic radiation due to the Frank=Head source operation may be useful in practice for
the determination of the contribution of both types of radiation to the observed AE
signals, Hence, the posaibility of the soliton and simple quantum-mechanical description
of the acoustic radistion may be helpful in an exact apsctral analysis of the AE pulses

generated during plastic deformation.
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Fig.l.

Pig.i?.

Fig.}-

Pig.d.

Pig.5.

Figuraes captions

Schematio illustrmiions of the dislocation kink internmal oscillations

after ushelby {a) and acoording to soliton demoription (b,c).

Schematio illustration of the internal soillations of the dislocation
breather moving ms a whole at v velocity along a dislocation line parallel

to the X-axis,

Schematic representation of the dislooation kink-antikink pair annihilation

with 1instantaneous cregtion of new kink-santikink pair.

Schematic repressntation of the forward motion of dislocation under
external shear stress as & result of both kinkeantikink pasir formation
with aid of thermal fluotuation (s.g. li-;j pairs where i=1,,..,6), and

with of their earlier annihilatiom {e.g. ll-:l, 54-:1 pairs}.

Soliton meohmnism of dislooation section mmnihilation during dislocation

laop generation by Frank-Read source (for details see in the text).

~15-



Fig.1

.

- i - e - — - —— -—— - -—

. =t + m/op _7,45 53

Fig.2

=17~



_—— — - —
- —— - — =

————— —— ——

-18-

B R T T

-19-



=20~






