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The behaviour of acoustic emission (AE) during the two first stages of the tensile
deformation of copper single crystals is investigated using the broad-band piezoelectric
transducer for the measurement of AE energy rate AE/At, AE event rate AN/At (event
density) and energy per one AE event AE/AN. The existence of some essential correlation
between the AE intensity (proportional to AE/At or AN/At patterns) and the plastic flow
features has been stated. Two large maxima of AE intensity have been observed: the one
correlated with the onset of easy glide region and the other one with the onset of stage II of
the deformation. Moreover, the mean level of the AE intensity is high in the whole easy
glide region and considerably greater than the mean one at the advanced stage II of the
deformation, whereas the high mean level is the smaller the smaller is the length of the easy
glide region. It has been shown that the observed correlations can be qualitatively quite well
explained in terms of the dislocation annihilation component of the transition acoustic
radiation.

1. Introduction

The application of acoustic emission (AE) technique to the investigation of the
various aspects of the mechanical properties of metals and alloys (mainly plastic
deformation, fracture, phase transitions) has already been developing for nearly
twenty years [1]. Today there exist many experimental observations of the AE
behaviour during tensile deformation of crystals [1, 2] and a common feature of their
interpretations is the opinion that the AE during plastic flow is, in general, caused by
the dislocation motion. However, these interpretations differ from each other in
details and so far there exists no good enough model which would explain most of
the experimental observations. The difficulties in their interpretation consist in the
fact that there is still no possibility of a quantitative comparison of the results
obtained in various laboratories because of the lack of standard engineering devices,
and hence no possibility to secure identical conditions for the calibration of the
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piezoelectric sensors [1, 3, 4]. Nevertheless, the results obtained using the same
apparatus always give some additional information on the nature of plastic
deformation, and thus they are interpreted mostly qualitatively.

The first more extensive investigations of the AE during tensile testing of
various metals have been carried out by FisHER and LALLY [5]. They suggested that
AE was a consequence of the fast collective motion of a large number of dislocations.
Similar suggestions appeared in some models proposed later. SEDGWICK [6] has
considered two possible AE sources: the operation of the fast dislocation sources and
the sudden release of dislocation pile-ups. He discussed the former one in detail and
pointed out that there existed a correlation between the length distribution of the
dislocation segments (being potential Frank-Read sources) and the observed
distribution of the AE intensity as a strain function.

Another model has been proposed by JaMES and CARPENTER [7]. They
suggested that the AE event rate is proportional to the rate of the mobile dislocation
density increase, dg,/dt. The dp,/dt rate is, in turn, imposed by the stimulated
processes of the dislocation breakaway from the pinning points and to a less degree
by the dislocation multiplication. A similar conclusion has been drown by HIGGENS
and CARPENTER [8], who suggested that the AE at the yield point is caused also by
dislocation unpinning. On the other hand, IMANAKA et al. [9] have observed the
increase of the AE intensity with increasing strain rate. They suggested that this was
due to the dynamic operation of the Frank-Read sources, and the assumption of the
constancy of mobile dislocation density during strain rate change should be
reconsidered. Unfortunately, they have not developed their idea in detail. Likewise,
KIEsEWETTER and ScHILLER [10] suggest that the main cause of the AE is also
associated with the operation of Frank-Read sources. A common feature of all the
models discussed above as well as of other more recent interpretations of various
experimental data [11, 12] (see also [1, 2]) is the supposition that during plastic
deformation the AE is induced by non-stationary dislocation motion (“bremsstrah-
lung” type of accoustic radiation).

On the other hand the series of excellent experiments carried out by Boiko et
al. [13 to 17] strongly suggest that AE should be considered on the basis of the
so-called transition type of acoustic radiation, the main component of which arises
from the dislocation annihilation processes occuring inside the crystal and at the
surface. Likewise our recent experimental observations of the AE behaviour [18, 19],
and particularly those of the increase (decrease) of AE intensity induced by
increasing (decreasing) strain rate changes [18] during copper single crystals tensile
deformation have been also interpreted in terms of dislocation annihilation
component of the transition type of acoustic radiation. The annihilation of
dislocation at a crystal surface is recently also discussed in [20] as the one of possible
causes of AE during the fracture of metals.

Therefore the main aim of this paper is to find further experimental evidences
for the dislocation annihilation origin of the acoustic radiation during plastic flow of
metals using as an example the tensile deformation of copper single crystals.
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2. Theoretical background

The first theoretical predictions on a possibility of acoustic radiation due to the
non-stationary dislocation motion was reported much earlier [21 to 27]. The theory
was developed by EsHELBY [28] for acoustic radiation by an oscillating dislocation
kink (recently see also [29]), and later by Kosevicu [30-32] for a system of
accelerating dislocation loops.

It is interesting to notice here that according EsHELBY [28] the rate of acoustic
energy radiation is proportional to the mean value of the square of time derivative of
the dislocation kink linear velocity, quite analogously to the electromagnetic
radiation from an accelerated electron.

A similar result has been obtained by KosevicH [30-32] on the basis of the
dislocation model in a continuous medium. The analogy between Kosevich and
Eshelby treatment follows. from the fact that the second time derivative of the
dislocation moment tensor is just proportional to the dislocation loop acceleration.
However, Eshelby treatment is of microscopic character and describes rather the
high-frequency radiation due to the non-stationary dislocation kink motion since the
kink vibration frequency is related with atom vibration in the dislocation core.
Kosevich approach, is of macroscopic character and describes rather the
low-frequency radiation due to the non-stationary motion of the system of many
dislocation loops.

One can see that the acoustic emission induced by non-stationary dislocation
motion is of an analogous nature as the electromagnetic bremsstrahlung radiation
induced by the charged particles. Thus this type of the AE may be called the
“bremsstrahlung” acoustic radiation. It should be noted here that in literature also
the Cerenkov type of acoustic radiation is being discussed [33 to 35]. Unfortunately,
none of these types of AE has a sufficiently explicit experimental evidence.

On the other hand, NATSIK et al. [36 to 38] were the first to analyse theoreti-
cally the acoustic radiation due to the dislocation escape from a crystal or due to
the dislocation annihilation. Moreover, NATSIK [36] pointed out, basing on the
results obtained by GiNzBURG and FrRANk [39], that the acoustic radiation due
to the dislocation escape from a crystal, again per analogy to the classical
electrodynamics, is similar to the transition electromagnetic radiation by a charged
particle going through the boundary between two media differing from each other in
a dielectric constant. Therefore he called this type of AE the transition acoustic
radiation, and this name is accepted at present [40]. Since dislocation escape from
a crystal may be considered as the annihilation of dislocations with their virtual
images, hence the acoustic radiation due to the dislocation annihilation (irrespective
whether it occurs inside the crystal or due to the dislocation escape) is always of
a transition character. Moreover, the escape of edge dislocations from a crystal
induces additionally the Rayleigh surface waves which are absence, however, in the
case of screw dislocation escape.
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Furthermore, NATsIK and CHISHKO [37], using the methods of the dislocation
theory in a continuous medium, proved that the energy E per unit length, which is
released after the annihilation of dislocations is given by

E=0ou*ln & (1)
b
where u is the relative velocity of dislocations at a time moment of their collision, L is
of the order of crystal size and « is the coefficient depending on the medium density,
the dislocation species and the magnitude of the Burgers vector b.
In the next sections we shall present briefly the experimental procedure as well
as our further experimental results and interpretations which confirm quite well the
dislocation-annihilation concept of the acoustic emission.

3. Experimental procedure

The equipment for AE measurement and the method of crystals growth were the
same as described in [3, 4] and used in [19, 41]. Some of the obtained crystals were
oriented for easy glide (orientations 1, 1’ and 2, 2') and the others were oriented for
multislip (orientation 3). The crystals of a length 50 mm and of rectangular cross
section 10 mmx 1 mm for the orientations 1, 1’ and 4 mm x4 mm for the
orientations 2, 2’ and 3 were deformed at a constant strain rate § = 1.6 x 10”* s 1,
é=17%x10"°s"! and § =3.0x107* s, respectively to the orientations 1, 2, 3.
For all the specimens the tensile force F and the following AE parameters: rate of AE
events counting AN/At, rate of energy released in events AE/At, and mean energy per
one event AE/AN, were simultaneously recorded as the strain function. The AE
parameters were measured at an amplification of about 88dB and at a threshold
voltage U, =10 V, except insolated cases when the values U,=0.75 V or
U, = 0.5 V were used. Moreover, the piezoelectric sensor used was of a broad-band
type what allowed to record the AE signals in the frequency range from about 50 to
600 kHz, in contrary to the resonance type of the transducers where only a narrow
frequency band (about 20 to 50 kHz) may be recorded. The use of the treshold
voltage U, from 0.5 V to 1.0 V allowed to eliminate the apparatus noise, whereas the
minimum frequency (50 kHZ) and the maximum one (600 kHz) ensured in turn the
elimination of the noises arising from the tensile machine and radio waves,
respectively.

The AE event rate AN/At was measured by the counting of each events which
exceeded the threshold level of the discriminator. Thus the AE detected in our
experiments, with regard to the resolution of the apparatus, was always of the burst
character. The energy of AE events was measured by using the formula

E=}f2(f)dt s (2
0
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where f (t) describes the shape of the AE signal and T is the duration of the event.
The rate 4E/At is thus determined in arbitrary units and therefore only its relative
changes during the deformation may be useful for the interpretation. Each of the AE
parameters (AN/At, AE/At and AE/AN = (AE/At)/(AN/At)) was measured within
two-second time periods during each tensile test.

4. Experimental results

Fig. 1 and 2 show the strain dependences of the tensile force F and the AE
parameters AN/At, AE/At and AE/AN for two crystals of type 1 orientations (slightly
differing from each other). Within the whole easy glide region the AE intensity,
proportional to the 4E/At (or AN/At) parameter, remains at a high mean level, and
the onset of the decrease of AE intensity takes place nearly at a strain value
corresponding to the point of transition from the easy glide region to the stage II of
the deformation. One can observe that in the advanced stage I1 of the deformation
(Fig. 2) the level of the AE is much lower and the curve of AE intensity is of a more
discrete character than in the case of easy glide region. A more smooth character of
the AE intensity curve within the easy glide region follows from the use of the
logarithmic scale.

Fig. 3 and 4 show the dependences similar as in Fig. 1 and 2 for the crystals of
type 2 orientations, which also differ in their cross-sections and strain rates from
those of the orientations 1. One can see that the difference between the orientations
as well as between the cross-sections and strain rates of the crystals leads only to
quantitative changes, whereas qualitative features of the AE patterns remain the
same. .

A comparison of the patterns of the AE intensity illustrated in Fig. 1 to 4 leads
to the conclusion that there exists a correlation between a high level of the AE
intensity and the length of easy glide region. Moreover, Fig. | to 4 reveal two
appreciable maxima of the AE intensity. In Fig. 4 these maxima are more clearly
visible owing to the decrease of the threshold voltage from 1.0 down to 0.75 V (they
are very weekly visible in Fig. 1 and 2 as they are masked due to the use of
logarithmic scale). Thus the second maximum is in a quite good correlation with the
strain value corresponding to the transition from easy glide region to stage II of the
deformation.

Fig. 5 shows also the strain dependence of the force and the AE parameters but
merely for a crystal of the multislip orientation 3. One can say that the AE from
a multislip oriented crystal behaves quite similarly to the one from single slip
oriented crystals if we mentally reject the easy glide region in Fig. 1 to 4. This means
that in the case of single slip oriented crystals the first maximum of the AE is related
with the onset of the easy glide region and the second maximum of the AE is indeed
related with the onset of stage II of the deformation. Therefore in the case of
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FiG. 1. Strain dependence of the tensile force F and the AE parameters for an easy glide oriented copper

single crystal of orientation 1 and of cross-section 10 mmx 1 mm

a multislip oriented crystal, where at least two slip systems are operating from the
beginning of the deformation, there exists only one maximum of the AE.

Moreover, the behaviour of the AE within stage II of the deformation is similar

for all crystals of various orientations used here. The AE intensity decrease the faster
the more advanced is the stage II of the deformation, to attain the mean level which
is, however, considerably smaller than the one related with the easy glide region, Fig.
5 brings an additional illustration of the behaviour of the AE intensity during sudden
strain rate decrease from ¢ = 3.0x 107* s7! down to ¢ = 3.0 x 10~ 5 s~ ! (or increase
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FIG. 3. Strain dependence of the tensile force F and the AE parameters for an easy glide oriented copper
single crystal of orientation 2 and of cross-section 4 mm x4 mm

from ¢ =3.0x10"*s7" up to é = 3.0x 1073 s~ '), which was interpreted previously
[18] in terms of the dislocation annihilation processes.

It should be emphasized here that we have to be very careful when interpreting
the AE/AN parameter (being dependent on AE/At and AN/At parameters) as
a quantity proportional to the mean energy of the events generated from a given type
of the AE sources since not all of these events are detected at a given value of the
threshold voltage (a physical quantity cannot depend on the level of the disc-
riminator threshold voltage). For instance if the threshold voltage is lowered then
many AE pulses, from among undetectable so far, slightly exceed now the threshold
level. They do not essential contribution to the total energy increase AE but,
however, they are always counted what leads to the increase of the AN faster than
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the increase of the AE (within the same time interval 4t). Similarly, during the sudden
strain rate decrease (some part of operating dislocation sources is eliminated; see [18,
42, 43]) many so far detected AE events of insignificant contribution to the total
energy AE, are not recorded now what leads, in turn, to the decrease of the AN faster
than the decrease of the AE. However, in each test at a constant strain rate and
a constant threshold voltage level we may try to interpret the AE/AN parameter as
the AE mean energy per one event. In the advanced stage II of the deformation there
exists noticeable tendency to the increase of the mean energy per one AE event what
is particularly visible in Fig. 3 and 5.

5. Discussion

Below we present the possible explanations of the AE behaviour in the same
spirit of the dislocation annihilation concept as in our previous paper [18].
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FiG. 5. Strain dependence of the tensile force F and the AE parameters for a multislip oriented copper
single crystal of orientation 3 (see also [18])

Let us assume firstly that the high level of the AE intensity at the beginning of
the easy glide region (Fig. 1 to 4) may be ascribed only to the high density of the
events of the dislocation segment annihilation which proceeds during the closing of
each dislocation loop generated due to the start of many dislocation sources of the
Frank-Read type. Assume that the primary source density distribution is similar to
the one given by Gasca-Ner1 and Nix [44]

n+1

n
N == e8**Pexp(—n /g, ) )

where n determines the abruptness of the distribution curve, g, is the total initial
density of primary dislocations and [ is the length of a dislocation segment being
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a potential Frank-Read source. This distribution having the experimental evidence
[45] is, moreover, a more general than the one used by SEDGWICK [6].

However, using only the distribution (3), or even the one used by SEDGWICK [6]
or later by SIEGEL [46], we should expect a rapid decrease of the AE intensity already
within the easy glide region. And yet, the high level of the AE intensity keeps during
the whole easy glide region (e.g. up to about & = 0.05 in Fig. 1) and is appreciably
correlated with the length of this region. There appear difficulties when trying to
explain this fact using the SEDGWICK’S model [6] or by other ones based on
a non-stationary dislocation motion as the main cause of the AE sources [5, 7, 10,
46]. We believe, of course, that the primary dislocation source density comes down
(and, at the same time, the density of the dislocation annihilation events also comes
down) according to any distribution, e.g. given by (3). On the other hand, the still
high level of the AE intensity is caused by a compensation effect involving the escape
of many dislocations from a crystal, i.e. the innihilation of dislocations with their
virtual images. Thus the observed behaviour of the AE is a superposition of two
effects: the variation in the density of the dislocation annihilation events according to
any distribution (say given by (3)) of the primary dislocation sources operating inside
the crystal, and the nearly constant density of the dislocation annihilation events
occuring due to the escape of dislocations from the crystal.

Such an interpretation of the correlation between the high level of AE and the
length of easy glide region is very compatible with the well known fact that within
this region, indeed, the most dislocations escape from a crystal due to their large free
mean path (about 1 to 2 mm; see e.g. [47, 48]), comparable with a crystal thickness.
However, the high level of AE from the crystals of orientation 2 (Fig. 3 and 4) is not
as high as from the crystals of orientation 1 (Fig. 1 and 2). Two main possible reasons
may be accounted for it. First, there is another well known fact that the length of
easy glide region decrease with increasing crystal thickness (e.g. [48]). Thus it is clear
that the density of dislocations escaping from the crystals of 2 type orientation is
smaller than this density in the case of the crystals of 1 type orientation. Second, the
lower strain rate of crystals 2 yields the lower density of dislocation annihilation
‘events inside the crystal since the density of operating Frank-Read sources decreases
with decreasing strain rate [18, 42, 43].

In the same spirit we can try to explain the appearance of the second maximum
of AE, corresponding to the transition from the easy glide region to the stage II of
the deformation. This maximum is followed by the local minimum, especially visible
in Fig. 3 and 4 (reproducible in Fig. 1 and 2 too, but masked there due to the use of
logarithmic scale). Thus the second maximum can be ascribed in turn to the
operation of new dislocation sources in the secondary slip systems, i.e. also to the
variation of the events of dislocation segments annihilation inside the crystal
according to the distribution analogous to that given by (3) for the primary source
density.

Moreover, a further decrease of the AE intensity in the advanced stage II of the
deformation to a much lower mean level in comparison to the one in the easy glide
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region can be explained in the following way. It is a well known fact that the mean
free path of dislocation decreases considerably with increasing strain within stage I1
of the deformation (e.g. [47]). Thus the number of dislocations escaping from
a crystal becomes now considerably limited since the most dislocation remain inside
a crystal forming the pile-ups against the Cottrell-Lomer barriers.

We can explain quite similarly the behaviour of AE from the multislip oriented
crystal of greater thickness (orientation 3, Fig. 5). However, the high mean level of
the AE intensity at the beginning of the deformation, comparable to the one for the
crystals of smaller thickness, is mainly as a result of the superposition of the
dislocation annihilation events due to a simultaneous operation of primary and
secondary dislocation sources.

Using the Eq. (1) obtained by NATsik and CHISHKO [37] we may try to give an
analytical description of our experimental results. Let Ag; and u, (i = 1, 2, 3) denote,
respectively, the mean densities and velocities of annihilating dislocations, correspon-
ding to the operation of primary (i = 1) and secondary (i = 2) sources as well as to
the escape (i = 3) from a crystal. Then for each of these processes the rate of elastic
energy AE,/At released per unit volume may be written in the form

AE. " He T
— =a—ufln—.

 gnie? Wik
Thus the total rate of acoustic energy radiation, AE/At = AE /At+ AE,/At+ AE,/At,
varies with increasing strain according to the superposition rule illustrated schemati-
cally in Fig. 6.

(O]

1
: strain
1

easy glide region stage II

F1G. 6. Schematic illustration of the resultant pattern of the AE behaviour as a superposition of three

effects: dislocation annihilation inside a crystal induced by primary (4E,/At) and secondary (4E,/At)

dislocation source operations, and dislocation annihilation due to the escape of dislocations from a crystal
(AE,/A1)
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In a similar way we can describe the mean energy AE,/AN per one event

iEi:ac-Ad.-u-zlnE (5)

AN R
where Ad, is the mean length of the annihilating segments of dislocation correspon-
ding to each of three discussed processes. Assuming that in the first approximation
the mobile dislocation density, ¢, and the mean dislocation velocity, v, are constant
in the easy glide region (é = bgv = const) then the density of the dislocations
escaping from a crystal is constant, too, and thus the mean energy of AE events
generated by the corresponding annihilation events is also constant. A slight
decrease of the 4E/AN till the onset of stage II of the deformation may be related
with the decrease of mean dislocation segment length with increasing strain. The
lower the segment length the lower is the length of the annihilating dislocation
segments during the closing of the dislocation loop generated by the source, what
leads to the decrease of the mean energy per one event according to Eq.(5). However,
the behaviour of AE/AN parameter is modulated by the appearance of the second
maximum (visible in Fig. 3 and 4, but again masked in Fig. 1 and 2). It may be also
explained according to Eq. (3) since the lengths of the secondary sources operating at
the beginning of stage IT are greater than the lengths of primary sources operating at
the same time.

Moreover, assuming that in the advanced stage II of the deformation the mobile
dislocation density is smaller, and thus the mean dislocation velocity is greater than
the corresponding values in the easy glide region, we may suppose that the noticeable
increase of the mean event energy is related mainly with the increase of the mean
dislocation relative velocity during the annihilation events induced inside the crystal
as well as at the surface.

Eventually, we would like to emphasize here once again that there are
difficulties in explaining the decrease of the AE intensity during the sudden strain
rate decrease (additionally illustrated in Fig. 5; see also [18]) by using any model
based on a non-stationary dislocation motion as the main cause of the AE, since the
assumption of the “bremsstrahlung” nature of acoustic radiation leads, in this case at
least, to the conclusion that a sudden decrease of strain rate should also result in an
increase of the AE intensity what is contrary to experimental observations.
Nevertheless, we cannot exclude any contribution of this type of acoustic radiation to
the AE intensity observed in our experiments. On the other hand, theoretical results
obtained not long ago by MALEN and BoLIN [49] and more recently by JASZCZEWSKI
[50], basing after all on the formalism developed by KosevicH [30 to 32] and MURA
[51], still suggest the possibility of the detection of the “bremsstrahlung” type of
acoustic radiation. Also the estimations carried out by JAMES and CARPENTER [7]
and also by Jaszczewski [50] show that the dislocations of about 10* to 10° m
length when accelerated simultaneously enough should give a detectable AE signal.
And though the annihilation of dislocation at a crystal surface is also considered in
terms of non-stationary movement of dislocation (i.e. as a very particular case of
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dislocation stopping over the distance corresponding to the length of the step formed
at the surface [20]), nevertheless there is still very difficult to state experimentally
how much is the part of the observed AE signal which originates from the
non-stationary dislocation motion. We believe, however, that more precise measure-
ments of the possible deviation from the symmetrical behaviour of the AE during
sudden strain rate jumps and drops should reveal the contribution of the “brems-
strahlung” acoustic radiation to the detected AE signals.

Moreover, we cannot exclude the Rayleigh surface waves contribution to the
detected AE signals, either. However, under the conditions of our present ex-
periments it was not possible to extract the Rayleigh wave component. And yet we
believe that its contribution, if it exists, should be always additive and the qualitative
pattern of the AE behaviour is determined only by the dislocation annihilation
component of the transition acoustic radiation.

7. Conclusion

The present observations on the AE intensity patterns during two first stages of
the tensile deformation of copper single crystals, reveal some essential correlations
with the dislocation mechanisms of plastic flow. They can be qualitatively quite well
explained in terms of the dislocation annihilation component of the transition
acoustic radiation. Namely:

(i) The correlation between a high level of the AE intensity and the length of the
casy glide region (large mean free path of dislocations) is related with the escape of
the dislocations from the crystal (annihilation of dislocations with their virtual
images).

(i) The high mean level of AE from single slip oriented crystals of greater
thickness deformed at smaller strain rate is much lower than the high mean level of
AE from those crystals of smaller thickness deformed at greater strain rate. It is
related, firstly, with a smaller density of dislocation annihilation events at the surface
of the crystal of greater thickness and, secondly, with a smaller density of dislocation
annihilation events induced. by the Frank-Read source operation inside the crystal
deformed at a smaller strain rate.

(iii) The two maxima of the AE intensity correlate by turns with the onset of the
easy glide region and onset of stage II of the deformation. They are related with the
dislocation annihilation events inside the crystal induced by the operation of the
primary and secondary dislocation Frank-Read sources, respectively (started succes-
sively according to any distribution, e.g. similar to the one given by Gasca-Neri and
Nix). ‘

(iv) The resultant pattern of the AE intensity is a superposition of the dislocation
annihilation effects occuring inside the crystal and due to the dislocation escape from
the crystal.
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(v) The decrease of the AE intensity to a low mean level within the advanced
stage II of the deformation is related with the considerably limited dislocation escape
from the crystal (small mean free path of dislocations).

(vi) The explanation of the high level of AE and the existence of only one
maximum of the intensity of AE from the multislip oriented crystal, where at least
two slip systems are operating simultaneously from the beginning of the defor-
mation, follows from previous conclusions being thus a quite good confirmation of

the presented interpretation.
(vii) The proposed qualitative explanation of the strain dependence of event
mean energy is also compatible with this interpretation.

This work was supported by the Institute for Fundamental Technical Resear-
ches at the Polish Academy of Sciences under the contract CPBP 02.03.
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