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Abstract: Amplitude dependent internal friction (ADIF) was measured in three AZ magnesium
alloys. Two types of experiments were performed: ADIF was measured step by step with the
increasing strain amplitude and ADIF was measured after predeformation of samples in torsion.
All experiments were done at room temperature. The quality factor was used as a measure of internal
friction (IF). The quality factor decreased in the region of smaller amplitudes, and approaching some
critical amplitude, εcr, rapidly increased. This critical amplitude increased with increasing maximum
strain amplitude and predeformation of samples up to ~6%. Such behavior can be explained by
considering mobile solute atoms, which may migrate along the dislocation line in the region of
smaller amplitudes and perpendicular to the dislocation line in the region of higher amplitudes.
A competition between dragging and depinning of solute atoms with dislocation lines may very well
explain the measured dependencies.

Keywords: AZ magnesium alloys; amplitude dependent internal friction; critical strain amplitude;
predeformation in torsion; dislocations; solute atoms

1. Introduction

The lightest commercial structural alloys, magnesium alloys, offer lightweight, high specific
stiffness, strength, and good machinability. Due to these properties, magnesium materials are the
focus of engineers and designers [1–5], and their applications allow for energy savings in transport
facilities. Nowadays, magnesium alloys due to their non-toxicity have become interesting materials
for applications in medicine as biodegradable implants or coronary stents [6–9]. On the other
hand, mechanical properties like low yield strength, low fatigue strength, and poor ductility at
low temperatures are still their main disadvantages. Magnesium alloys, especially the AZ series
(Mg–Al–Zn), which have been widely used in the automotive industry including parts such as steering
wheels, steering column parts, instrument panels, seats, gear boxes, and others [10]. With increasing
Al content, the strength of alloys increases while lower Al content is favorable for material plasticity.
Mechanical properties of AZ magnesium alloys can be improved using some thermal treatments. Heat
treatment is one of the most effective means for changing the microstructure to meet the requirement of
the special mechanical properties. In addition, it is necessary to note that the other favorable property
of AZ designation alloys is their relatively simple precipitation process [1–14].

With the evolution of modern industry and transportation, noise pollution has become one of
the major environmental problems [15]. The development and application of high damping materials
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(HIDAMATs) is one of the most effective measures at reducing noise and vibrations. Moreover, it is
necessary to point out that the high damping properties of magnesium alloys are not features that are
available for other metallic structural materials [15,16].

Damping capacity or internal friction is usually measured depending on temperature (TDIF) or
frequency (FDIF); in fewer cases, amplitude dependent internal friction (ADIF) has been studied. ADIF
is usually interpreted on the basis of the Granato and Lücke model (G–L model), which describes
dislocation–solute atom interactions [17–19]. The original model deals with the break-away of moving
dislocations from static pinning points (solute atoms) in the glide plane. This model has been
refined several times with the aim to express other aspects of this process such as thermally activated
break-away of dislocations from solute atoms or their small clusters, dragging of solute atoms with
dislocations, and diffusion of solute atoms at elevated temperatures [20–25]. Data concerning the ADIF
of magnesium alloys of the AZ series have been reported in several papers [26–29]. ADIF strongly
depends on the microstructure of samples. This connection is, in principle, a complex problem which
has not been satisfactorily solved on the general level up to now.

In this work, ADIF was measured for three magnesium alloys of the AZ series, which were
submitted to homogenization annealing. We studied the influence of predeformation in the compression
on the ADIF curves with the aim to find out how the changes in the microstructure may affect the
internal friction characteristics.

2. Materials and Methods

2.1. Microstructure of Alloys

Commercial magnesium alloys AZ31, AZ61, and AZ91 were used as an experimental material,
supplied by their respective manufacturer in a cast state without heat treatment in the form of ingots.
The real chemical composition of these alloys was examined using a spark emission spectrometer
SPECTROMAXx (SPECTRO/AMETEC, Kleve, Germany) and the results are shown in Table 1.

Table 1. The chemical composition of magnesium alloys in wt. %.

Elements Al Zn Mn Si Fe P Mg

AZ31 2.980 0.655 0.202 0.067 0.007 0.002 balance
AZ61 6.880 1.200 0.229 0.079 0.007 0.005 balance
AZ91 7.810 0.645 0.195 0.053 0.017 0.005 balance

The microstructure of materials was studied with a light microscope ZEISS Neophot 32 (CARL
ZEISS, Jena, Germany) and scanning electron microscope TESCAN Vega II LMU (TESCAN ORSAY,
Brno, Czech Republic). To reveal all the microstructure details, deep etching was used [30,31]. Three
microstructure states were studied: initial state; homogenized state, where samples were annealed at
390 ◦C for 22 h and rapidly cooled in water of ambient temperature; and state after predeformation
in torsion.

The microstructure of the AZ31 alloy (light micrograph presented in Figure 1a and electron
micrograph shown in Figure 1b) was mostly dendritic, consisting of δ solid solution of alloying
elements Al, Zn in Mg and γ phase Mg17Al12, and eutectics (formed by δ solid solution and γ phase).
Phases containing other additive elements and magnesium were found in the interdendritic areas.
Fine discontinuous precipitates were situated in the interdendritic places of the γ phase. Besides the γ
phase, further precipitates consisting of alloying elements Mn, Si, and Fe were detected.
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Figure 1. Microstructure of the AZ31 alloy in the initial state. (a) Light micrograph. (b) Electron 
micrograph. Picric acid was used for etching. 

Heat treatment caused the formation of a polyedric microstructure in the AZ31 alloy (see Figure 
2). Particles of the γ phase during the annealing mostly dissolved. Small particles visible in Figure 2 
are phases of Mn, Fe, and Si that remained undissolved due to their limited solubility at the low 
annealing temperature.  
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Figure 2. Microstructure of the AZ31 alloy after heat treatment. (a) Light micrograph. (b) Electron 
micrograph. Picric acid was used for etching. 

The microstructure of the AZ61 alloy (light micrograph in Figure 3a and electron micrograph in 
Figure 3b) was formed in a similar manner to that of the AZ31 alloy by the α solid solution and γ 
phase in the form of dendrites. Discontinuous precipitates, rarely present in the AZ31 alloy, were 
situated in the interdendritic areas. Note that this alloy exhibited an approximately two times higher 
content of Zn, thus the precipitation process was slightly different and it is very likely that the 
concentration of residual precipitates after the annealing procedure was higher when compared with 
the AZ91 alloy, as will be described in the next section. 

Figure 1. Microstructure of the AZ31 alloy in the initial state. (a) Light micrograph. (b) Electron
micrograph. Picric acid was used for etching.

Heat treatment caused the formation of a polyedric microstructure in the AZ31 alloy (see Figure 2).
Particles of the γ phase during the annealing mostly dissolved. Small particles visible in Figure 2
are phases of Mn, Fe, and Si that remained undissolved due to their limited solubility at the low
annealing temperature.
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Figure 2. Microstructure of the AZ31 alloy after heat treatment. (a) Light micrograph. (b) Electron
micrograph. Picric acid was used for etching.

The microstructure of the AZ61 alloy (light micrograph in Figure 3a and electron micrograph in
Figure 3b) was formed in a similar manner to that of the AZ31 alloy by the α solid solution and γ phase
in the form of dendrites. Discontinuous precipitates, rarely present in the AZ31 alloy, were situated in
the interdendritic areas. Note that this alloy exhibited an approximately two times higher content of
Zn, thus the precipitation process was slightly different and it is very likely that the concentration of
residual precipitates after the annealing procedure was higher when compared with the AZ91 alloy,
as will be described in the next section.



Crystals 2020, 10, 608 4 of 18
Crystals 2020, 10, x FOR PEER REVIEW 4 of 19 

 

  
(a) (b) 

Figure 3. Microstructure of the AZ61 alloy in the initial state. (a) Light micrograph. (b) Electron 
micrograph. Picric acid was used for etching. 

The microstructure of the AZ61 alloy changed after heat treatment into polyedric grains (light 
micrograph in Figure 4a and electron micrograph in Figure 4b). A part of the γ phase particles 
remained insoluble in the matrix beside stable Mn, Fe, and Si particles.  
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Figure 4. Microstructure of the AZ61 alloy after heat treatment. (a) Light micrograph. (b) Electron 
micrograph. Picric acid was used for etching. 

Figure 5a,b shows the microstructure of the as cast AZ91 alloy. Similar to the previous two 
alloys, the microstructure of the AZ91 alloy was significantly dendritic in its initial state. As the alloy 
contains the same additive elements as the AZ31 and AZ61 alloys, the same phases, eutectics, and 
discontinuous precipitates were formed in the interdendritic areas.  

Figure 3. Microstructure of the AZ61 alloy in the initial state. (a) Light micrograph. (b) Electron
micrograph. Picric acid was used for etching.

The microstructure of the AZ61 alloy changed after heat treatment into polyedric grains (light
micrograph in Figure 4a and electron micrograph in Figure 4b). A part of the γ phase particles remained
insoluble in the matrix beside stable Mn, Fe, and Si particles.
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Figure 4. Microstructure of the AZ61 alloy after heat treatment. (a) Light micrograph. (b) Electron
micrograph. Picric acid was used for etching.

Figure 5a,b shows the microstructure of the as cast AZ91 alloy. Similar to the previous two alloys,
the microstructure of the AZ91 alloy was significantly dendritic in its initial state. As the alloy contains
the same additive elements as the AZ31 and AZ61 alloys, the same phases, eutectics, and discontinuous
precipitates were formed in the interdendritic areas.
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2.2. Internal Friction Measurements 

An indirect ultrasonic method was used for the internal friction measurements. This method is 
based on continuous sample excitation to oscillations at a frequency close to the resonant frequency. 
The quality factor Q−1 was used as a measure of internal friction. The quality of the resonance system 
was calculated by measuring the resonance peak (see Figure 7) and finding its width at three decibel 
levels: 𝑄 = ∆   (1)

where fr is the resonant frequency in Hz and Δfr3dB = f2 – f1 is the width of the resonance peak for the 
three decibel levels in Hz. 

Figure 5. Microstructure of the AZ91 alloy in the initial state. (a) Light micrograph. (b) Electron
micrograph. Picric acid was used for etching.

Polyedric grains are the typical features in the microstructure of the AZ91 alloy after heat treatment
(light micrograph in Figure 6a and electron micrograph in Figure 6b). The majority of the γ phase
particles in the alloy was dissolved. However, the debris of undissolved particles of the γ phase as
well as particles based on Mn, Fe, and Si remained in the alloy.
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Figure 6. Microstructure of the AZ91 alloy after heat treatment. (a) Light micrograph. (b) Electron
micrograph. Picric acid was used for etching.

2.2. Internal Friction Measurements

An indirect ultrasonic method was used for the internal friction measurements. This method is
based on continuous sample excitation to oscillations at a frequency close to the resonant frequency.
The quality factor Q−1 was used as a measure of internal friction. The quality of the resonance
system was calculated by measuring the resonance peak (see Figure 7) and finding its width at three
decibel levels:

Q−1 =
∆ fr3dB

fr
(1)
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where fr is the resonant frequency in Hz and ∆fr3dB = f 2 − f 1 is the width of the resonance peak for the
three decibel levels in Hz.
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Internal friction measurements were carried out seven times, with the increasing maximum 
strain amplitude characterized by the increase of the exciting voltage from 1 up to 7 V. The voltage 
was step by step increased up to the chosen maximum strain amplitude and then the amplitude was 
again dropped back to zero. 
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calculated from the shortening of samples. The ADIF was measured at the increasing strain 
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Figure 7. Schematic drawn of the resonant curve and estimation of the limiting frequencies f 1 and f 2.

The internal friction measurements were carried out using a precise in-home made apparatus
(University of Žilina, Žilina, Slovak Republic) consisting of a transducer, waveguide, and electronic
part (Figure 8a). The transducer is the source of ultrasonic waves and in the same time as the detector.
All specimens were manufactured from ingots of the relevant material. Their dimensions and shape
should fulfill the resonance condition (i.e., the natural frequency must be approximately the same
as the frequency of the test equipment ± 10 Hz). Samples rods exhibited the shape of an hourglass
with the length of 78 mm and the diameter of 12 mm. In the narrowest point of the sample shaft,
the diameter was 5 mm (see Figure 8b) [32].
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Figure 8. Parts of the experimental ultrasonic resonance device for internal friction measurement. (a)
Electromechanical part of the apparatus. (b) The test bar for the measurement of the damping measurements.

The resonant system was actuated by piezoceramic elements. The vibration amplitudes of a
specimen were controlled by the loading voltage amplitude and measured by an electric current in
the circuit. The experiment was controlled by the computer [32]. Internal friction experiments and
predeformation of samples were performed at room temperature. For comparison, the ADIF was
measured in pure magnesium.

Internal friction measurements were carried out seven times, with the increasing maximum strain
amplitude characterized by the increase of the exciting voltage from 1 up to 7 V. The voltage was step
by step increased up to the chosen maximum strain amplitude and then the amplitude was again
dropped back to zero.
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Samples were predeformed step by step in the uniaxial compression test. The strain was calculated
from the shortening of samples. The ADIF was measured at the increasing strain amplitudes with a
step of 0.1 V up to the maximum amplitude of 7 V.

All measurements of the ADIF were performed on the heat-treated samples (solution annealing at
390 ◦C with a residence time of 22 h and rapid cooling in water) to ensure a homogeneous structure.

3. Results

Amplitude dependencies of the quality factor Q−1 estimated for the AZ31 alloy and various
maximum amplitudes are shown in Figure 9. For small voltages from 1 to 3 V, the internal friction
decreased with the increasing amplitude. Reaching the maximum amplitude, the internal friction again
decreased with the decreasing amplitude to the default value. The curve obtained for the maximum
amplitude of 4 V decreased with increasing strain amplitude, followed by a short region where the
internal friction is independent of the strain amplitude. During the measurement back from the
maximum amplitude, the internal friction values were practically the same as in the increasing branch.
Curves obtained for the three highest three maximum amplitudes exhibited different characteristics.
There was a critical amplitude, εcr, at which the initial IF decrease changed into an increase up to the
maximum amplitude. During the measurement with the decreasing strain amplitude, estimated IF
values were different to values in the increasing branch. In the vicinity of the critical amplitude, both
branches again followed the same dependency.
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Figure 9. Amplitude dependencies of IF measured for AZ31 alloy and increasing maximum
strain amplitudes.

The amplitude dependencies of IF in the AZ61 alloy was performed in a similar manner as that in
the case of the AZ31 alloy for the maximum strain amplitudes from 1 V to 7 V (see Figure 10). During
the measurement at the highest amplitude of 7 V, the sample broke. Amplitude dependencies of IF
exhibited a similar course as in the case of AZ31 alloy. The critical amplitude was found only for the
two highest amplitudes.
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Figure 10. Amplitude dependencies of IF measured for the AZ61 alloy and increasing maximum
strain amplitudes.

The amplitude dependencies of IF measured for the AZ91 alloy and the maximum amplitudes
from 1 to 7 V are reported in Figure 11. The internal friction values decreased with increasing strain
amplitudes and the maximum voltage from 1 to 4 V. The IF values obtained during the measurement
with the decreasing amplitude were practically identical to those in the increasing branch. The critical
amplitudes were found for the three highest strain amplitude of 5–7 V.
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Figure 11. Amplitude dependencies of IF measured for the AZ91 alloy and increasing maximum
strain amplitudes.

The ADIF measurements were performed for all three alloys after predeformation in compression.
The curves estimated for various steps of the plastic deformation of the AZ31 alloy are shown in
Figure 12. The IF values decreased with increasing strain amplitude up to a critical amplitude, εcr.
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For the strain amplitudes higher than the critical amplitude, the IF values again increased. From
Figure 12, it follows that the predeformation step strongly influences the critical amplitude, which
shifted to higher amplitudes with the increasing plastic strain; some effect of the saturation of this
tendency was obvious.
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Figure 12. Amplitude dependent internal friction measured for the predeformed samples of AZ31.

Traces of plastic deformation on the surface of the AZ31 alloy, deformed to ε = 9.44%, are shown
in Figure 13a,b. Plenty of deformation bands formed in particular grains was a typical feature of the
microstructure of the sample submitted to plastic deformation and the fine structure of the strain bands
is visible in Figure 13b.
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(a) Deformation bands of two slip systems in particular bands. (b) Fine structure of the strain band.

Amplitude dependencies of IF measured on deformed samples of the AZ61 alloy is are presented
in Figure 14. Due to the low plasticity, two samples were examined. Both broke after a small plastic
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deformation. As above-mentioned, the limited plasticity of the AZ61 samples was most likely due to
the higher Zn content in this alloy. The IF decreased with the increasing strain amplitude up to a critical
amplitude. Reaching the saddle point, IF increased up to the chosen maximum amplitude. The critical
strain amplitude, εcr, increased with the increasing predeformation step. The saturation region was
not achieved in this case because of lower compressive predeformation compared with the AZ31 alloy.
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Deformation bands and mechanical twins were visible on the surface of the predeformed AZ61
alloy (Figure 15a,b). Brittle γ was broken whereas the region of the discontinuous precipitate was not
deformed. Deformation bands were formed inside of grains.

Crystals 2020, 10, x FOR PEER REVIEW 10 of 19 

 

small plastic deformation. As above-mentioned, the limited plasticity of the AZ61 samples was most 
likely due to the higher Zn content in this alloy. The IF decreased with the increasing strain amplitude 
up to a critical amplitude. Reaching the saddle point, IF increased up to the chosen maximum 
amplitude. The critical strain amplitude, εcr, increased with the increasing predeformation step. The 
saturation region was not achieved in this case because of lower compressive predeformation 
compared with the AZ31 alloy. 

 

 
Figure 14. Amplitude dependent internal friction measured for the predeformed AZ61 alloy. 

Deformation bands and mechanical twins were visible on the surface of the predeformed AZ61 
alloy (Figure 15a,b). Brittle γ was broken whereas the region of the discontinuous precipitate was not 
deformed. Deformation bands were formed inside of grains.  

  
(a) (b) 

Figure 15. Deformation traces on the surface of the AZ61 alloy. (a) Massive deformation bands in 
particular grains. (b) Detail of strain bands. 

Amplitude dependencies of IF measured for the AZ91 alloys are shown in Figure 16. Two 
samples were used because the first sample broke during the predeformation procedure. A lower 

Figure 15. Deformation traces on the surface of the AZ61 alloy. (a) Massive deformation bands in
particular grains. (b) Detail of strain bands.

Amplitude dependencies of IF measured for the AZ91 alloys are shown in Figure 16. Two
samples were used because the first sample broke during the predeformation procedure. A lower
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step of deformation was chosen for the second sample with the aim to obtain more than two curves.
For both samples, a shift of the critical amplitude to higher values was observed. An exception was the
dependency measured after a very low prestrain of 0.67%. This curve exhibited the highest value of
the critical strain amplitude.
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Figure 17a illustrates the manifestation of plastic deformation on the surface of the AZ91 alloy.
Formation of strain bands and twins can be better seen in the enlarged square shown in Figure 17b.
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The amplitude dependencies of the internal friction obtained for non-deformed and predeformed
alloys are shown in Figure 18. From Figure 18, it can be seen that the influence of the predeformation
in parts of the curves lower than the critical strains was only moderate. On the other hand, the critical
strain depends on the predeformation step, as reported in Figure 19a,b.
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4. Discussion

Regarding the amplitude dependent internal friction, the Granato and Lücke (G–L) model is
usually mentioned [16,17]. According to this model, the amplitude dependence of IF may be divided
into two regions: for small amplitudes, the quality factor, Q−1, is independent on the amplitude; in the
region of higher amplitudes, Q−1 increases with increasing strain amplitude.

Q−1 = Q−1
0 + Q−1

H , (2)

where Q0
−1 is the amplitude independent component of IF and QH

−1 is the amplitude dependent or
hysteresis IF component. This course of the ADIF was observed many times and also in the case of
magnesium and its alloys [13,25,29,33–36]. The amplitude independent component Q0

−1 may be the
sum of various contributions; all inhomogeneities in the material, grain boundaries, and particles of
the second phase may dampen ultrasonic waves. Dislocations are a very effective source of IF and
represent the main contribution to IF in metals and metal matrix composites. Dislocation segments
with the length of, `, between weak pinning points (vacancies, solute atoms) vibrate in the slip plane
and consume mechanical energy carried by ultrasonic waves in collisions with phonons and electrons.
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Longer dislocation segments with a length L, `« L, are pinned in strong pinning points. If the strain
amplitude exceeds a critical value, the break-away of longer dislocation segments from weak pinning
points and their movement in the slip plane is a source of IF in the amplitude dependent region. If
the periodic stress is applied, the longer dislocation segments move in the second half cycle into
the opposite direction and the break-away process repeats. The G–L model in its original form was
constructed for low temperatures. At high temperatures, the influence of thermal activation must be
considered. The amplitude dependent component of IF can be written depending on strain amplitude,
ε0, [20]:

Q−1
H = C1ε0exp(−C2/ε0) (3)

where the C1 and C2 parameters depend on dislocation density, ρ, activation energy, U, and length
of the longer, L, and shorter, `, dislocation segments; C1 parameter ~ `2/3. The stress, σT, which is
necessary for a thermal break-away of dislocation loops, σT, at a finite temperature is given by [4]:

σT = σM

1− (
kT
U1

lnA
)2/3 , (4)

where A is a parameter and, U1, activation energy; kT has its usual meaning. σM is assumed to be
break-away stress in a pure mechanical process. For a double loop with the loop length `1 and `2, it
occurs at the stress:

σM =
2Fm

b(`1 + `2)
(5)

where Fm is the maximum force between dislocations and the pinning point and b is the Burgers vector
of dislocations. As the stress and strain amplitudes are related by Hooke’s law, Equation (5) may be
rewritten with εcr = σT/E, where E is the unrelaxed Young’s modulus. According to the relationship
(5), the critical strain, εcr, depends on the length of shorter dislocation segments, `. All experiments
were performed at room temperature, thus we may consider that the activation energy is, in the first
approximation, constant for all alloys.

The amplitude independent region of IF was not in the reported measurements observed as shown
in Figures 9–11. Anomalous behavior of IF in the amplitude independent region has been observed
by several authors [26,27]. Göken and Riehemann observed a local maximum in the “amplitude
independent” region studying the ADIF in an AZ91 alloy submitted to thermal treatment [26]. They
described the additional damping to cracks, which were formed after annealing at high temperature
(higher than 400 ◦C) and quenching into water. Opening and closing of cracks consumed mechanical
energy carried by the sonic wave. A similar effect of cracks, which were created due to the fatigue
of a material after the mechanical loading, was observed in [27]. ADIF dependencies estimated for
the increasing strain amplitude measured for pure magnesium are shown in Figure 20. In contrast
to AZ alloys, IF increased with the increasing strain amplitude. Pronounced hysteresis was found,
which had different character compared with the alloys measured in this study. The decreasing branch
of the measured loop was higher than the increasing one. Predeformation in compression increased
the IF values up to ε = 5.51%; higher predeformation again decreased the IF (see Figure 21). Such
behavior may by explained in terms of the G–L model. Increased dislocation density due to plastic
predeformation increased IF and decreased the critical amplitude, εcr. Considering the constant number
of pinning points (mainly impurities in Mg) and increased dislocation density, then the effective
length of the shorter dislocation segments distended. Amplitude dependencies of the internal friction
measured for all three alloys exhibited a different character. These experimental results indicate that
solute atoms are most likely responsible for these findings.
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Figure 21. ADIF measured in the predeformed magnesium samples.

The G–L model was developed for “pure” metals, with a relatively small concentration of
impurities. In alloys, the dislocation lines may be occupied with solute atoms diffused to the dislocation
cores where they find places with lower position energy. An anomalous internal friction peak observed
in the “amplitude independent” region of aluminum, containing Cu and Mg solute atoms, was reported
by Kệ [37,38]. The basic assumption of the model by Kệ is the existence of geometrical kinks on
dislocation lines. These kinks may interact with solute atoms during the dislocation motion, realized
by the sidewise motion of kinks. The critical stress necessary to drag the solute atom by the moving
kinks at the critical speed should be much smaller than the drag by moving dislocations. Under the
action of periodic stress perpendicular to the dislocation line, the kink moves sidewise to and from
in the direction of the dislocation line. This means that the solute atom has thus been dragged by a
moving kink. Thus, the solute atom always migrates along the dislocation core so that its migration
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can be much faster than in the lattice. This mechanism is a source of an additional internal friction
peak at very low amplitudes. Observed decrease of IF at low amplitudes is very likely due to the
decreasing branch of this peak. Reaching a critical strain, amplitude dislocation segments break away
from solute atoms and glide in the slip plane. In the next half cycle, dislocations move in the opposite
direction and are again trapped by solute atoms. Movement of dislocation segments in the slip plane is
the reason for the observed hysteresis at the high amplitudes. The interaction of solute atoms (mainly
Al) with the dislocation line in the AZ magnesium alloys during plastic deformation is manifested
by the Portevin–LeChâtelier effect, observed for these alloys at room temperature [39–42]. This fact
testifies that solute atoms are, at room temperature, movable for a short distance in the stress field
around the dislocation core. Note that the deformation experiments are performed at a considerably
lower frequency of 10−5–10−3 Hz.

In experiments with the step by step increasing maximum strain amplitude, the critical strain,
εcr, increased with the increasing maximum strain amplitude. This result is very probably due to the
presence of solute atoms. Vibrating dislocation segments are occupied by solutes rather than when the
length of shorter dislocation segments is smaller. According to (3) and (4), the stress (strain) for the
dislocation break-away must be higher. This hypothesis was supported by the experiment in which
the sample was held at 5 min on the maximum amplitude. In this case, the critical amplitude increased
(see Figure 22).
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The critical amplitude, εcr, decreased for the lower predeforation steps (up to approximately 2%
of plastic deformation) and then increased again (see Figure 19a,b) approaching the saturated region in
the AZ31 and AZ61 alloys. Predeformation of samples higher than ~2% increased the critical strain
at which the quality factor started to increase rapidly. Predeformation in compression increased the
dislocation density and density of the newly created twins. The influence of twins on IF has been
observed in several studies [29,43]; the twin boundaries are due to some inhomogeneity in the material
and so influences the IF values. Note that the effect of the twins’ boundary does not depend on the
strain amplitude.

Experimental results showed that:

• The critical strain, εcr, after the initial rapid decrease in the region of small predeformation steps,
again increased with the increasing maximum strain amplitude; and
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• A saturation region of the εcr vs % of predeformation was observed for the AZ31 and AZ61 alloys.

Observed decrease of the critical strain is very probably a consequence of the increased dislocation
density. “Fresh” newly created dislocations are better movable and exhibit higher length of shorter
dislocation segments, `. As the critical strain is inversely proportional to `, the critical strain decreases.
If the dislocation density increases (the predeformation steps higher than 2–3% of plastic deformation),
the dislocation mobility is restricted, and solute atoms (mainly dissolved Al) occupy the dislocation lines,
and competition between depinning and dragging of solute atoms may take place. The mechanism of
interaction depends on the ratio of two interaction energies: the binding energy between the dislocation
and solute atoms and migration energy of the solutes. The dislocation line is partially occupied by
solute atoms which are dragged, and the higher force is necessary for the depinning act. The existence
of competition between dragging and depinning was experimentally observed in cold worked fcc
metals [44]. Such behavior may explain why the critical strain increases with increasing maximum
strain amplitude. The solute atoms occupied dislocation lines and for the depinning, higher stress
(strain) is necessary. With the increasing dislocation density after predeformation, the mobility of
dislocation segments decreases. The distance of solutes to the dislocation lines also decreases. This is
probably the reason why dislocation lines are fully saturated with the solute atoms and the length of
shorter dislocation segments, `, is of the order of units b. The stress for the break-away of dislocations
is higher due to collective pinning of solute atoms [24]. Note that acoustic phonons carried by the
ultrasonic wave may very well activate these processes.

5. Conclusions

Three Mg–Al–Zn alloys were submitted to homogenization annealing. Amplitude dependencies
of internal friction were measured at room temperature on non-deformed samples and samples
plastically deformed in compression. In the deformed microstructure, deformation bands containing
new dislocations and twins were observed. IF decreased with increasing strain amplitude, then
approaching a critical amplitude, the internal friction rapidly increased. Such shape of the ADIF
curves was estimated for all alloys while the curves obtained for pure Mg were different. The critical
amplitude changed, depending on the maximum strain amplitude. Predeformation of samples up
to 2–3% decreased the critical strain amplitude. Higher plastic deformation increased the critical
amplitude. Such behavior cannot simply be explained by the Granato and Lücke model of the amplitude
dependent internal friction in which dislocation segments oscillate in the field of not mobile pinning
points. In the presented study, amplitude dependencies of IF showed that solute atoms may migrate
at low amplitudes along the dislocation lines and in the region of higher amplitudes, competition
between the dragging of solute atoms and break-away from dislocations play important roles.
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33. Trojanová, Z.; Chmelík, F.; Lukáč, P.; Rudajevová, A. Changes in the microstructure of QE22 composites
estimated by non-destructive methods. J. Alloys Compd. 2002, 339, 327–334. [CrossRef]
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