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THE PORTEVIN - LE CHATELIER EFFECT AND ACOUSTIC EMISSION OF PLASTIC DEFORMATION CuZn30

MONOCRYSTALS

EMISJA AKUSTYCZNA W BADANIU EFEKTU PORTEVIN-LE CHATELIER W MONOKRYSTALICZNYM STOPIE CuZn30

The paper presents the investigation of the relation between the acoustic emission (AE) and instability of plastic deforma-
tion type Portevin-Le Chatelier (PLC) of single-phase brass CuZn30 monocrystals with crystallographical orientation [13 9].
The monocrystals have been investigated applying the method of free compression at a constant strain rate and the temperature
within the range from 200°C to 400°C, simultaneously recording PLC phenomenon by means of acoustic emission. During
hot axial compression tests the correlation between work-hardening curves o-&, which display PLC effect and characteristic of
acoustic emission signals has been found. Moreover, it was proved that in the range of the PLC effect, the acoustic signal is an
impulse a character of cyclic repeatability, distinctly correlated qualitatively with the stress oscillations on the curves o-&. The
analysis of the obtained results leads to the conclusion that in the tested monocrystals the effect PLC is probably controlled
by complex processes similar to the phenomenon of dynamic strain ageing (DSA), which are described by diffusion models.

Keywords: plastic strain, Portevin — Le Chatelier effect (PLC), monocrystals, copper alloys, compression test, acoustic
emission (AE)

W pracy badano zalezno$¢ migdzy emisjg akustyczng (EA), a niestabilnoscig odksztalcenia plastycznego typu Portevin
Le Chatelier monokrysztatéw jednofazowego mosiadzu CuZn30 o orientacji krystalograficznej [13 9]. Monokrysztaty poddano
probie swobodnego §ciskania przy statej predkosci odksztalcenia w zakresie temperatury od 200°C do 400°C stosujac jedno-
cze$nie pomiar emisji akustycznej. Okreslono zalezno§¢ pomigdzy przebiegiem krzywych umocnienia o-& wykazujacych efekt
PLC, a charakterystykg sygnaléw emisji akustycznej generowanych w badanej prébie $ciskania jednoosiowego. Stwierdzono,
ze w zakresie wystepowania efektu PLC podczas préby Sciskania, sygnal EA ma charakter impulsu cyklicznego, wyrazZnie
skorelowany jako$ciowo z oscylacjami napr¢zenl na krzywych o-g. Analiza uzyskanych wynikéw pozwala przypuszczaé, ze w
badanych monokrysztatach efekt PLC jest kontrolowany prawdopodobnie przez ziozone procesy podobne do zjawisk starzenia
dynamicznego po zgniocie (DSA), ktére sa opisane modelami dyfuzyjnymi.
1. Introduction detected in iron at the temperature of deformation 110+300°C
[1]. It often occurs also in many alloys of non-ferrrous metals,

Plastic deformation of crystalline solid bodies is a com-
plex process, mostly heterogeneous, due to the simultaneous
effect of several mechanisms of deformation. The mechanism
of deformation, which dominates depends on the properties
of the material and also on external coefficients, viz. tempera-
ture, stress and strain rate. As metallic materials are practically
widely applied, the knowledge of the structural processes tak-
ing place in any given conditions of plastic deformation is of
essential importance.

Many metallic materials exhibit serrations on their global
stress/strain tensile curves in a given range of temperature and
applied strain rate. The occurrence of such serrations is called
the Portevin-Le Chatelier effect (PLC) known in literature as
the effeet of plastic instability, often synonimically defined as
“jerky flow” or “serration”. For the first time this effect was

e.g. copper, aluminium, titanium and nickel, based superalloys
and also in some aluminium-ceramic composites materials, in
the course of their deformation at elevated temperatures [2+6].
Characteristic stress oscillations seen on the work-hardening
curve in the range of plastic flow differ from each other both
in shape and size, which depends among others, on the tem-
perature and the strain rate (£). Brindley and Worthigton [7]
systematized the character of these oscillations, distinguishing
three basic types of them, which are seen in Fig. 1 [8]. Type
A occurs at a low temperature of the tensile test. It is char-
acterized by a growth and then a sudden drop of the force;
such oscillations of the force occur periodically. The hetero-
geneous stress arises above the curve o -¢ after the occurrence
of the critical stress. Type B occurs in the case of an elevated
temperature of the tensile tests. It is usually observed after
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oscillations of the type A. Oscillations of the flow stresses
occur symmetrically in the range of the curve o-¢. Type C
occurs at the highest temperature of plastic deformation. It is
characterized by a heterogeneous range of plastic deformation
and a decreased stress below the level of the curve o-¢. The
presented classification of the PLC effect is generally applied,
although in some papers this way of classification has been
modified [9].

The phenomenon of heterogeneous plastic strain
Portevin- Le Chatelier type is in some conditions of plas-
tic working an essential factor determining the possibility of
application in some metals and alloys. In the literature for
many years there were efforts to explain the causes of this
phenomenon, but until now they were explained univocally.
Mechanical and structural models of the PLC effect have been
elaborated by means of macro-and microparameters of plastic
deformation, such as: sensitivity of stress to the strain rate or
strain — hardening coefficient.

Load
type A

typeB

oo X

type C
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Fig. 1. Types of oscillation of the stress characteristics for the PLC
effect [8]

For the purpose of investigating the PLC effect of the in-
stability of deformation usually conventional mechanical tests
of uniaxial tension or compression are applied, but also mod-
ern methods are used, e.g. the digital correlation of the image
or acoustic emission (AE) [10+18]. Investigations making use
of acoustic emission consist in the detection and analysis of
acoustic signals emitted by the material during mechanical
loaded. The acoustic signal results from the propagation of
elastic waves generated in the material due to the rapid re-
lease of the energy accumulated in this material. The release
of elastic strain energy in some materials is connected with the
formation of instantaneous local unstable states, which may re-
sult from processes accompanying miscellaneous phenomena,
viz. from those occurring in the submicroscopic scale, e.g.
diffusion of atoms into adjoining positions of the crystalline
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lattice, to phenomena in the macroscopic scale, e.g. cracking
of the material. The plastic deformation of metals and alloys is
directly connected with the dislocation movement depending
on the micro-structure of the material. Acoustic emission is
applied in investigations concerning the PLC effect as a high-
ly sensitive method of measuring elastic waves arising in the
material due to the dynamic local reconstruction of the struc-
ture. Comparing the obtained AE results with the diagrams
of tensile tests, we can analyze the effect of various parame-
ters of deformation on the PLC phenomenon. This method
is often used while investigating the precipitation of hardened
alloys, because during this process two mechanisms frequently
turn up, conditioning the PLC effect, viz. the effect of foreign
atoms with dislocations (Cottrell’s model) and the shearing
of precipitations [19+21]. Acoustic emission measurements
are characterized by non-invasive testing and an incompara-
bly high sensitivity in recording the physical phenomena in
comparison with other methods of investigations [22--24].

The aim of the present paper is to determine the effect
of temperature in the free compression test of the monocrys-
talline alloy CuZn30 with a crystallographic orientation [13 9]
within the range of 200°C to 400°C, with a strain rate to about
10~*s~! upon the phenomenon of heterogeneous plastic defor-
mation, the so-called Portevin-Le Chatelier effect, as well as
to determine the dependence of the descriptors of the signals
of acoustic emissions, generated in the course of testing on
the shape of the curves of work-hardening o-¢.

2. Investigated material

The metallic charge for the production of monocrys-
tals was single-phase brass of the type CuZn30, assayed as
CW506L, in compliance with PN-EN [25], whose chemi-
cal composition is shown in Table 1. The alloy CuZn30 is
monocrytallized by means of the method of crystallization
with a controlled temperature gradient in laboratory condi-
tions making use of an electrical tubular furnace permitting a
displacement of the zone of the temperature gradient of the
furnace towards the crucible containing the charge [26].

In order to determine the temperature effect of compres-
sion on the mechanism of the Portevin-Le Chatelier phenom-
enon in monocrystalline CuZn30 the following tasks had to
be undertaken:

— mechanical free compression tests of monocrystals with a
crystallographic orientation [13 9] at elevated temperature,

— investigations concerning the process of plastic deforma-
tion of monocrystals by means of acoustic emission.

TABLE 1
Chemical composition of the alloy for the production of monocrystals
N Denotation of the alloy Chemical composition, % by weight
o and the type of analysis 7n Fe Al Ni Sn Pb Cu
1 CuZn30 ingot 30.3 0024 | 0039 | 0024 | 0003 0.01 | rest.
analysis of smelting
CuZn30 . max max max max max
2 PN-EN 12163:2002 2833303 4 05 0.02 03 0.1 005 | "
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Compression tests of monocrystals were performed with-
in the temperature range of 200°C to 400°C at strain rate (&)
to about 10™#s~!, using a testing machine INSTRON 3382,
equipped with a duct die, containing heating elements and an
quartz outlet of the waveguide and AE sensors (Fig. 2). In
the uniaxial free compression test the duct-die block (matrix)
played merely the role of the holder of the sample exerting
pressure of the external force, whereas its bottom plate is also
applied as a natural metallic conductor for signals of acoustic
emission generated in the tested monocrystalline sample. In
this way an original solution was attained concerning the prob-
lem of the contact between the tested sample and the sensor
of acoustic emission. These investigations were carried out
at the Accredited Laboratory of Strength of Materials, Pol-
ish Academy of Sciences, in Cracow. The final deformation
of the sample after the compressive test was about 50% and
the accuracy of the recorded force within the entire range of
measurements up to 0.5%. The acoustic emission was mea-
sured during the tests of free compression of monocrystalline
samples in the form of a rod with the diameter of 3.8 mm
and initial length of about 6 mm. For these investigations se-
lected were monocrystals, whose surfaces displayed the least
porosity. In order to reduce the coefficient of friction between
butting face of the compressed sample and the steel punch an
interlayer of thin (75 um) teflon (PTFE) foil was applied, the
advantage of which is that it does not introduce an additional
source of acoustic emission. The block diagram of the mea-
suring and recording system AE has been presented in Fig.
3. The measuring system AE is connected with the system
recording the results of the testing machine.

detail design

@ NN S

Fig. 2. Duct die block for the deformation of samples at elevated
temperature by means of an AE probe: 1-body die block, 2-quide
bar, 3-sample, 4-punch, 5-wave-guide, 6-AE probe, 7-duct, 8-heating
elements, 9-foamed polystyrene, 10-tackbolt

charging tested signal analogue-to-digital
system object AE sensor Amplifier iy~ conVerter PC
> = 5 >

Fig. 3. Simplified block diagram measuring and recording system of
the AE

3. Results of investigations and discussion

The diagram presented in Fig.4 illustrates the temperature
influence of deformation on the mechanical characteristics in
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compression tests of monocrystals alloy type CuZn30 with an
initial crystallographic orientation [13 9].

200 -

£=104s! —
a —T=200°C
b — T=300°C
150 | ¢ —T=350°C
d —T=400°C

Stress [MPa]

Strain [%]

Fig. 4. The effect of the temperature of deformation on the shape of
the o-¢ curves of CuZn30 monocrystals with an initial orientation
[T3 9], compressed in the range of temperature from 200°C to 400°C
at a strain rate up to about 107*s!

Compression curves obtained in the range of temperature
from 200°C to 400°C at a constant strain rate &, of about
10~4s~! display a differentiated character of strain hardening
in its respective stages. Although all of them display dis-
tinct oscillations of the force, which indicates the occurrence
of the PLC phenomenon. The PLC effect starts in the ana-
lyzed curves in the range of critical deformation (g.) up to
about 1.5+2%. The starting of oscillations on the compres-
sion curves coincides mostly with the range of the yield point
of the material. It has been found that the quantity €. does
not depend actually on temperature of deformation, whereas
values of amplitude of stress oscillation Ao~ and the oscil-
lation character depend on it. In the case of samples com-
pressed at 200+350°C oscillations of the stress on the curves
are observed in all stages of strain-hardening of monocrystals.
Temperature increase of the compression test up to 400°C
resulted in an apparent shortening of deformation range in
which oscillations of stresses are evident, characterizing PLC
phenomena. During the initial stages of strain-hardening the
mean values of the flow stress do not differ a lot. In the stage of
linear strain-hardening, particularly in the range of parabolic
hardening, increased maximum stresses are observed at higher
temperatures of plastic deformation. This is due to a higher
intensity of thermally activated events per unit of deforma-
tion. The higher mobility of dislocations shifts the state of
equilibrium of generating the sources of dislocations towards
a larger density of dislocation. Therefore, in the case of higher
values of strain in the first and second stage of hardening, the
intensity of plastic instability of the deformed monocrystal
increases.

An analysis of the curves o-¢ leads to the assumption that
in the investigated monocrystals the PLC effect results from
the dynamic strain ageing (DSA), connected with the interac-
tion of mobile dislocations and point defects or in compliance
with the model of the dynamic-dislocational PLC effect - mul-
tiplication of dislocations during the activity of the Frank-Read
source. The DSA effect is the result of presence in the material
atoms of dissolved substance, as is the case at a temperature
conditioning a sufficient mobility of atoms dissolved in a solid
solution permitting the formation of atmospheres on the dislo-
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cations. As the average rates of diffusion are smaller than the
real rates of dislocation, the mutual effect of foreign atoms and
dislocation is more perspicuous at medium temperatures and a
slow strain rate [19,21,27]. In order to motivate the qualitative
model of changing stresses in the strain-hardening diagram, we
must assume that the separation of dislocation from the atom
of the alloy reduces stresses which are indispensable for a
further displacement of the dislocation by the quantity of the
previously mentioned effect. The moment of the separation
of the dislocation from the blocking atoms is marked by a
violent drop of the stress exciting the deformation. According
to the dynamic - dislocating PLC effect, each local decrease
of the load recorded on the curves o-¢ is connected with
the unlocking of the source of dislocation in some localized
area of the sample, where simultaneously a high concentration
of internal stresses has turned up. The transmission of these
stresses unlocks successively the sources of dislocations. The
unlocked sources of dislocations are, however, active, due to
being overcharged, and this involves increased dynamics of
the generated dislocations, resulting in the formation of slide
stripes, propagating up to the moment when the time of incu-
bation has reached again the value of ageing time [28].

Selected results of measurements concerning the energy
of acoustic emissions in the compression test of investigated
monocrystals have been gathered in the diagrams (Fig. 5 and
6) and in Table 2.
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Fig. 5. The energy of acoustic emission and the external load during
the compression test of the monocrystalline alloy CuZn30 at 400°C
with & to about 107*s™!
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In most cases of compression tests a distinct increase
AE energy activity was recorded during the initial stage of
compression and in the transition zone from the elastic to the
plastic range (Fig. 5). The rising activity of the energy AE is
in both cases characterized by a more or less wide maximum
of the energy of the signal, after which the energy AE reaches
its minimum. The observed increased AE energy activity in
the initial stage of the curves o-& may, however, be caused,
among others, by mechanical factors due to friction in the
course of matching the sample to the pressure of the punch
in the testing machine. In the range of the yield point, the
increased AE energy activity is connected without any doubt
with the dislocation processes. The level of the AE energy
in this phase of strain-hardening has been found to be much
higher than in the case of larger strains. Table 2 provides a
comparison of the sum and average energy of occurrences de-
pending on the temperature of deformation in the compression
test. It has been found that the sum of events of AE in the

range of the yield point (R,) grows together with the temper-
ature, similarly as the average energy of a single occurrence.
The highest sum of the number of events was attained in the
case of deformed monocrystals withé to about 10™*s™! at a
temperature of 400°C and a mean value of energy (25 pJ) and
the lowest in the case of samples compressed at 200°C, the
mean value of the energy of its to about 12 pJ.

TABLE 2
Results of the analysis AE signal of monocrystals compressed at a
strain rate of about 107*s™! depending on the temperature of the test

S £ Average
Temperature of um of occurrences energy of
. of AE in the range :
No. deformation : : a single
of the yield point
[°C] (R.) occurrence AE
¢ (p7]

1 200 9990 12
2 300 14539 20
3 350 16566 17
4 400 34253 25

In order to analyze in detail the behaviour of AE and
to determine the correlation with the effect of the mechani-
cal oscillation of stresses on the curves o-¢ in the course of
compressing the investigated monocrystals at elevated temper-
ature, the obtained signals were subjected to successive digital
processing, applying software concerning acoustic analyses, in
this particular case concerning sounds which are audible for
the human ear. In order to facilitate an acoustic interpreta-
tion of these sounds, their amplitude was amplified by about
500% and in some cases slowed down tenfold. Representa-
tive characteristics of AE have been presented in the diagram
and acoustogram (Fig. 6). The spectral characteristics of the
recorded sonic signals were analyzed, as well as the time de-
pendence in the range of 5% deformation of the sample after
the appearance of the PLC effect on the curve. The intensity
of the spectral density function is marked on the acoustogram
by a blue code.
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Fig. 6. Fragment of the diagram concerning the dependence of AE
and the external force on the duration of the compression test (from
300 sec. to 800 sec.) of the monocrystal CuZn30 with the orienta-
tion [13 9] at the temperature of 400°C with ¢ = 10™*s7': a) average
energy of occurrences AE; b) acoustogram of the set of occurrences
AE presented in Fig. 6a
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It has been found that in most cases of compression tests
of monocrystals displaying the PLC effect, the local rapid
drops of the load recorded on the force-time curve are dis-
tinctly correlated with the AE peaks. According to Cottrell’s
theory this may be due to avalanche separation of the disloca-
tions from the atmospheres of foreign atoms which have been
blocking them. The most evident correlation of these effects
was recorded in the case of samples compressed at 400°C
(Fig. 6). The latter one is a fragment of Fig. 5, in which the
unit of time has been expanded. Practically, about 500 seconds
of AE have been recorded during the compression test, with
special regard to the correlation: load — AE. The compression
test generates and propagates the highest sounds with an in-
tensity of about 54 dB within the frequency range from 4320
Hz to 8640 Hz.

4. Conclusions

Basing on the investigations the following conclusions
may be derived:

1. Monocrystals of the alloy CuZn30 subjected to special
conditions of free compression tests at elevated temper-
atures display the phenomenon of unstable plastic defor-
mation, the so-called PLC effect, with characteristic os-
cillations of stresses, in literature classified as type B.

2. The amplitude of oscillations stresses and acoustic emis-
sion energy in the investigated alloys increases with the
temperature of compression.

3. The intensity of oscillations of the stresses and acoustic
emission in the monocrystalline alloy CuZn30, appearing
on the strain-hardening curves and recorded during the
stage of easy glide, as well as in rather limited cases of
parabolic strain-hardening, depends mainly on the temper-
ature of compression.

4. The AE method applied in the process of plastic defor-
mation of monocrystals of the alloy CuZn30 displays also
a dependence of the activity of acoustic emissions on the
stage of strain-hardening of the investigated alloy.

5. In the range of the occurrence of the PLC effect during
the compression test of the investigated monocrystals the
signal AE displays a cyclic character, distinctly correlated
qualitatively with the oscillations of stresses on the curve
o-€.
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