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Acoustic emission (AE) during plastic deformation is analyzed for a pure single crystal 
neglecting the effects of grain boundaries, impurities, and second-phase particles. Acceleration of 
a moving dislocation is -considered to be the principal AE source. There are two major 
mechanisms of dislocation motion related to acceleration, initial, and continuous oscillatory 
motion. Initial motion induced by the creation of mobile dislocations is modeled as a step 
function of velocity. Continuous oscillatory motion produced by interactions with neighboring 
dislocations is modeled as a harmonic function. These mechanisms vary with strain and strain 
rate due to dislocation multiplication. AE can thus be described in terms of strain and strain 
rate. Annihilation at a free surface is also regarded as an AE source in addition to the initial and 
oscillatory motions. The kinetic .and strain energies stored around a moving dislocation are 
dissipated during annihilation, and can be related to AE. The frequency spectrum of AE is also 
determined. A shift of the spectrum to higher frequencies with increasing strain is explained by 
an increase in the interaction force between dislocations. 

I. INTRODUCTION 

Acoustic emission (AE) is regarded as an elastic wave 
generated by the release of energy. There are two main 
forms of acoustic emission: continuous and burst emission. 
The continuous emission consists~ of a large number of low- 
amplitude emissions produced by a series of dislocation 
motions during plastic deformation without obstacle inter- 
ruptions. When a crystal is deformed, even though the 
macroscopic deformation is uniform and continuous, the 
microscopic strain mechanism is discrete and discontinu- 
ous resulting in the radiation bf wave energy that propa- 
gates through the medium. 

It has been proposed that acoustic emission from dis- 
location motion is produced by radiation of wave energy 
from accelerating dislocations.1*2 Another approach to an- 
alyzing AE during dislocation motion was undertaken by 
Scruby3 using the elastic Green’s function to obtain the 
resulting surface displacement. The former analysis deter- 
mines the amount of AE energy from the sources regard- 
less of the directionality of the source mechanism. How- 
ever, the latter approach is good for analyzing the 
orientation of a source mechanism since the measured AE 
varies differently depending on the transducer location. 
Since the orientation of a moving dislocation is not readily 
determinable, AE from dislocation motion during plastic 
deformation can be analyzed by quantifying the total radi- 
ation of wave energy from dislocation motion. 

Dislocation motion is composed of initial motion and 
steady oscillatory motion. For the initial motion, the 
Peierls stress, which is the maximum from a potential 
trough to a crest, is required to surmount the potential 
barrier due to lattice periodicity. After a dislocation passes 
over the crest, the potential energy is converted to kinetic 
energy and, as a result, it is not necessary to have an 
equally large Peierls force to surmount the next crest 
which enables sudden acceleration. And, due to the high 
initial static Peierls stress,” there is an abrupt initial motion 

of a dislocation with a step change in velocity as shown in 
Fig. 1 (a). Following the initial motion, the dislocation un- 
dergoes a variation of potential energy due to the strain 
fields of other dislocations, which causes a variation in the 
dislocation velocity. Both the initial and steady oscillatory 
motions are sources of wave energy radiated during the 
plastic deformation of a pure single crystal. However, the 
variation of the Peierls potential can be neglected in ana- 
lyzing acoustic emission, since the wave energy radiated 
from that has relatively high frequency and small ampli- 
tude compared to the energy associated with dislocation 
interactions. The stress and strain fields of an accelerating 
dislocation as well as the exact acceleration of dislocations 
during plastic deformation are difficult to determine. Only 
the average velocity is obtainable during plastic deforma- 
tion. 

Thus, the acceleration of a dislocation is modeled ap- 
proximately as a step function for initial motion, and as a 
harmonic function for continuous motion, where both mo- 
tions can be related to the average velocity. The initial 
motion can be represented by a Heaviside step function, 
[Fig. 1 (a)] and the subsequent steady oscillatory motion 
due to the interaction with neighboring dislocations by a 
periodic function [Fig. 1 (b)]. Thus, the dislocation motion 
will be described as a superposition of the two mechanisms, 
and AE energy from the two different motion of disloca- 
tions during plastic deformation will be obtained in terms 
of strain and strain rate. In addition, the AE generated 
during annihilation of dislocations will be analyzed. 

II. DISLOCATION FLOW AND PLASTIC 
DEFORMATION: KINEMATICS 

During plastic deformation, moving dislocations are 
continuously annihilated at the free surface after gliding 
through the slip plane, and new mobile dislocations are 
generated to maintain the deformation. The flow of dislo- 
cations may be represented as 
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FIG. 1. Velocity function of a moving dislocation. 

Apt, = ~pmc-- Apout, (1) 
where p,nc is the density of newly created moving didoca- 
tions, pm is the density of moving dislocations, and pout is 
the density of dislocations annihilated at a free surface. 
Considering Eq. ( 1) in terms of strain E, 

~,,=~,-I-No,,, (2) 
where N=dp/& is the rate of change of dislocation den- 
sity with respect to strain. And, for the time variation, we 
have 

imc=b?2 -Go,t, (3) 
where P=dp/dt is the rate of change of dislocation density 
with respect to time, and is given by 

ap apse p'~'-j-~4i. r (4) 

Since the plastic displacement provided by the flow-out 
of a dislocation at a free surface is equivalent to the Bur- 
gers vector b, Nout is constant. Thus, the total length of the 
annihilated dislocatiofis pout during strain E of a unit vol- 
ume is 

P out’~““t4 (5) 
and the rate of change of annihilated dislocation density 
pout is given by 

P0llt=~0& (6) 
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Ill. RADIATION OF WAVE ENERGY BY DISLOCATION 
MOTION 

A. Elastic wave energy from initial motion 

Abrupt motion of a dislocation is induced by break- 
away from a large static frictional stress, which causes a 
sudden change in dislocation velocity. The strain field of a 
dislocation moving from rest to a constant velocity has 
been obtained by the Laplace transformation5*6 and by use 

*of the Green’s function.’ For a dislocation with a uniform 
velocity u starting at t=O, only the time-dependent terms 
will be related to the radiation wave energy. Time- 
independent terms are associated with steady-state motion 
of dislocations, and generate no radiation energy during 
motion inside a material, but do generate radiation energy 
at a free surface. 

For screw dislocations, there is only displacement U, in 
the z direction, with the displacements, U, and u,,, in the x 
and y directions, respectively, being zero. The elementary 
motion of mass vector d is in the z direction, and the prop- 
agation vector of the dislocation p in the x direction. Only 
a shear wave is emitted from a moving screw dislocation 
because d;p = 0. For an edge dislocation parallel to the z 
direction, a force in the x direction causes motion of mass 
element in the x and y directions. The elementary mass 
motion vector d is in the x-y plane, and the propagation 
vector p is in the x direction, so that, d,,*p = .O and d, 
= Ip. Thus, an edge dislocation generates a shear wave 
by the element motion in the y direction d, and a longitu- 
dinal wave by motion in the x direction 4, 

The stress field around a screw dislocation when it 
starts moving with constant velocity IJ in the x direction 
starting from a static condition at time t=O is5 

m-4 (xmt,t)*+f12yL+; (1 -P-l) ’ (7) 

where fl = [l - (v~/c~)]“~ ~1 is shear modulus, b is 
Burgers vector, IJ is velocfty, akd ct is shear wave velocity. 
The first term of Eq. (7) represents the stress field of a 
dislocation moving with velocity V, and the second term is 
the stress imposed on a moving dislocation due to the ex- 
ternal stress a& which is the source of the acceleration that 
results in a step increase in velocity. 

The rate of radiation of energy & per unit length of 
screw dislocation due to transient motion can be written as 

Et= -F.p= -o&b,,, 
where F, is the force component in the x direction applied 
to a unit length of dislocation, and o& is the dislocation 
stress resulting from an external force applied to the dis- 
location core to initiate and sustain motion of the disloca- 
tion in the x direction with velocity IJ. Substituting for 
a&, Et becomes 

&-‘?g (p-l-1) 5, 
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with the total energy radiated during the interval t being 

s t Et= 
to 

&dt=pg (R-l-l)lr$ 

The radiation is assumed to start at a distance b, because 
the core region inside r=b is not analytic for a Volterra 
model. Thus, it is considered valid only for the region 
c,t ) 6, giving cgO = 6. For a relatively low dislocation ve- 
locity, 

EteKi$ ln(t/Q, 

where Kk=pb2/4mz. 

(8) 

For an edge dislocation, .the stress field is” 

au, @ 
( 

2y(x- vt) 
axy=lf-J ay===G 

__ (a2fl+aQr’) (X-d) 
2 (X-UUt) +D2y 2 

+u+m (1+5P2> 
yvt - 2pvt ) ’ 

where a = [l - ( v~/~c:)]~‘~, y = [l - ( v~/c~)]“~, p 
= [l - (v%$)]*‘2, and CL is the longitudinal wave velocity. 
Following the same approach as for the screw dislocation, 
Et is given by 

lit= -F,u= -u:y bv. 

For an edge dislocation, aiy constitutes the Jast two terms 
of ax,. The resulting radiation energy rate Et; is then 

and the total energy Et in a finite time t is 

s 
t 

Et= to 
where to = b/q. Again, with a relatively low dislocation 
velocity, we have 

EpKieu2 ln(t/to), (9) 

where 

Consequently, the wave energy radiated from a disloca- 
tion initially at rest at f=O and suddenly accelerated to a 
velocity v depends on the duration of dislocation motion 
t and is proportional to the square of the dislocation ve- 
locity v. 

B. Elastic wave energy from harmonic motion 

The motion of a dislocation is affected by the stress 
fields of neighboring dislocations which result in a varia- 
tion in potential energy of the moving dislocation and, 
consequently, a periodicity of motion (Fig. 2). When a 
dislocation accelerates or decelerates as it passes through 

Potential 

EnerQY T 

I * 
Time. t 

FIG. 2. A moving dislocation undergoing variation of potential energy. 

the varying stress fields, energy is dissipated which propa- 
gates as an elastic wave. 

The oscillatory motion is superposed on the uniform 
motion. When x’(t) is the displacement of the dislocation 
in the reference frame moving with average velocity 21, the 
absolute displacement x(t) is 

x(t) =x’(t) +ut. 

At relatively low velocities, the motion of a dislocation is 
determined not by inertia but by the periodic potential (see 
Appendix). Thus, the amplitude is determined by half the 
periodicity of the potential, 

x’(t) = (d/2)sin wt, 

where d is the distance between dislocations and w is an- 
gular velocity. The velocity of the dislocation vd is then 

vd(t)=(wd/2)costit+v. (10) 

The radiation wave energy is only related to the first 
term of Eq. ( 10) since there is no radiation energy from a 
uniformly moving dislocation. The radiation of shear wave 
energy from harmonic motion of a unit length of screw 
dislocation was determined by Eshelby’ as follows: 

where E,, is the rate of radiation of energy from harmonic 
motion of a dislocation. The energy radiated per oscillation 
can be obtained by integration over the period T, 

I 277/m 
Eh= ii, dt = KhSv2, 

0 

where KAs = pb2&/8ct. 
The kinetic energy Ek of a uniformly moving edge dis- 

location’ is given by 

4 
Ek=2E07 (~+~-‘+ar~P-‘+a~~-~-4a~P-‘), 

where EO is the strain energy of a dislocation and is given 
by (pb2/4r)ln(d/2b). Expanding cz, p, and y at a rela- 
tively low dislocation velocity, it can be shown that 
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FIG. 3. Stress and acoustic emission from two different deformation mod- 
els. 

The increase in external stress AaXy required for a velocity 
increase Au is 

1 d(AEk) I.Lbc;Av 
AQ~~=~ at=- 45-t 

Using the same procedure as for screw dislocations,8 the 
radiation energy from a unit length of edge dislocation is 
then 

The energy radiated per oscillation of a unit edge disloca- 
tion length then becomes 

-%= I 

2?r/o . 
E,, dt = Khev2, (12) 

0 

where 

IV. AE AND PLASTIC DEFORMATION UNDER 
CONSTANT STRAIN RATE 

Typical stress-strain and A&strain relations of pure 
aluminum and aluminum alloy specimen are shown in Fig. 
3.” Even though the results are for polycrystalline mate- 
rials while our analysis is for single crystals, we use them 
for illustration since they have basic similarities to results 
that would be obtained from single crystals. Work harden- 
ing begins from the strain E’. The initial portion of the 
curve, involving strain from 0 to E’, is relatively small and 

represents a transition from elastic to full work hardening. 
This stage is more evident with alloys” such as occurs in 
Liiders band formation, where dislocation motion in the 
stretched yield region is mainly determined by interaction 
with impurities, generating high AE activity, while for a 
pure material with uniform deformation most of the AE is 
generated after E’. A relatively high dislocation velocity in 
the stretched yield region due to impurity effects compared 
to that in uniform deformation of a pure material produces 
high-amplitude acoustic emission signals. After the initial 
stage, work hardening starts and dislocation velocity is re- 
duced, resulting in a notable decrease in AE signals after E’. 
Considering only homogeneous deformation arising after 
E’, where the forest dislocation density correlates well with 
the strain hardening, if the function fAE defines AE energy 
per unit strain and unit volume, the AE energy EAE during 
deformation from ~1 to e2 of a unit volume is given by 

EAE= 
I 

9 fAE de. 
Cl 

Plastic deformation and radiation energy are produced 
only by the mobile dislocations pm, but the average dislo- 
cation distance d and interaction force are determined by 
the overall dislocation density p. The ratio of mobile dis- 
location density to total dislocation density ‘ym can be as- 
sumed constant during deformation under the assumption 
that temperature change is negligible during deforma- 
tion, I2 

pm/p = ym = const. 

As strain increases, both the total and mobile dislocation 
densities are raised by dislocation multiplication. 

Using the Taylor equation, which is based on the dis- 
location interaction force, the relationship between flow 
stress and dislocation density in stage II can be written as 

CT= k,,, POEM, (13) 

where k, = ,ub/2z-aD and a= is 1 for a screw dislocation, 
1 --Y for an edge dislocation, and Y is Poisson’s ratio. A 
macroscopic stress-strain relation is 

a=k@ (E> E’), ( 14) 

where n is the work hardening exponent and k is a con- 
stant. p can then be obtained in terms of strain E using Eqs. 
(13) and (14), 

p=C,P, (15) 

where C,, = (k/km12. The initial dislocation density pi is 
given by C’E’“. The moving dislocation density can also be 
expressed in terms of E and n as 

Pm=Yt?Ge (16) 

Considering plastic deformation with a given constant 
strain rate I&., 

v = &Jp,,,b. 

The average velocity v is then obtained in terms of strain 
by substituting for pm from Eq. ( 16), 
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v=q, c2n, 
where c,= i/by&,. 

(17) 

A. AE from step motion of a dislocation 

From Eq. ( 16), we have 

N,=~=2ny&E2”-? (18) 

Substituting Eq. ( 18) into Eq. (2) gives 

N,,=2ny,CnE2”-lfNoutr (19) 
and further from Eqs. (3)) (4)) and ( 16)) we have 

ap, ae . 
Pmc=~ ~fPo,t- - 2niy,C,e “- ’ +f&. 

For a given length of glide plane h, the average duration of 
dislocation glide t is given by 

t= h/v. (20) 
For a single crystal, h depends on the dimensions of the 
workpiece. Et for screw dislocations can thus be obtained 
by substituting Eqs. ( 17) and (20) into Eq. (S), 

Et= fidKi* c~,E- 4n, 

where fid is given by substituting Eq. (20) in the logarith- 
mic factor in Eq. (8). Acoustic emission energy is obtained 
as the sum of the individual contributions of radiation 
wave energy Et from transient motion resulting from the 
creation of mobile dislocations. Only the term ap,/& in 
Eq. ( 19) determines the variation of IV,, in terms of strain, 
since Nout is constant for a unit strain. Considering the 
variation of AE with respect to strain,’ the AE energy per 
unit strain and unit volume fAn, from step motion of screw 
dislocations is then obtained as 

-.2n-1 fAE=NmcEr=&& 7 (21) 
where Et0 = 2nKi,r,C,cf,fi,+ AE from the step motion of 
edge dislocations with strain is found in a similar manner 
using Eq. (9). 

8. AE from harmonic motion of a dislocation 

A moving dislocation should keep gliding under its 
inertial force, until it encounters obstacles or is annihilated 
at a free surface. It may not radiate wave energy while 
gliding with constant velocity. However, moving disloca- 
tions, even in a pure crystal, will undergo variation of po- 
tential energy as a result of interactions with neighboring 
dislocations. 

Harmonic motion of a dislocation can be determined 
by considering the periodic glide distance d which is a 
function of the dislocation density p, 

dcp ,-0.5. (22) 
The average glide distance d, that results in a unit strain 
due to a mobile dislocation density pm is given by 

d,= l/p, b. 

1816 J. Appl. Phys., Vol. 72, No. 5, 1 September 1992 

of a 
dislocation 

FIG. 4. Dislocation flow for a specimen of width x, height y, and thick- 
ness z. 

Thus, the number of oscillations /experienced by each 
dislocation per unit strain is 

And then from Eqs. ( 1 I), ( 16), and (22), the acoustic 
emission energy is obtained in terms of strain as 

fAE=p&/=&$-3n, (23) 

where Eho = (K&t E> /b. 

V. FREE-SURFACE EFFECTS ON AE 

The emergence of a dislocation at the free surface of a 
crystal is accompanied by the emission of elastic energy 
which propagates through the medium. Likewise, the an- 
nihilation of dislocations within the crystal also generates 
elastic wave energy. However, for simplicity, we focus our 
analysis on energy generated due to annihilation at a free 
surface. 

The total glide area L, for shear deformation of a ma- 
terial with dimensions of width W, height H, and thickness 
2 as shown in Fig. 4 is represented by 

L,=p, WHZd,,, , 

where d, is the average glide distance of a moving dislo- 
cation. However, the glide distance is limited to the length 
of glide plane given by the workpiece geometry. Hence a 
dislocation reaches the free surface after gliding a distance 
D, where the average of D for moving dislocations is con- 
sidered to be half of the glide plane, i.e., 

D= W/2. 

The total length of dislocations Qout that break out of the 
surface after a glide area L, is then given by 

Qout = La/D= 2pfiZd,,, . (24) 
If we consider S as the free surface providing annihi- 

lation of dislocations, i.e., S==2HZ, and V as the deformed 
volume, i.e., V= WHZ (Fig. 4), then the surface-to- 
volume ratio ys is 

y,=s/v=2/w. (25) 
Substituting Eq. (25) into Eq. (24) gives 
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Considering Q,,, per unit volume, 

pout = Qo,t/ WHZ=ys p&n - 
By substituting pnld, = l/b, pout per unit strain can be ob- 
tained as 

(26) 

The AE energy per unit strain and unit volume fAE, 
from the annihilation of dislocations at a surface is thus 
determined as 

fAE=~outEa 9 (27) 

where E, is the radiation energy due to the emergence of a 
dislocation at a free surface. For a moving dislocation, 
E, is the sum of the strain and kinetic energies, and for a 
uniformly moving screw dislocation with a relatively slow 
velocity, E, is obtained’ as 

E a ,,,=Eo+ (Eov2~2~~>, (28) 

where Eo = (,xb2/4r)ln(d/2b) is the strain energy per unit 
dislocation length when it is stationary. From Eqs. (26), 
(27), and (28), we obtain 

f,,q? V2 

( 1 
‘+zE” 9 t 

where only v is a function of strain E. Substituting for v 
from Eq. ( 17), we obtain 

fAECF (I++.,. (29) 

The intensity of AE from the release of kinetic energy thus 
decreases with strain E to the power of -4n because the 
kinetic energy diminishes as a result of a reduction in dis- 
location velocity during work hardening. 

For an edge dislocation moving with a relatively slow 
velocity, AE can be obtained by substituting in the follow- 
ing equation: 

2 4 

E a&l!Je=&+$ 
t ( 1 

1,; * 

Vi. ACOUSTIC EMISSION AND STRAIN RATE p&l-~. 

Up to this point, acoustic emission has been considered 
at a constant strain rate during deformation. The flow 
stress depends not only on the strain but also on the strain 
rate, and can be expressed as 

a=CE”P, (30) 

where C is a constant depending on temperature and ma- 
terial, and m is the strain rate sensitivity. From Orowan’s 
equation, i=pbv, an increase in strain rate raises either the 
mobile dislocation density or the velocity, or both: 

The relative contributions of Apm and Au to the AE energy 
due to A& are thus determined by g. Since the radiation 
energy from moving dislocations is proportional to the 
source number and to the square of the velocity, the acous- 
tic emission power in terms of strain rate is 

liA,CG’+~. 

hh=h(p,v)b=Ap,vb+p,,,Avb. 

Acoustic emission produced by dislocation dynamics de- 
pends on whether hi is influenced by Apm or Au. 

For the assumption that a change in strain rate is due 
primarily to a change in mobile dislocation density, Au =0, 
and thus m!=O, giving c=O, and for the assumption that 
it is due primarily to mobile dislocation velocity, {= 1. 
And considering the AE energy per unit strain, 

(&E/k) &‘. 

To simplify the analysis, we consider the two cases 
separately. First, assuming that an increase in strain rate is 
induced by Au, we have 

A&=p,bAv. 

Au is then proportional to an increase in strain rate and 
Apm = 0. Since the radiation energy from the initial and 
harmonic motion is proportional to the square of the ve- 
locity and the number of AE sources is constant, the acous- 
tic emission due to Ag is then proportional to the square of 
the strain rate. 

The other assumption is made that an increase in 
strain rate is related to an increase in pm with constant 
dislocation velocity, i.e., 

A&= Ap,bv. 

Since Eh, Et, and E, are functions of v only, they are then 
independent of strain rate. And further, since Ap,, Ap,,, 
and Apout are proportional to the change in strain rate, the 
acoustic emission energy is then proportional to the strain 
rate. 

In practice, the two situations will arise during plastic 
deformation simultaneously. An increase in the strain rate 
can raise both the mobile dislocation density and the ve- 
locity. At a given strain and temperature, Eq. (30) is ex- 
pressed as 

uczi”. (31) 

A direct relationship between average velocity and applied 
stress is given by a well-known empirical relation, 

v=V&/u~)m’, (32) 

where v. is taken as a unit velocity, m’ is dislocation ve- 
locity sensitivity, and u. is the stress necessary to produce 
a unit velocity. The effect of strain rate on dislocation ve- 
locity is obtained by substituting Eq. (3 1) into Eq. (32), 
giving 

UC&, (33) 

where c=mm’. At a given strain rate, substituting Eq. 
(33) into Orowan’s equation gives the mobile dislocation 
density as 
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Thus, the acoustic emission energy during plastic de- 
formation is determined by both the strain and strain rate, 

f*Ekikf*E(d~ 

or 

log f*E = f log Ed+ c, 

where C is given by fAE( E) defined in Eq. (2 1) for initial 
motion and Eq. (23) for harmonic motion of dislocations 
in terms of strain. A linear relationship is thus obtained 
between the log of AE and the log of strain rate, at con- 
stant strain. 

VII. AE SPECTRAL CHARACTERISTICS 

I Frequency domain analysis can be used to distinguish 
I between various sources of acoustic emission. The three 

different source mechanisms discussed thus far are de- 
I scribed in the time domain as follows: step increase in 

dislocation velocity; harmonic motion of dislocations; and 
I annihilation of dislocations at a free surface. Here, only the 
! AE from harmonic motion experiences a change in fre- 

quency as strain increases. The frequency of forced motion 
of a dislocation line W can be related to the strain, 

0 = v/d. 

Substituting for u from Eq. ( 17) and d from Eqs. ( 15) and 
(22), we see that 

iiae- n. (34) 

Consequently, during plastic deformation, the AE from 
harmonic motion shifts to lower frequencies as strain in- 
creases. 

We now consider the spectral characteristics of AE 
from the free motion of dislocations. The elastic wave ra- 
diated from a source mechanism interacts with dislocations 
during propagation, and is scattered by the strain fields of 
the dislocations. A force is thus exerted on the dislocations 
by propagating waves, inducing oscillations of the im- 
pinged dislocations. Secondary elastic waves are emitted 
from the oscillation of the dislocations which can be con- 
sidered as sinusoidal oscillations of small amplitude. The 
frequency characteristics are different between the primary 
and secondary waves. That of the latter depends on the free 
motion of dislocations, while that of the former depends on 
the forced motion. The interaction force between neighbor- 
ing dislocations is inversely proportional to the distance 
between them. For a finite displacement x of a dislocation 
from an equilibrium position with neighboring distance d, 
the interaction force fi per unit length is expressed as 

where Ki = pb2/2ra,. The equation of motion of a free OS- 
cillating dislocation without damping is 

t?l,ji=fj, 

where m, is the effective mass of the dislocation. Assuming 
a solution of x gives A sin ljnt for small displacements, we 
have 
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m, z; z 2Ki/d2 

and 

_ 1 2Ki o’5 
- 

%yj m, * 
( 1 

Substituting for d from Eq. (22), we have 

&ap”.‘. (35) 

Substituting Eq. ( 15) into Eq. (35), the natural frequency 
of a dislocation c5, is obtained in terms of strain as follows: 

&ar. (36) 

The radiation energy of a secondary wave is relatively 
small compared to that of a primary wave. Even though it 
is difficult to describe the momentum transfer from a prop- 
agating primary wave to a secondary wave, the amount of 
secondary wave energy increases with an increase in dislo- 
cation density since the dislocation itself acts as the source 
of the secondary wave. Thus, in considering the free vibra- 
tion of dislocations, a shift of the spectrum to higher fre- 
quencies is expected with an increase in E. 

VIII. DISCUSSION 

It is evident from the analysis, which is based on 
straight dislocation models, that the AE energy due to both 
the initial and harmonic motions of a dislocation is pro- 
portional to the source number and to the square of the 
velocity [Eqs. (8), (9), (ll), and (12)]. However, har- 
monic motion generates a continuous acoustic emission 
signal, while initial motion does generate a burst-type AE 
signal which has a maximum in the initial stage of motion 
and decays rapidly with time. 

The AE energy from the deformation of a crystalline 
material is represented in terms of strain by superposition 
of the release of elastic energy from initial motions, har- 
monic motions, and annihilation of dislocations which are 
obtained from Eqs. (21), (23), and (29), since the three 
source mechanisms occur simultaneously during strain as 
expressed in Eq. ( 1). 

Equations (16) and (19) express the mobile disloca- 
tion and newly created mobile dislocation densities in 
terms of strain, and are shown in Fig. 5. It is also shown 
that the number of AE sources by initial motion is deter- 
mined by the work hardening exponent. However, the den- 
sity of annihilated dislocations per unit strain is constant 
during strain with a constant strain rate. it is also evident 
from Eqs. (16) and (19) that the number of source mech- 
anisms increases in harmonic motion, and decreases in ini- 
tial motion when the work hardening index y1 is smaller 
than 0.5. However, as the strain increases, the overall 
acoustic emission energy decreases due to the falloff of 
dislocation velocity shown in Eq. ( 17), since the velocity 
effect on the AE signal is more dominant than that of the 
number of sources. 

A comparison between the measured and calculated 
AE is shown in Fig. 6, where the two solid lines are mea- 
sured data from deformation of a pure aluminum speci- 
menlo and the broken lines .are calculated from Eq. (21) 
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FIG. 5. Density of newly created and mobile dislocations in terms of 
strain. 

for initial motion and Eq. (23) for harmonic motion. As 
shown in Fig. 6, the measured AE energy can be obtained 
by a linear interpolation of AE from harmonic motion and 
AE from initial motion, since the measured AE is between 
them. 

Energy is also radiated during the dissipation of a 
strain field at a free surface. In this case, the effect of 
dislocation velocity is negligible since the strain energy is 
much greater than the kinetic energy at a relatively low 
dislocation velocity. Thus, AE energy per unit strain from 
annihilation of dislocations at a surface is relatively con- 
stant during deformation, regardless of dislocation multi- 
plications. In deforming a finite volume, the surface-to- 
volume ratio is found to be one of the parameters that 
determines the free-surface effect on AE as shown in Eq. 
(29). 

Experimental data is available that shows the strain 
rate effect on AE for aluminum.‘~3~‘0 All results show that 
the strain rate has a linear relationship with the AE power 
and that the AE energy from a unit strain is constant 
regardless of the strain rate. The m value for pure alumi- 
num is 0.02 at room temperature. Hence g becomes very 

- - - - - Expertments [lo] I 
* - Analysis 
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FIO. 6. AE variation with time. A comparison between calculated values 
and experimental data from the literature (see Ref. 10). 

small, with m’ being of the order of 1, which agrees with 
the experimental results. An increase in strain rate does not 
change the AE spectrum,13 which means that increasing 
the strain rate raises the density of mobile dislocations 
rather than the dislocation velocity. That means g ap- 
proaches zero. Carpenter and Chen14 have shown experi- 
mentally for zinc that the value of LJ is from 0 to 0.4 de- 
pending on the annealing time, which results in a linear 
relationship between log of AE and log of strain rate. More 
experimental results for other materials are needed to en- 
able more general conclusions to be drawn. However, for 
most metals at room temperature, the strain rate sensitivity 
m is considered to be extremely low, of the order of 
10m2 at room temperature,i5 which would result in the 
dislocation velocity being insensitive to strain rate, and 5 
approaching 0. Consequently, at a given strain, the strain 
rate would be more dominantly influenced by pm and pmc 
than V. An increase in strain rate then results in a linear 
increase in the number of AE sources without a change of 
velocity. Thus, for the lower strain rate sensitivity condi- 
tion, 6 approaches 0 and the rate of emission of AE energy 
approaches a linear relationship with strain rate 6. 

It has been shown experimentally that the AE signal 
spectrum from plastic deformation of a single crystal 
moves to higher frequencies as strain increases,‘3P16 and 
this was explained on the basis that the duration of dislo- 
cation motion could decrease as a result of a decrease in 
mean glide distance under an assumption of constant ve- 
locity. However, dislocation velocity is not constant during 
work hardening because an increase in interaction force 
reduces velocity. Both the velocity and glide distance de- 
crease with an increase in strain, and the frequency of 
harmonic motion thus decreases with an increase in strain 
as obtained in Eq. (34). Hence, a spectral change in AE 
from the source as observed experimentally may only be 
explained by a change in the free vibration of dislocations. 
Both mobile and immobile dislocation lines vibrate due to 
the radiation energy from moving dislocations. The natural 
frequency is raised as dislocation density increases with 
strain as shown in Eq. (36). 

IX. CONCLUSIONS 

Initial and harmonic motion of dislocations during 
plastic deformation of a crystal is considered as a source of 
acoustic emission. AE from initial motion of the newly 
created mobile dislocations decreases with strain to the 
power of -2n- 1, and that from harmonic motion de- 
creases with strain to the power of -3~ 

The presence of a free surface provides an AE source 
since the strain and kinetic energies of dislocations are 
dissipated during annihilation at the surface. The resulting 
AE energy is less dependent on strain E but linearly in- 
creases with the surface-to-volume ratio. 

The rate of AE energy is proportional to strain rate to 
the power of g+ 1, and AE energy per unit strain is pro- 
portional to strain rate to the power of 5. For a low strain 
rate sensitivity condition, 5 approaches 0 and AE energy 
per unit strain is then independent of strain rate. 
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The natural frequency of a dislocation line increases 
with strain to the power of n, and that results in a shift of 
the AE signal spectrum to higher frequencies during plas- 
tic deformation. 

APPENDIX 

Oscillation of a dislocation moving through a lattice 
was obtained by Hart” considering the Peierls potential. 
The interaction of neighboring dislocations also provides a 
periodic potential, and induces oscillation of moving dislo- 
cations. The latter oscillation can be analyzed in a manner 
similar to that due to lattice potential variance. 

The effective mass m, per unit length of a dislocation is 
given by 

me= Eo/c2, 

where c is wave velocity, and the self-strain energy of a unit 
dislocation E0 = ( pb2/4z-) ln( R/b), where R is the distance 
to a stress-free boundary such as a free surface. For neigh- 
boring dislocations of same sign, R is 0%. c is ct for a 
screw dislocation and cl for an edge dislocation. The po- 
tential energy E due to the presence of other dislocations 
can be written as 

E=AEi sin( 2?rx/d), 

where Ei is the interaction energy between two disloca- 
tions, x is the displacement of a dislocation, and il is less 
than 1 and depends on the orientation between the glide 
plane and neighboring dislocations. Ei is equal to 2Eo. A 
dislocation moving with average velocity IJ through the 
varying potential experiences an oscillatory force F given 
by 

dE 2.711El 
F=-z=- d cost&, 

where o =2rv/d. 
The equation of motion for oscillation from its mean 

position can be written as 

d’x’ 2TlEi 
m, z=d cos wt, (Al) 

where x’ is the displacement from the origin of a coordi- 
nate system moving with uniform velocity v. The solution 
for x’ in Eq. (Al) is 

x’ = A cos wt, 

471./2c2 ild c 2 
A==-=; ; . 

0 
(A21 

The amplitude of oscillation is thus inversely proportional 
to the square of the mean velocity. The maximum limit on 
amplitude is half the periodic potential; the critical velocity 
can be found by replacing A with 0.5d in Eq. (A2), giving 

vc= (2/2/%+5c. 

Thus, when v > ve the motion of dislocations is deter- 
mined by their inertia, and the amplitude of motion is 
determined by Eq. (A2). For a relatively slow velocity of 
dislocation with v < v, it is controlled by the potential 
periodicity due to neighboring- dislocations, and the ampli- 
tude becomes OSd. 
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