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Abstrakt: Byl studovan vyskyt plastickych nestabilit v protlaCované slitiné
AlSi1MgMn (6082) a valcované slitiné AIMg4.5Mn0.4 (5182) jako dasledek zmény
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Abstract: The influence of the strain rate and heat treatment on the occurrence
of plastic instabilities in extruded AISilMgMn (6082) and cold rolled
AlMg4.5Mn0.4 (5182) alloys was studied. The samples were uniaxially loaded at
various strain rates and at room temperature (RT). The results are discussed using
concurrent acoustic emission (AE) monitoring during mechanical testing and the AE
parameters are correlated to the microstructure and to the stress-time curves. All
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dependently on the heat treatment and the applied strain rate. The occurrence of the



PLC effect is manifested by burst AE signals with high amplitudes. Statistical
analysis of the AE signals has shown the power-law probability distribution.
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Introduction

The continuously developing world industry, as a consequence of the
growing natural resource’s scarcity, has to face the problem of the limited resources
and thus it has to improve the material and energy efficiency. Therefore, its ultimate
goal is to reduce the environmental impacts associated with the processing and use of
materials. It refers to the reduction of the energy used during the production or the
products service and to create long-life products. Due to the resource scarcity threat,
recycling is of an even higher importance. It spares raw material and saves on
additional energy. In most cases, the energy used for renewing a material is much
less than the production energy of the raw material.

The above mentioned requirements can be fulfilled using lightweight metallic
materials with the appropriate properties. One of the convenient materials is
aluminium (Al). It has a low density, belongs to oxidation resistant materials, its
alloys show high strength and therefore they can be utilized in long-life applications.
This metal is highly suitable for recycling because it requires only 5% of the energy
of primary Al production [1].

Its excellent strength to weight ratio offers chances to be widely utilized in
the manufacture of transport equipment and engineering structures. The car industry
is encouraged to use the Al alloys to make an economical vehicle. The first car
whose whole body was made of Al alloys is the Audi A8 [2]. Today about 110-145
kg of Al alloys are used in production of a car and this amount grows with every
year. A car with components made of Al alloys can be 24% lighter than that with
components made of steel and therefore a fuel consumption is reduced by 2 litres on
100 km. Al alloys, due to the possible weight reduction of the product, are frequently
used in the aircraft industry as well.

In spite of their great properties, a number of industrially important Al alloys
may exhibit plastic instability under certain conditions. To improve the reliability of
the machine parts produced from these alloys, it is required to understand these
processes which can occur during their fabrication and service, thus deteriorating
their performance.

The structural defects of materials can be detected by a number of methods
such as the techniques using the X-rays, neutrons, the eddy currents etc. One of the

non-destructive evaluation methods is the acoustic emission (AE) technique, based



on the detection of elastic waves, which are generated within the material by a rapid
release of energy as the result of irreversible changes in the material structure. AE is
also in-situ method which offers real time information about the evolution of the
dynamic state of the material. AE can be used in defectoscopy and in monitoring of
engineering structures, where it is capable of detecting of damage processes before
they become of critical character.

One of the most spectacular phenomena, occurring during plastic deformation
of some alloys processed at certain conditions, is the unstable plastic flow so called
Portevin- Le Chatelier (PLC) effect. It is characterized as a macroscopic spatio-
temporal instability of plastic deformation and it can negatively affect mechanical
properties of structural materials. When PLC effect is combined with the
embrittlement by environmental conditions [3] — like the intergranular corrosion, it
can lead to failure of the whole component built from such a material [4]. Therefore,

the investigation of the plastic instabilities like PLC effect is of a high importance.



1. Theory

I.1. Aluminium and its alloys

Aluminium (Al) is the third most abundant element in the Earth's crust (only
silicon and oxygen are more plentiful) and constitutes about 8% of its weight [5].
Thanks to its unique properties, Al is nowadays the second most commonly used
metal and it is called the metal of the Third Millennium.

Because of its high chemical activity, Al never occurs in its metallic form in
the nature, but it is present almost in all rocks, plants and animals. The main ore of
Al is bauxite - a mixture of hydrated aluminium oxides with oxides of iron, titanium
and silicon. With refinement the bauxite in the Bayer process, aluminium oxide also
known as alumina (Al,O3) is obtained. In this process, the grinded bauxite is digested
with a hot solution of sodium hydroxide (NaOH). This solution is refined by filtering
off impurities, called as red mug. Due to cooling, the alkaline (NaAl(OH),)
aluminium hydroxide precipitates (Al(OH);), which is after the reheating
decomposed to aluminium oxide and water vapour [1]. The final stage is the
reduction of Al through the Hall-Heroult process, where the alumina is electrolyzed
in molten cryolit (Na3AlFs) at 950 °C [1].

The production of Al from bauxite requires high gravity of raw material and
energy, e.g. for the production of a ton of Al, four tons of bauxite is needed. This is
the main justification for Al recycling, which needs only 5% of the production’s
energy of the primary Al [1].

Pure Al is soft, ductile, has a low density, which is about one-third of the
density of iron or copper. Al crystallizes in the face-centered cubic (fcc) lattice,
which is stable from 4 K to its melting point (660°C) [6]. It is an excellent conductor
of heat and electricity. The pure Al is highly chemically active and it reacts with the
atmospheric oxygen to form a non-conducting aluminium-oxide (Al,O3) film, which
protects the material from further corrosion [6].

Although most metallic elements readily alloy with aluminium, only a few
form important commercial aluminium alloys. These elements serve to improve alloy
properties and characteristics. None of these elements is completely miscible with Al
in solid state. Zinc has the greatest solubility in Al and some others like Ag, Mg, Li

have solid solubility greater than 10 at.% [6].



The wrought Al alloys can be classified according to EN 573-1 into 9 groups
with respect to alloying elements [7]. These groups with their characteristic

properties [6, 8] are summarized in Table 1.

Code of the series | Major alloying element | Characteristic properties
1000 Al min. purity 99.00% high conductivity

2000 Cu strong, hard

3000 Mn strong

4000 Si high wear resistance

5000 Mg great corrosion resistance
6000 Mg a Si middle strong

7000 Zn with Mg is the strongest alloy
8000 other elements

9000 unused group

Table 1: Groups of the wrought Al alloys according to the major alloying

elements and their characteristic properties

The alloys AIMgSi belong to the group 6000. It is a class of heat treatable
alloys, which is used for wrought and casting products as well. They have a number
of favourable properties like high strength, low quench sensitivity and good
corrosion resistance [6]. This group contains Mg and Si as major addition elements
and metals like Fe and Mn are always present in alloys as impurities. In dependence
of the alloys exact composition and the solidification conditions of the cast 6000
alloys, a wide range of intermetallic phases may be formed. Their volume fraction,
morphology and composition can significantly influence the final physical properties
of the alloy. When the alloys of the group contain enough magnesium and up to 12%
silicon magnesium silicide (Mg,S1) precipitates, which make the material heat
treatable. Si also improves the corrosion resistance and the fluidity of the molten
material. More than 13% Si reduces the machinability [6, 8]. The 6000 Al alloys are
frequently used for machined products usually after alloying with elements of low
melting point like lead or bismuth.

The minor alloying components of the group 6000 are Ca, Cr, Mn, Pb and Bi.
With addition of Ca to a 6000 alloy, CaSi, forms, which slightly increases the

electrical conductivity. Cr has a slow diffusion rate and can form finely dispersed




phases which hinder the nucleation and the grain growth during heat treatment.
Disadvantage of the alloying by Cr is that it increases the quench sensitivity when
the hardening phase precipitates on the Cr-phase particles. Pb is a toxic element,
whose application in automotive and electronic industry is restricted by law to a
maximum value of 0.4%. Pb. Also Bi forms a low-melting phase in the material and
promotes chip breaking [6].

The 6082 alloy is also denoted as EN AW-6082 or EN AW-AI SilMgMn [9].
This alloy has a very good corrosion resistance, a good weldability and
machinability. In T4 condition, after a stabilizing heat treatment, it has a good cold
formability. A high Mn addition can control the grain size of the alloy what results in
its high strength. The most common intermetallic phases present in 6082 alloy are B3-
AlsFeSi, a-Al;s(FeMn);Si, AlgMnsSi, a-Alj,Fe3Si, Mg,Si [10]. The alloy is used
especially in heavy duty structures such as in ship building, truck frames, bicycles
and rail coaches etc.

The 5182 alloy is also denoted as EN AW-5182 or EN AW-AIMg4.5Mn0.4
[9]. AIMg alloys belong to the non-heat treatable alloys; however Mg does provide
substantial strengthening and good ductility after cold work. Although Mg is largely
present in solid solution, it can also appear as eutectic Mg,Al; dependently on alloy’s
content. This element with Si can form Mg,Si. Cr and Mn, as an additive, form fine
dispersoid particles and therefore they serve as grain refiner [6]. This alloy has an
excellent corrosion resistance, unless the material is held at elevated temperatures for
long time period. Due to good formability, the alloy is used for manufacturing the

easy-open ends of beverage cans or in the automotive industry.

1.2. Plastic deformation

1.2.1. Dislocations and their interaction

Dislocations are line defects in the crystal lattice having a strain field around.
These defects can glide along specific slip planes in the slip direction, climb and
organize themselves into pile-ups and dislocation walls. Through their strain field,
they can interact (stop, multiply and annihilate) with each other or with other defects

in crystal lattice (foreign atoms, precipitates etc...). A dislocation is characterized by

= -
its line element (¢) and the Burgers vector (b). According to their mutual orientation
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screw (¢ ;E) and edge dislocations (31 5') exist [11]. In real materials, mixed
dislocations with both screw and edge components occur. The dislocation glide
occurs due to the rearrangement of atoms in the core and consequently glide is a
conservative motion. Unlike glide, climb is a non-conservative motion and it is
realized through the movement of point defects.

The dislocations can decompose into partial dislocations if the sum of the
energy of the partials is less than that of the original dislocation. The area they border
after decomposing is the stacking fault. The partial dislocations can be glissile, when
the Burgers vectors of the partial dislocations lie in the slip plane (Shockley type) or
sessile, when they does not (Frank type). These partial dislocations can interact: in
fcc systems, the interaction of two Shockley type partial dislocations may create a
Lomer-Cotrell dislocation, which is immobile [11]. The total structure, the Lomer-
Cotrell dislocation and the two stacking faults which are bordered on the other side
by Shockley partial dislocation, is called a stair-rod dislocation. Lomer-Cotrell
dislocation can combine (possible due to the moving Shockley partials) to form a
stacking fault tetrahedron.

In most crystalline materials, the dislocation density increases quickly during
plastic deformation, which leads to work hardening. Dislocations are produced as a
consequence of the local overstress around the dislocations. The most widely known
sources of dislocations are the Frank-Read sources and the double-cross slip [11, 12].

The macroscopic measurable quantities that describe features of plastic
deformation like stress, strain etc. cannot be taken as the result of motion of single
dislocations. Just when the mutual dislocation interaction can be neglected, i.e. the
dislocation density is not high or the plastic strain is small, the response can be
considered as the sum of uncorrelated events [12]. However, during plastic
deformation, the dislocation density reaches a point, when the dislocation-dislocation
interaction cannot be neglected. Atomistic methods were used to study this
interaction mechanism, but they cannot fully describe the long-range character of the
stress fields. Because of this complexity, there exists a gap in the theory. The
dislocation dynamics is not yet fully developed, but there exist simulations of the
collective behaviour of dislocations.

Although the dynamics of the dislocation system is hard to be described, the

statistics performed on experimental data can uncover information about the



behaviour of dislocations as a spatially distributed nonlinear dynamic system. Recent
analyses of deformation curves are realized using methods of the theory of non-linear
dynamical systems in order to find a dynamical model [12], which can describe the

serration’s structure on deformation curve.

1.2.2. Plastic deformation of polycrystals

Crystals are solid materials consisting of atoms arranged according to a
defined repeated three dimensional pattern. In single crystals, the crystal lattice is
continuous and unbroken for the whole sample. The symmetry of the unit cell is
decisive for the physical properties. Most solid materials found in the nature appear
polycrystalline form. They are composed of randomly oriented crystalline regions,
grains.

Deformation is a physical process during which the shape or size of the body
alters in accord with the applied mechanical force. Most solids initially deform
elastically, which means that they can return to their original shape. From a certain
critical point (the limit of the elastic deformation — the yield point) [11], the material
rearranges its internal structure and this plastic deformation is irreversible.

The stress necessary for plastic deformation of polycrystals is higher than in
the case of the single crystals because of the different orientation of the grains. For
single crystals, the critical resolved shear stress (CRSS, 7)) determines the stress
necessary to initiate a slip in a certain slip system. The shear stress for polycrystalline
materials is replaced by the offset yield strength — the strength at a strain of 0,2 (gy,2)
[11]. During deformation of some materials, it can be observed that after reaching an
upper yield point the stress drops quickly to a lower yield point. If the metal has both
yield points, Liider bands can develop [12].

Plastic deformation of a single crystal is produced by movement of
dislocations and/or by twinning. The plastic deformation of polycrystals cannot be
described as the deformation of a group of single crystals, because it is highly
influenced by the grain boundaries and by the orientation of the grains [12].
Deformation of a polycrystal starts in those grains, which have slip planes favourable
oriented to the applied stress.

The stress-strain curve can be characterized by:

- extension (¢)- the relative elongation of the measured specimen in percent



- offset yield strength (oy)- after reaching this point the plastic deformation
of the material starts

- yield strength (oy)- the stress corresponding to a certain (y) extension of the
specimen

- ultimate strength (o,,)- the maximum stress that the material can withstand
before failure

The major difficulty by a theoretical description of plastic deformation is the
fact that such a process is highly dissipative and irreversible. It means that during the
process about 90 % of the energy turn into heat and there is no theoretical framework
which deals with so high dissipation [12]. The system of dislocations during the
deformation is very far from equilibrium, where nonlinearities have a significant
role. In the past decades, the nonlinear dynamics was developed, but anyway there
still are not any acceptable frameworks which can statistically describe this
mechanism. Other complications originate from the fact that the dislocations can be
activated thermally and athermally. The plastic deformation is usually
inhomogeneous, especially at high strains. To solve the difficulty, statistical and
dynamical methods like the distribution function theoretic approach or the reductive

perturbative technique were developed to analyse the experimental data [12].

1.2.3. The Portevin-Le Chatelierier effect

One of the most interesting phenomena, occurring during deformation tests of
some alloys deformed over a certain range of temperatures and at an appropriate
strain rate, is a kind of unstable plastic flow, so called Portevin- Le Chatelier (PLC)
phenomenon, which is characterised as a macroscopic spatio-temporal instability of
plastic deformation, and manifests by serrations on the stress-strain curve (jerky
flow).

This effect was firstly described by F. Le Chatelier in 1909 and thereafter it
was studied by M. Portevin and F. Le Chatelier in 1923 [12]. Investigations of this
effect has started with conventional strain- and stress-controlled tensile tests. During
the years, measuring methods have been improved and now there is a deal of modern
methods for the investigation of the PLC effect such as optical, acoustic, mechanical

or electromagnetic methods [3].



The most widely accepted explanation of the PLC effect is based on
interaction between the moving dislocations and the diffusing atoms which is known
as dynamic strain aging (DSA). Because these mobile atoms are impurities or atoms
which are not in their lattice points, a stress field appears around them. This stress
field interacts with the stress field of the dislocations which leads to a stress driven
diffusion of mobile atoms to the dislocation core. Therefore, when the dislocations
during their motion are temporarily pinned at obstacles (crystal defects), solutes
diffuse either by volume or pipe diffusion around the stopped dislocations which
leads to strengthening. As loading of the specimen proceeds, the so far locked
dislocations will abruptly breakaway from the obstacles and move until they are
again stopped. When the dislocations and the mobile solute atoms have almost the
same velocity, the process repeats [13]. It manifests by movement of deformation
bands on macroscopic scale, also observable as serrations on deformation curve
(PLC effect) [14].

With increasing strain rate at a constant temperature the waiting time of
dislocations at obstacles decreases, the stress needed for unpinning decreases. At
constant strain rate but decreasing temperature the time while the solute atoms
diffuse to the dislocations increases. The PLC instability demonstrates, in a certain
range of strain rates and temperatures, where the two time scales are of the same
magnitude. This competition between the slow aging and rapid unpinning of
dislocations leads to the negative strain rate sensitivity (SRS) of the flow stress [12].

The DSA is responsible for a plateau or for a peak in flow stress and it also
affects the work hardening and changes the ductility with temperature [15].

The PLC effect starts at a certain critical strain, when the strain rate
sensitivity becomes negative [16] and the inhomogeneous deformation begins. The
critical strain is highly strain rate and temperature dependent. In substitutional alloys,
the process is supported by vacancies and the high density of the dislocations, while
in interstitial alloys it is influenced only by the mobile dislocation density [12].

A characteristic macroscopic feature of PLC effect is the localization of strain
in form of deformation bands and their motion with the increasing stress. These
bands are just a few millimetres thick and are inclined at about 55° to the
deformation axis [3]. The avalanches of dislocations within the bands are reflected

on the stress-time curves as stress drops.



Experiments showed different types of the propagation of PLC bands,
assigned as types A, B and C, some researchers have added also a D and E band type
[17, 18]. They appear at different temperatures and strain rates. The grain size, the
precipitates and the preparation of the surface also influence the occurrence of the
band types. They have different spatial arrangement and specific appearance on
deformation curves. In the case of type A, the bands appear at the end of the
specimen gauge and propagate quasicontinuously along the gauge. This type of
bands cause irregularly shaped and very small stress drops on deformation curve,
which initially rise above the normal stress level. Type B has a hopping character as
a result of the band jumping along the gauge. The drops on deformation curves have
a slightly irregular character [3]. The serration fluctuates about the stress-strain
curve. For type C, bands are randomly nucleated at different places of the specimen
gauge but the analysis of the serrations shows some correlation [19, 20]. The
deformation curve is characteristic of serrations of a certain amplitude and
frequency. The drops fluctuate below the normal stress level. Type D exhibits
plateaus on the o—¢ curve, which is caused by the propagation of dislocation bands
without strain hardening ahead of the moving band. Type E serration generally
appears at high strains. This serration type is similar to type A serration, but with
little or no strain hardening during band propagation. The E type is often preceded by
type A serration [17, 18, 21].

The strain rate and temperature influence the time needed for the dislocation
to overcome the hindering obstacles. It means that the critical stress will decrease
with increasing strain rate, but it also affects the bands speed. Usually, higher strain
rate is connected with the A type and the lowest with the C type bands. The B bands
emerge at an intermediate level [12]. With respect to experiments, it is known that at
higher temperatures the C bands occur and with decreasing temperature the band
type changes into type B after that into type A.

The grain size also influences the appearance and character of the PLC effect.
The critical strain is higher in a material with larger grains and the amplitude of the
stress drops is larger in a material with finer grain size [22]. Anyway, the grain size
does not have any distinctive effect on the band velocity and on the band width [12].
The precipitates hinder the PLC effect; they cause inverse behaviour and change the
effect of the temperature and strain rate on the material [23]. The surface preparation

also can affect the PLC effect. Deformation bands can propagate faster in polished
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specimen, while on a rough surface more nucleation points appear which produce
stress rise creating deformation bands [24]. The thickness, strain and velocity of
deformation band increases with increasing strain rate. The volume of specimen has
no effect on velocity or strain of deformation band, but the thickness of band
increases with increasing volume [12].

Deformation tests, combined with the laser scanning extensometry technique,
have shown that after the stop of the B bands, new bands are nucleated and moveto
the opposite direction with the opposite inclination. Another observation is that some
bands can split to two bands with different orientation and move to the opposite
directions [3].

The PLC effect occurs in some industrially important alloys like mild steel
and Al, Cu or Zr alloys [3] and is responsible for the degradation of their properties.
The surface of products made from such alloys can become rough, during their use
defects in the structure can emerge. This affects the mechanical properties of
material, especially increases the flow stress, hardening rate and embrittlement and
decreases the ductility, fracture toughness and strain rate sensitivity [3]. As a
consequence of these changes the material can become susceptible to failures and the

part can easily fail [4].

1.3. Acoustic emission

1.3.1. Description of the acoustic emission

Acoustic emission (AE) is transient elastic waves, which are generated by
sudden release of energy from localized sources within the material. The term of
acoustic emission is also used for the non-destructive method which is based on this
effect [25].

The AE method is used for detection of dynamic changes in materials
structure and provides information from entire volume in real time (in-situ
measurement). With using at least three sensors, the location of the AE sources can
be done. The AE method can be easily used for monitoring of constructions.
Disadvantage of the AE method is given by a complex character of AE signals (wave
packet) resulting in loss of some information about the AE. Furthermore, the low

energy AE signals can be filtered out together with noise [25, 26].

11



The AE method has a long history. Already about 6500 BC sounds generated
by the cooling of glass, metals or porcelain were observed. Audible AE was also
observed during earthquakes or from cracking of ice on a lake.

The first written record of AE dates back to the 8. Century. It comes from
Jabir ibn Hayyan, who wrote about the sound produced during the deformation of tin
[27]. Beginning of modern history of AE is connected with Joseph Kaiser, who
described the phenomenon of AE in his dissertation [28]. Since then, the AE
technique has developed to one of the most important tools in materials research.

The most important sources of AE are the initiation and growth of cracks,
dislocation movements [29], twinning and the phase transformations. In all cases, the
AE originates from the relaxation of stress fields associated with the defect motion.

The three main dislocation processes which produce AE are:

- relaxation of stress field caused by the passage of dislocations

- annihilation of dislocations

- acoustic radiation of accelerated (deccelerated) dislocations

The resulting AE signal is not only determined by the source parameters but
also by the propagation and detection of AE waves and processing of the AE signals.
During propagation, the wave packets interact with the material. As a consequence it
will be a damped wave with a changed shape, which includes information about the
source and the discontinuities in the material. AE waves produce surface
displacement which can be detected by piezoelectric detectors. [25].

Scruby et al. [30] derived the formula for the maximum amplitude AU of the
surface displacement of the material in the epicentre. The epicentre is the point,
where the wave first arrives at the surface of the specimen. In their model the AE
originates from the growth of n dislocation loops with a v velocity of growth to the
final radius a. The loops are inclined at 45° and they are located in an r depth under

the epicentre. The formula:

_ nbavc?

AU =—— (1)
rc,

where b is the Burgers vector, ¢, and ¢y are the velocities of longitudinal and
the transversal waves.

According to this formula it can be estimated that for a measureable AE in
polycrystalline Al alloys with an average grain size of 80 um, the collective motion

of at least 100 dislocations is needed [30].
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1.3.2: Detection of the acoustic emission

Two kinds of AE signals can be distinguished. If the elastic waves are
generated simultaneously by a large number of sources and the AE signal has a
random character then it is called continuous emission. The burst emission occurs as
a consequence of an instable fashion of plastic deformation or degradation of

materials [20, 31].
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Fig.1: The burst (on the left) and the continuous AE signal
The AE is characterized by the following parameters [32]:

e Count rate — N, — the number of the emitted pulses with an

amplitude greater than the threshold

e Eventrate — N — the number of the events during a unit time
e Cumulative AE count — N — the sum of counts during a period
e Cumulative AE events — N . — the sum of events during a time period
e Ugys— the root mean square of the voltage of the AE signal
Upps” = U2 + U2 - 2YUpysUy, (2)
where U,, is the total voltage, U, is the noise voltage. Assuming a low

correlation between U, and Ugys:
Uremz = UL+ U} 3)

e [E4r— energy of the AE event

: “4)
where Z is the amplification of the signal
e ,— start time of the AE event - time, when the AE signal first time

exceeds the lower threshold level
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e t;,— dead time — the shortest time interval between the AE events. If
AE signal does not exceed the threshold level in this period, the AE
event is finished.

e ¢, — the time of the AE event

® A, — the maximal amplitude of the AE event

e {.— the rise time
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Fig.2: The parametrisation of an AE event

The AE equipment consists of sensor, preamplifier, measuring device and of
computer with the corresponding program for detection and evaluation of AE
signals.

The AE measurement is based on the detection of the surfaces displacements,
which are produced by stress waves. The AE sensors are usually piezoelectric
sensors, made from a ceramic like lead zirconate titanate (PZT), which uses the
piezoelectric effect to measure the pressure and subsequently converts it in electrical
voltage signal. There are two types of detectors. The resonance type detector is the
most sensitive around the resonant frequency. The broad-band sensor has a flat
response in wide frequency interval but is less sensitive. They normally work at
frequencies between 50 kHz and 1 MHz, because lower frequencies can be disturbed
by noise [26, 31].

The sensitivity of the sensor is defined as:

dB,: =20 log[bj j )

r
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where U, is the reference voltage and it equals 1uV [25].

To keep the high ratio between AE signal and noise, a preamplifier is usually
used. Amplified AE signal is filtered to eliminate low frequencies which are
influenced by a noise of various nature (friction, vibrations from testing machine

etc.). Thereafter, AE signal is parametrized in computer.

1.4. Self-organized criticality and power-law

distribution

Recent studies have proven that PLC effect can be characterized by scale
invariance through the power-law distribution of dislocation avalanches which
indicates the self-organization of dislocation groups. With statistical and dynamical
analyses, it was found that there are two major phenomena, i.e. the self — organized
criticality (SOC) and the chaotic dynamics [20].

The self-organized criticality is the ability of the system to maintain itself
after a critical point which is called the edge of the chaos. At this point a small
change can push the whole system into a chaotic system or into the system of
predictable behaviour.

SOC exists typically in slowly changeable non-equilibrium systems with a
large degree of freedom and a high nonlinearity. The concept was published in 1987
by Bak, Tand and Wiesenfeld [33]. Thereafter, many examples controlled by SOC
have been identified like epidemics or biological evolution. Also, under certain
conditions, the system of dislocations is driven by SOC. The transition of the systems
from the chaotic to the SOC behaviour can be studied with a wide range of analyses
like the statistical, multifractal or dynamical analyses. For systems with SOC, it is
typical the self-similarity and the scale independent (fractal) behaviour what means
that the dynamics of the system exhibits the same structure over the scales. The
mentioned analyses can uncover this correlation. The power-law distribution analysis
can show, if there is a relation between the value of a property and the probability of
the occurrence of such property values. The multifractal analysis can uncover the
correlation between certain time or property scales [34].

The power law is a mathematical relationship between two quantities, where

the frequency of an event varies as a power of one of its variable:
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f(x)=KX", (6)
where x>0, « is the scaling parameter, K is a constant [35].
The main attribute of power laws is their scale invariance. The scale
invariance is a feature of laws that they do not change if scales of variables are

multiplied by a common factor. Mathematically:
f(ex)=a(ex)< =c f(x)o<f(x). (7)
It can be shown, that the power laws are the necessary and sufficient

condition for scale free behaviour [35].

The power-law probability distribution has a density function in the form:

p(x)e<L(x)-x%, (8)

Where o>1 and L(x) is a slowly varying function [35]

A lot of studies report about the performed analysis on experimental data of
single crystals. In these materials the only sources of dislocation avalanches are the
slip and the twinning. They calculated the distribution connecting the AE energy E4g
with the amplitude of the acoustic events A:

Ejg~A? )

The distributions always followed the power-law with an exponent of

o =1.5 0.1 [36]. This statistical analysis can be performed for AE events as well as

for local strain rate what indicates the avalanche-like character of the plastic flow
[20].

In studies like [37] the statistical analysis of the experimental data obtained
from polycrystalline materials revealed unexpected behaviour. It was shown that the
statistical distribution of AE energy obeys power law and is like a general property
of the intermittency of plastic flow. The power-law exponent aag altered with the
chosen strain rate and it changed also during the deformation, but it was possible to
find an interval within it remained unchanged. Varying exponent values can be
explained by the dislocation aging, grain boundaries and by the folding of the AE
signals from different sources. During the plastic flow, the value exponent changed
from 2 to over 3. Below the critical strain it was lower than 2 [20].

The statistical analysis in [13] reveals different correlation regimes between
the stress serrations, which also depends on the strain rate. They found the
operability of the power-law statistics for the low amplitude stress serrations in

AlMg and CuAl alloys [38] for the stress drop size and duration which indicates the
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self-organized behaviour. For the type B deterministic chaos and a near-Gaussian
distribution was found [13]. This fact demonstrates that the plastic flow is connected
with the avalanche-like dislocation dynamics [39].

The power-law statistical distribution only characterizes the probability of the
occurrence of a plastic event with a given energy, but it does not give information
about the relative arrangement of the events. The multifractal analysis can uncover
the presence of correlations and characterize the heterogeneity of the scaling
properties, but does not give any information about the location of the corresponding

events [13].
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2. Experimental procedure
2.1. Experimental material
Measurements were performed on 6082 (AlSilMnMg) alloy which was

produced by conventional casting and afterwards extruded at 430 °C. The chemical

composition of the alloy is given in Table 2 [9].

Element Si Fe Cu Mn Mg Cr Zn Ti Other

wt% 0.7-1.3 0.5 0.1 0.4-1.0 | 0.6-1.2 0.25 0.2 0.1 0.15

Table 2. The chemical composition of the 6082 alloy [9]

The second investigated material was a 5182 (AIMg4.5Mn0.4) alloy which
was produced by casting and cold rolling. The chemical composition of this alloy can
be seen in Table 3 [9]. The basic study of plastic instabilities in this alloy has been
already described in [40]. In the present work, the self-organised criticality model
with power law distribution will be applied on the results obtained during the

investigation of this alloy.

Element Si Fe Cu Mn Mg Cr Zn Ti other

wt% 020 | 035 | 0.15 0.25-0.50 4.0-5.0 0.10 | 025 | 0.10 0.05

Table 3. The chemical composition of the 5182 alloy [9]

2.2. Methods of measurements

2.2.1. Microhardness

Microhardness measurement was used to define the hardening state of the as -
received material and to determine a stress released condition of heat treated
samples. To determine the nondirectionality of the results, the microhardness was
measured parallel (||) and perpendicular (1) to extrusion direction (ED).

A Vickers test for microhardness was performed on the microhardness tester
Qness 10 A+ produced by the company Qness.

The Vickers hardness was tested by pressing a 136" pyramidal diamond
indenter into the sample by an accurately controlled test force of 100 g. The force
was maintained for 10 seconds, after that the indenter was removed, and the
diagonals of the square shaped indent were measured. The hardness was computed

by the formula:
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where kis a constant (kK =0.1891), F is the test force and d is the arithmetical

average of the measured diagonals.

2.2.2. Light microscopy

Specimens for light microscopy observations were cut with the help of
Accutem -50 produced by Struers and mounted into an acrylic cold mounting resin
ClaroCit from Struers. In order to ensure the flat and smooth specimen surface, the
specimens were grinded and polished with the Tegramin-25 preparation system.
Thereafter, specimens were electrolytically etched with the Barker’s method on the
LectroPol-5 apparatus. The specimens were etched at 25 V for 180 s at 8 °C with a
flow rate of 10 ml/s using the Barker solution (12 ml HBF, (35%) + 400 ml H,0),
their microstructure was studied with the optical microscope Olympus IX70

produced by OLYMPUS.

2.2.3. Deformation tests

Specimens for compression tests with a gauge of (23.5x11.5x12) mm® were
machined from a round bar of 6082 alloy with a diameter of 60 mm by Accutom-50
from Struers. The deformation axis was parallel to extrusion direction (ED). Before
the measurement, specimens were heat treated and quenched into water.

The dog bone shaped specimens for tensile tests with a gauge of
(120x20.5x1.15) mm® and with a deformation axis oriented parallel to the rolling
direction were prepared from a cold rolled 5182 sheet. The specimens, before the
measurements, were heat treated and quenched into water.

The parameters of the heat treatment are presented in Table 3. The uniaxial
deformation tests were performed using a universal testing machine Instron 5882 at
room temperature (RT), with constant cross-head speeds giving the strain rates of
£ = (10'4 and 10'3)s'1 (see Table 4). Specimens were deformed in case of
compression tests up to 80 kN, in case of tensile tests up to fracture. The sampling
frequency was 20 Hz. The evaluation process was done by Bluehill® software from

Instron®.
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2.2.4. Acoustic emission measurements

The measurement and analysis of the AE data was performed by a computer
controlled diagnostic system DAKEL-IPL-4, developed by company ZD RPETY-
DAKEL. A piezoelectric sensor MICRO 2006 with a diameter of 3.4 mm and a flat
response in a frequency range of (100-600) kHz was used. The sensor was attached
to the specimen’s surface with the help of a clip and silicon grease which improves
the contact between the specimen and AE sensor. To keep a high ratio between AE
signal and a noise, a preamplifier of 35 dB was used.

DAKEL-IPL-4 system enables a continuous storage of AE signal on 4
channels with a different amplification (0, 10, 20 and 30 dB — in this work) which
allows the elimination of the omissions/overflows of recoded data. A 12-bit A/D
converter with a sampling frequency of 2 MHz having full scale of £ 2 V was used.
The DAKEL-IPL-4 was connected with the computer via a network cable. The
measured AE data were stored on an external disc with a bite rate of 16 MB/s and
later analysed by the DAKEL-UI software from ZD RPETY-DAKEL.

By the evaluation of the AE events from the data stream, the threshold for the
AE event was pre-set to 0.01 mV and the separation time of two events (the
minimum time between the end of the last and the beginning of the next AE event)
was set to 0.30 ms. The minimal and the maximal hit length was set to 0.05 and 1000
ms, respectively. The dead time was tg = 7.10 “4s. By the evaluation of the AE
counts, the thresholds were set to 15% and 30% of the whole range.

The obtained data were evaluated with Origin® software produced by

OriginLab®.
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3. Results

3.1. Microstructure

Specimen Temperature [°C] | Duration [h] Deformation speed |[. 5]
D107 - - 107
D107 - - 107
D10%s'1h530°C 530 1 107
D10%s'1h530°C 530 1 107
D10%s'4h530°C 530 4 107
D10™s'4h530°C 530 4 10°
T10 *s'2h400°C 400 2 107

Table 4. Parameters of the heat treatment and deformation tests for

investigated specimens (D - deformed in compression, T - deformed in tension)

The microstructure of selected specimens before and after electro-etching can

be seen in Figs. 3-5.

a) b)
Fig. 3: Microstructure of 6082 alloy in as-received condition; sample’s surface is a)

parallel b) perpendicular to extrusion direction
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a) b)

Fig. 4: Microstructure of 6082 alloy in as-received condition after etching; specimen’s

surface is a) parallel b) perpendicular to extrusion direction

Fig. 5: Microstructure of deformed D107 sample after etching ||

The microstructure of 6082 alloy in as-received condition (non-heat treated)
is shown in Fig. 3. Distribution of particles on specimen’s surface, which was taken
parallel to ED , is inhomogeneous with a spread of particles into ED (Fig. 3a) and on
transversal specimen’s surface to ED is homogeneous (Fig. 3b). The microstructure

consists of grains elongated into ED (Fig. 4).
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Fig. 5 shows the microstructure of deformed D107s™' || sample after etching. It
can be seen a bimodal microstructure with almost equiaxial grains in the middle part
and elongated grains at the edge of the specimen.

The average microhardness of the non-deformed (N) and deformed (D)

specimens can be seen in Table 5.

Specimen HVO0.1 | ony

N] 100.18 | 2.50
N-L 101.291.86
D107 || 134.63 | 3.44
D107 L 137.44|3.28

D107s'4h530°C|| [121.49]3.38
D107s'4h530°C L[ 118.99]3.49

N1h530°C || 95.59 | 1.87
N1h530°C 4+ 95.11(1.57
N4h530°C || 94.90 | 1.56
N4h530°C 4+ 95.98 [ 1.86

Table 5. The average microhardness of specimens and its standard deviation

(onV)

Microhardness of the specimens in the as-received condition (non-heat
treated) is higher than for the heat treated specimens. No significant difference in
microhardness values between parallel and perpendicular direction to ED was
determined. Furthermore, with increasing annealing time no changes in
microhardness were observed.

The maps of the microhardness of selected specimens are presented in Figs.
6-10. It is clearly seen that the microhardness of the specimens is almost
homogenous and only the deformed specimens show some areas with a slightly

higher or lower microhardness.
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Fig. 10: The microhardness map of the
D107s"'4h530°C specimen parallel to ED
(D107s'4h530°C ||)
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3.4. Deformation tests and acoustic emission measurements

Compressive stress-time curves with concurrent AE measurements are plotted
in Figs. 11-28. For each deformation curve two details, taken from a low and a high

strain region, are presented. Details have a uniform scale of Ac = 8 MPa.
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Fig. 11: The stress-time curve for the D10 ~ 3 specimen correlated with the A,,x
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Fig. 12: Detail D1 from Fig. 11 Fig. 13: Detail D2 from Fig. 11
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Fig. 15: Detail D1 from Fig. 14 Fig. 16: Detail D2 from Fig. 14

The deformation curves correlated with the maximum amplitude (A,,,) of the
AE events for the non-heat treated specimens can be seen in Figs. 11-16. Fig. 12
shows a detail of low strain region for D10 ~’s™ specimen, where the deformation
curve is regularly serrated with relatively small amplitude. In the high strain region
(Fig. 13), the serration consists of stress increments and drops with slightly smaller
amplitude than for the low strain region. The specimen, which was deformed with a
smaller strain rate (D10 ’45'1), exhibits at small strains a more irregular serration
comparing to D10 gt specimen which can be seen in Fig. 15. At high strains, for
both D10 s and D10 ~*s™" specimens (Figs. 13 and 16) a similar behaviour was

observed.
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Figs. 17-28 show deformation curves correlated with the A,,,, for heat treated
specimens deformed in compression. Different forms of serration on the deformation
curve in comparison to non-heat treated specimens were observed. For all heat
treated specimens, in the low strain region (Figs. 18, 21, 24, 27), there is a
coexistence of large stress jumps with small serrations on deformation curve. In high

strain region (Figs. 19, 22, 25, 28), only small serrations on deformation curve were

observed.
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Fig. 17: The stress-time curve for the D10 ~ 3s11h530°C specimen correlated with the A,;x
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Comparing the results obtained from D10 ~’s” 1h530°C and D10 °s
14h530°C, it can be seen that serrations are similar (Figs. 18, 19 and 24,25). The
serrations have a regular frequency and amplitude.

The heat treated specimens deformed at a lower strain rate D10 ~*s™ 1h530°C
and D10 ~*s'4h530°C (Figs. 21, 22 and 27,28) also show similar serrations on
deformation curve. The serration has a very irregular frequency and amplitude.

More AE events (higher number of A, data) were observed in heat treated
than in non-heat treated specimens. In the case of the specimens deformed at a higher
strain rate (specimens D10 s, D10 " 3s' 1h530°C and D10_3s'14h530°C), some

areas where no AE events (represented by A,,,,) can be seen (Figs. 11, 17 and 23).
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The specimens deformed at lower strain rate (specimens D10 ~*s, D10 %

'1h530°C and D10 ~*s'4h530°C) usually exhibit some value of A,,,, during whole
test (Figs. 14, 20 and 26). For all specimens, the value of the A, was under ImV. It
is noteworthy that the A,,,, does not accurately correlate with the large serrations on

the deformation curves.
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The correlation of A, with the tensile curve for the T10 ~3s'2h400°C
specimen can be seen in Fig. 29. At the beginning of the deformation, where a

deformation plateau occurs, a remarkable AE response was observed. Thereafter AE
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intensity decreases and high values of A,,,, were detected in the middle and at the end
of the experiment.

Fig. 30 shows a detail of low strain region for the T10 ’s'2h400°C
specimen. In this area, a high AE activity with relatively low A,,,, was detected. The
corresponding tensile curve shows irregular stress jumps with a much lower
frequency than the frequency of this area’s AE events. Detail of high strain region for
the T10 ~*s'2h400°C specimen (Fig. 31) shows large irregular serrations almost

without AE events.
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Fig. 32: Effect of the threshold voltage set up on the probability density of

squared maximal amplitudes of AE events for the D10~ s"4h530°C specimen

The effect of the threshold voltage set up, used for the determination of the
AE events from data streaming, on the probability density of squared maximal
amplitudes of AE events for the D107 s'4h530°C specimen can be seen in Fig. 32. It
is obvious that the exponent of power law distribution is independent of the choice of
the threshold voltage. The exponent values obtained for different threshold voltages
are equal in frame of errors.

Figs. 32-39 show the probability density function of the squared maximal

amplitude for selected specimens. It is clearly seen that all data show a linear trend.
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The values of the exponent a from power law distribution for specimens are

presented in Table 6.

y T T T T T T T T T T T T T T
15 . i:>(Amax2) 1
] —— linear fit

a=1.79%0.07

)/bin size

Fig. 33: The probability density function of the squared maximal amplitude

for the D107 specimen
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Fig. 34: The probability density function of the squared maximal amplitude

for the D10™s™ specimen
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Fig. 35: The probability density function of the squared maximal amplitude
for the D10™s™' 1h530°C specimen

T L T 4 T ¥ I ¥ I X I * I .
. P(Amaxz)
linear fit

oa=172%0.05

P(Armay2) / bin size

Fig. 36: The probability density function of the squared maximal amplitude
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Fig. 37: The probability density function of the squared maximal amplitude
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Fig. 38: The probability density function of the squared maximal amplitude
for the T107s'2h400°C specimen
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Fig. 39: The probability density function of the squared maximal amplitude
for the T107s'2h400°C specimen from the region of the PLC phenomenon
Almost in all cases, some points, occurring at the beginning (Fig. 39) or at the

end of the data set (Fig. 33), are out of the linear dependence.

Specimen a Oq
DI107s™ 1.79 0.07
D107 1.83 0.07
D107s '1h530°C 1.30 0.14
D10™s'1h530°C 1.72 0.05
D107s '4h530°C 1.84 0.07
D105 '4h530°C 1.56 0.06
T107s'2h400°C 1.98 0.14
T107s'2h400°C - PLC phenomenon 1.75 0.05

Table 6: Exponent a of the linear fits for the probability density function of

the squared maximal amplitude and its standard deviation (o)
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Fig. 40: The rise time of the AE events correlated with the deformation curve

for the D107 specimen
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Fig. 41: The rise time of the AE events correlated with the deformation curve

for the D10™s™! specimen
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Fig. 43: The rise time of the AE events correlated with the deformation curve
for the D10™s™'4h530°C specimen

For all specimens, high rise time is observed at the beginning of plastic
deformation. Figs. 40 and 41 of non-heat treated D107 s and D10™s™ specimens
show that the average rise time of the AE events was about 1000 ps. It can also be
seen that before an AE event with a high rise time more AE events with a shorter rise
time occur. Figures 42 and 43, for the heat treated specimens (D10'3s . 14h530°C,
D10%s'4h530°C), show that the rise time for the large stress jumps is lower (about

100-1000 ps) than it was for the non-heat treated specimens.

In the case of the heat treated D107s'4h530°C specimen (Fig. 42), high
values of rise time are observed at the beginning of deformation and a maximum

(almost 4000 us) was found with a progress of plastic deformation.

The figures D1, D2 at Fig. 42 shows AE events determined from the
continuous AE data streaming with the help of Dakel UI software. The duration of
the AE event is designated by gray and the rise time by dark gray colour. The first
detail D1 shows that the determined AE event consists of more small AE events.

Events with smaller A, are included into the rise time area of the evaluated AE
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event. The D2 detail shows a signal with a short rise time and high A,,,, detected at

the end of the compression test.
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Fig. 44: The rise time of the AE events correlated with the deformation curve

for the specimen 5182 deformed in tension T107s'2h400°C

The rise time of the AE events correlated with the deformation curve for the
5182 specimen deformed in tension T107s'2h400°C can be seen in Fig. 44. In the
area of the strain hardening, rise time maxima with a magnitude of 0,1 s were
observed. Also in this case before these rise time maxima there are other smaller rise
time values, which stepwise increase till these maxima. In the following area it can
be seen that the PLC phenomenon has a low rise time with a magnitude of 10° us.

The dependence of the A,,,, on the rise time of the AE event can be seen in

Figs. 45-49.
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correlated with the deformation curve for the D10™s™ specimen
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The figures show that AE events having a high A,,,, usually exhibit a short
rise time and those with a low A,, can have a wide range of rise time. This is
obvious for non-heat treated specimens. The D107s'4h530°C and D10™s'4h530°C
specimens (Fig. 47 and 48) which were heat treated for the longest time and
deformed at the highest strain rate produced also AE events with an intermediate
Apar and rise time at the same time. Fig. 49 shows the rise time dependence of A,.x
for 5182 alloy deformed in tension T10 ~s™2h400°C.

In Fig. 47 (specimen D10'3s'14h530°C) the A, VS. rise time data are
separated according time, when these events occurred. The AE events produced
before the large serrations on the deformation curve have different A,,,, and rise time,
but during the process, what caused the mean serration events with a short rise time
occurred just as during the following area, where no main serrations, just small stress

jumps were detected.

Fig. 48 (specimen D10'4s'14h530°C) shows the A, - rise time dependence
for the AE events determined from the area of the high stress jumps and from the

area before and after these big serrations. It can be seen that concurrently with the
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large stress jumps events with a very small A,,,, appeared just like before the large
serrations. After this area events with a wide range of A, and rise time were
produced.

This separation of events was also performed for the T10 s ~'2h400°C
specimen, which can be seen in Fig. 49. It shows, that AE events, which were
detected before or during the Liiders phenomenon have similar parameters, both have
small A,.... The events detected during the PLC effect had a large variety of A, and

rise time.
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Discussion

The extrusion process is responsible for inhomogeneous distribution of
precipitates in the investigated 6082 alloy and also for the elongation of grains into
the ED. During the compression test, due to the local overstress, the grains elongated
into ED (Fig. 5) deformed and therefore the final microstructure consists of equiaxial
grains (see middle part of Fig. 5).

The microhardness of the selected specimens correspond with the preparation
history of the investigated material. The as-received material has due to the
production process and natural aging a relatively high dislocation density, which can
be reduced with a help of heat treatment [11]. Lower Vickers microhardness values
are observed in the deformed samples, which were heat treated (D107s'4h530°C||,
D107s'4h530°CL) in comparison to non-heat treated specimens (D107 ||, D10°L). The
fact that the heat treatment duration does not influence the material hardness can be
explained by a relatively high treatment temperature. At this temperature, the
dislocations could annihilate during a short time and further heat treatment does not
significantly influence the microstructure. The higher microhardness of the deformed
comparing to non-deformed specimens is connected with increasing dislocation
density during plastic deformation.

The slightly inhomogeneous Vickers microhardness of the deformed
specimens (D107, D107°4h530°C), can be also seen from the standard deviation of the
microhardness, presented in Table 5. Inhomogeneous deformation is represented by
deformation bands in specimens, which causes the appearance of some areas with
higher microhardness values.

The differences in the stress values for non-heat and heat treated specimens
can also be related to various dislocation density at the beginning of deformation test.
A higher dislocation density in non-heat treated specimens is caused by the
production process and is responsible for higher stress values in comparison to heat
treated specimens. Change in heat treatment time from 1 to 4 hours does not bring
any differences in stress values.

The correlation of deformation curve with AE parameters opens a window for
better description and understanding of dislocation dynamic in Al alloys exhibiting

instable plastic deformation [20, 30, 34].
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Plastic deformation in Al alloys is realized by a massive dislocation
multiplication, especially at microscopic yield point, and by propagation and
interaction of dislocations, which is an efficient AE source [3, 41]. During the
compression tests after the elastic deformation of 6082 alloy, the PLC effect occurs,
which causes serrations on the deformation curves. Since it is connected with the
sudden motion of dislocation bands it produces AE events with a relatively low rise
time [3, 40].

Non-heat treated specimens exhibit a less pronounced AE response than the
heat treated specimens. It can be explained by the higher initial dislocation density
and aged microstructure. In generally, increasing dislocation density reduces the
flight distance and the free length of moving dislocations, which results in a decrease
in the AE activity [29, 41]. Therefore, during the deformation only small dislocation
groups could develop which were able to move small distances. This fact can also be
used for explanation of low amplitude serrations on the deformation curves for non-
heat treated specimens (Figs. 11-16).

Due to low initial dislocation density in heat treated specimens, their plastic
deformation begins with massive dislocation multiplication [11]. Therefore, AE
signals are determined as large AE events consisting from more overlapped AE
events (Fig. 42 —DI1). As a result, varying rise time for AE events during the
experiment is detected. The different A,,,, and rise time values at the beginning and
during the plastic deformation probably originate from this overlapping of more AE
events. Due to high dislocation density at the end of the deformation, overlapping of
AE events has a low probability to occur in this stadium of deformation (Fig. 42 —
D2).

Correlation of serrations on the deformation curve with A, can be
influenced by overlapping of AE events. Not every deformation serration can be
related to measurable AE response, because either the collective dislocation
movement cannot produce detectable AE signals or strong AE signals due to
overlapping of AE events can be observed as one. It follows that evaluation process
in order to separate individual AE events is not adequate for all AE events (Fig. 42 —
DI1). By a modification of AE parameter values (increase of threshold level and
minimum hit length, decrease of separation time, maximum hit length and dead time)
a wave packet can be separated in incomplete AE events. On the other hand, such

modification in values of AE parameters can cause a loss of small amplitude AE
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events. This evaluation effect is also responsible for very high rise time which can be
seen in Figs. 40 - 43.

The deformation curves of heat treated specimens exhibit pronounced
serrations which are caused by their homogenized initial structure with a relatively
low dislocation density. The low strain parts of deformation curves (Figs. 18, 21, 24
and 27) show large serrations containing small serrations. This can be explained by
the motion of smaller dislocation avalanches before the motion of the whole
dislocation band which also produces a detectable AE event [41], with a shorter rise
time than it is produced by the motion of the whole band. Fig. 42— D1 shows how the
AE events follow in the area where the serrated large stress jumps on the
deformation curve were detected. The small amplitude AE events could be produced
by changes which also caused the small serrations on the curve, whereas the last
event on Fig. 42— D1, with the highest A, could be caused by the same process (by
the motion of the whole band) than the large stress jump on the deformation curve.
This avalanche like character of dislocations bands movement was also observed in
rise time vs. time plots (Figs. 40, 41 and 42) where a sequential increase in rise time
values before a local maximum can be seen.

The high strain regions of deformation curves of specimens deformed at the
highest strain rate (10~ s™) show regularly serrated curves (Figs. 19 and 25). In this
deformation state, the dislocation density can be so high [11] that only small
separated dislocation avalanches can move what evokes to be a similar situation to
non-heat treated specimens (Figs.12 and 13). Fig. 42— D2 shows an AE event
produced almost at the end of the deformation which is probably caused by the PLC
effect. The low rise time and the high A,.x shows, that this burst signal is caused by
the sudden motion of dislocation band.

The irregular serrations on the large stress jumps (Figs. 21 and 27) and in the
region of the high strains (Figs. 22 and 28), observed for the heat treated specimens
deformed at smallest strain rate (10 s™), can be explained by the longer waiting time
of dislocation groups, caused by a slower increase of the local overstress at obstacles
and by the motion of different dislocation groups. Similar scenario was also seen for
non-heat treated specimens (Figs. 15 and 16).

In the case of the T102h400°C specimen, at the beginning the low A, and
short rise time comes from the deformation of the preferably oriented grains. In the

area of the Liiders phenomenon [40] the AE comes from the multiplication of the
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dislocations. At the beginning of the specimen deformation the dislocation
multiplication is so rapid that the AE events are detected as overlapped therefore the
detected AE is continuous. Because of this events are evaluated as one event with a
long rise time.

In the following area the PLC phenomenon occurs, causing burst AE events
which are detected and evaluated as separated events, therefore there are high A,
and short rise time values [40].

During the deformation of materials, various processes can occur which have
a different rise time and A, But these processes often have characteristic values
which can be seen in Figs. 45-49 showing the dependence of the A,,,, on the rise time
of the AE events.

At the beginning of the deformation of heat treated materials the dislocations
multiply causing A, and rise time dependent on the speed of the dislocation
multiplication. In a structure deformed with high strain rate the dislocation
multiplication is very rapid and the number of the dislocations which cause one AE
event is higher than in a material deformed with a low strain rate. Since the
dislocation density increases quickly, the AE events are detected as overlapped. The
result is that in a fast deformed material the A,,,, is high due to the greater number of
dislocations causing the event [30]. Similarly, because of the lower number of
multiplied dislocations causing the AE event, the A, is lower [30]. The rise time
varies with the number of the overlapping events.

The AE events caused by the PLC effect, by the motion of the dislocation
groups have a rise time and A,,,, dependent on the size of these moving dislocation
groups and the applied strain rate. The large serrations are caused by the avalanche
like movement of large dislocation groups. The smaller dislocation groups breaking
away from the large dislocation band cause smaller serrations and AE events with
smaller A,,,, but with a rise time dependent on the strain rate. In a material, deformed
at high strain rate, the small dislocation groups can have a various number of
dislocations but due to the high strain rate they will have a rather short rise time. In a
material deformed at low strain rate these small dislocation groups would be pinned
more effectively by solute atoms. Therefore the unpinned small dislocation group
would have a very small A, even if the event consists of overlapping events. But
due to the overlapping of the events with different rise time the events will have a

wide range of rise times.
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At the end of the deformation, where no large serrations occur and the
dislocation density is high [11], the high A, event can come from the movement of
large dislocation group or from degradation of material.

To study a possible occurrence of self-organised criticality in collective
dislocation dynamic, power law distribution was used. The energy distribution of AE
signals follows a power law which is given by P(Eag) ~ (A,,mz)'“.

To check the influence of the parametrization of AE signals on results,
various threshold voltages for determination of AE events were used (see also [42]).
It can be seen that the power law exponent o is independent on its set up (Fig. 32).
The main effect of increasing threshold voltage is in reduction of numbers of points
in the dataset. The possible explanation for the data points which are below the linear
dependence at low A,q” is the improper choice of the evaluation threshold value.
When it is too close to the noise level, there are false detected AE events with small
energies. The possible explanation for the data points which are above the linear
dependence at low Amax2 is the low value of the chosen bin size. Since most of the
AE events have a small A, the choice of a big bin size would result, that all these
small A, events would be counted in one group with a high P(A,mx2 ). Decreasing
the bin size the number of A,,,, events would decrease together with the P(A,mxz ).

The data point which is out of the linear dependence at high Ama,c2 can be
explained by the occurrence of AE signals which stem from massive internal
changes, like cracking what results in enormous A,,,. Since such events occur rarely,
the evaluation program counts them into one group with a higher bin size, but the
result is a high value of P(Amax2 ). In some cases, like in [44] data point occurred
below the linear dependence. This deviation was in [43] explained as the effect of the
internal stresses resulting from the restraint of an avalanche by grain boundaries.

Both investigated alloys show power-law distribution of A,mx2 over a range as
long as 3 orders of magnitude independently on the alloys composition, parameters
of deformation and microscopic processes which occur during plastic deformation.
This confirms the hypothesis that the plastic deformation manifests a universal
avalanche-type nature of the distribution of A,WZ. The variation of the exponent
value with the deformation conditions shows that this exponent is not a universal
value for all microscopic mechanisms of plastic deformation (see also [42]).

A similar finding has been published in [44]. It describes the results of

compression creep experiments provided on ice single and polycrystals. In this work
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a power law exponent o = 2.0 £ 0.1 was found for single crystals independently of
the temperature confirming the independence of the critical dynamics of the
individual dislocation behaviour. It argues that this result comes from the long-range
elastic interaction between dislocations. In polycrystals a smaller power law
exponent was found than in single crystals, which varied with the average grain size.

Different types of PLC serrations were observed during the compression
tests. According to [14, 17] at the highest strain rate in the case of the non-heat
treated specimen the D type occurred causing a deformation curve with repeating
stress increase and plateau (Fig. 12). It was followed by a B type serration at high
strains appearing as regular serration fluctuating about the stress-time curve (Fig.
13). In the non-heat treated material deformed with low strain rate in the small strain
region a D type serration (Fig. 15) was observed which transformed in the high strain
region into a C type serration fluctuating below the normal stress level (Fig. 16).The
heat treated sample’s serrated stress jumps for the highest strain rate can be named as
type B (Figs. 18, 19, 24 and 25), but at lower strain rate the irregularly serrated curve
has a C character (Figs. 21, 22, 27 and 28). During the tensile test a mixed A+B type
PLC effect occurred (Fig. 31) [40].
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Future work

The AE data streaming allows further analysis of detected AE signals. With
the change of evaluation parameters (dead time, threshold voltage etc.) different AE
events can be included into the statistical analysis of the results. It can help to study
separately the AE events of different parameters. It also allows the separation of
overlapped AE events.

The AE records as well as the deformation curves could be studied with the
help of the multifractal analysis, which could reveal information about correlation

between time or property scales [39,45].
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Conclusions

Deformation tests were performed on 6082 and 5182 Al alloys with the
concurrent detection of the AE signals. The experiments confirmed that the
investigated specimens exhibit the PLC phenomenon which is manifested by
serrations on the deformation curve. Moreover, 5182 alloy also exhibited the Liiders
phenomenon, which occurred as serration on the deformation curve in the area of the
plateau.

Different serration types were observed depending on the conditions of the
deformation tests. In non-heat treated 6082 alloy, at high strain rates, the D type
occurred followed by a B type serration and at small strain rates, the D type emerged
following by a C type serration. During the deformation of the heat treated
specimens at high strain rates the B type occurred and at lower strain rates, the
serration had C character. During the deformation of the 5182 alloy the A+B mixed
type was detected.

The change of the AE activity during the deformation was observed. In non-
heat treated specimens, the AE activity was low, whereas in heat treated specimens
high AE activity was detected during the multiplication of the dislocations and
during the PLC effect.

With the help of the AE data stream the presence of the overlapped AE events
during the AE evaluation was observed.

The independence of the power-law exponent on the choice of the threshold
voltage used by the events extraction from the AE data stream was presented.

The power law distribution of A, 2 was shown for all specimens with an
exponent confirming the avalanche-like nature of plastic deformation.

With the help of clustering of the A,,-rise time dependence data, different

processes which occurred during the deformations were distinguished and described.
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