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Abstract 

With strong recent interests on wrought magnesium alloys, including ZK60, we need better understanding of their 
mechanical behaviour. One of the main challenges in designing Mg alloys is the improvement of their ductility, 
which relies heavily on clear understanding of the synergistic interplay between two primary deformation 
mechanisms – dislocation glide and twinning.  The present study is aimed at clarification of the role of both 
mechanisms operating in Mg alloys using the acoustic emission (AE) technique. The Fourier spectral analysis paired 
with the novel signal categorization technique has been utilized in the present work for this purpose. The stages of 
deformation are discussed in viewof the interaction between main underlying mechanisms. 
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1.  Introduction 

Magnesium is the lightest structural metal available. Its density is 1.74 g/cm3 only, which is 
about four times lower than that of steel. Magnesium alloys show a great potential as structural 
materials due to their higher specific strength compared to aluminium alloys. Besides, Mg is a 
material of choice for academic research on fundamental mechanisms of plastic deformation in 
hexagonal-close-packed (hcp) structures.  The crystalline lattice of Mg has a close to ideal c/a 
ratio of hcp packing. This implies that the 

 
crystallographic direction in the basal plane, is 

the shortest in Mg lattice [1,2]. Therefore, most of the dislocations glide in this direction and the 
basal slip system is the most active slip system in Mg and its alloys. The critical resolved shear 
stress (CRSS) for basal slip is reported to be as small as 0.5 MPa [2], which is approximately a 
hundred times less than for pyramidal and prismatic planes indicating that basal slip is the 
primary mechanism  [4-5]. However, due to the low symmetry of the hcp lattice, the basal slip 
system provides only two independent slip systems, which are less than five needed for a 
uniform deformation. Therefore, in order to increase the formability of Mg alloys, it is essential 
to activate non-basal slip systems. The activity of non-basal slip systems is controlled by the 
CRSS, which depends on many factors such as impurities, precipitates of secondary phases and 
deformation temperature. 
 
Recently, Mg alloys have been gaining popularity due to their superior mechanical properties 
and progress in processing technologies reducing cost of semi-finished products. Wrought alloys 
exhibit a better combination of mechanical properties compared to cast alloys. Among the 
wrought alloys, ZK60 is one of the best candidates for the widespread use in automotive and 
aerospace industries. The superior strength, fatigue and corrosion performance of the ZK60 alloy 
has been demonstrated on many occasions. With increasing industrial demands on wrought Mg 
alloys, including ZK60, a better understanding of their mechanical behaviour is important. One 
of the main challenges in designing Mg alloys is the improvement of their ductility, which relies 
heavily on clear understanding of the synergistic interplay between two primary deformation 
mechanisms – dislocation glide and twinning. Plastic deformation of Mg alloys is strongly 
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influenced by their texture as well as their grain size. The ductility of Mg alloys may be 
significantly enhanced by texture control and grain refinement through a variety of deformation 
processes and thermo-mechanical treatments.  Since the critical resolved shear stress on basal 
plane is small and deformation twinning is readily activated, basal slip and mechanical twinning 
of the [1012]  type constitute the classical combination of mechanisms for low-temperature 
deformation of alloys with the hcp lattice. 
 
Acoustic emission (AE), the phenomenon whereby transient elastic waves are generated by the 
rapid release of energy from localised sources in a material, is a unique tool capable of 
monitoring deformation processes in real time. Combined with multi-parametric analysis, 
statistical and pattern recognition techniques, the AE results can provide a means of correlating 
the activity of slip and twinning loading diagrams.  
 
Lu et al. [6] investigated the mechanical behaviour of extruded AZ31B Mg alloy with two 
different textures subjected to uniaxial tensile loading. Monotonic and cyclic tensile tests were 
carried out at ambient temperature, and AE signals were recorded to detect various deformation 
processes occurring during the test. The AE results obtained in this investigation are in 
agreement with the common trends: AE activity during tensile deformation of metallic materials 
tends to a peak shortly after yielding. However, what is worthy noticing is that there is virtually 
no stress/strain threshold for AE to be observed, i.e. AE commences immediately after the 
beginning of loading.  As has been shown, the breakaway of dislocations from solute atoms 
should be ruled out as a potent AE source of AE since pure magnesium has no solute atoms but 
has the same AE features as the AZ31 Mg alloy.  In a companion paper [7], Hierarchical 
Clustering and a Kohonen’s self-organising neural network map were used to discriminate 
between the different types of deformation processes occurring during mechanical testing, with 
the data from AE used as input vectors. 
 
As has been discussed above, the two main deformation modes, slip and twinning, compete with 
each other at low homologous temperature. The strain produced by an individual twin is quite 
small and the strain hardening associated with twinning has generally been considered from a 
macroscopic viewpoint as microstructural re –Petch e ect [3,8]. 
However, this little contribution of individual twins into resultant strain can (i) accumulate 
during intensive twinning and (ii) be significant in that rotations in the lattice caused by twinning 
may re-orient the lattice to favour further slip.  Hence, the motivation of the present work is 
threefold: (i) to probe the AE capacity to detect the onset of twinning on a background of 
dislocation slip, (ii) to get a deeper insight into the synergistic interplay between the dislocation 
slip in materials and (iii) to probe a new method of signal categorization for AE analysis.   
 
2.  Experimental  
 
The commercial alloy ZK60 (nominal composition Mg–6Zn–0.5Zr, in wt.%), in the as-received 
(extruded) state was used in the present work.  The tensile tests were conducted on the flat dog-
bone shaped specimens, having the gauge length of 10 mm and the thickness of 4 mm. The 
specimens were machined from the bars parallel to the longitudinal axis. They were then 
mechanically polished with a sand paper and a diamond paste to a mirror finish. Each specimen 



was pulled to failure using an Inston 5900 testing machine operating at a constant rate of 
crosshead displacement with the nominal strain rate of 1×10-2 s-1.  

In the as-received conditions the specimens had a uniform nearly equi-axed grain structure with 
the mean grain size of 20 µm. The average grain size was evaluated from the optical micrographs 
by the standard intercept method. Independently, the grain size distribution was determined by 
using the electron back scattered diffraction (EBSD) technique using the field emission gun 
scanning electron microscope (FE SEM) equipped with the EDAX/TSL detector.  The 
crystallographic texture of the same specimens has been investigated by Orlov et al. [9]. It has 
been shown that the texture of the specimens in the as-received condition is fairly weak.   
 
A broadband AE sensor MSAE-1300WB (Microsensors AE, Russia) with a built-in low-noise 27 
dB preamplifier was securely mounted on the unstrained shoulder part of the specimen using a 
rubber band. Vacuum oil was used as a coupling media to ensure efficient transfer of elastic 
waves from the surface to the transducer. The signal was amplified by 40 dB in the frequency 
band from 50 to 1000 kHz with MSAE FA-010 filter-amplifier and then transferred to the PC-
controlled AE-recording system based on the PCI-2 (Physical Acoustics Corp., USA) data 
acquisition board. This board is featured by continuous data streaming capability, which is best 
suited for the purpose of this work – multiscale analysis of temporal AE features during plastic 
deformation. Hence, AE recording was performed continuously without threshold with 18-bit 
amplitude resolution and 2 MHz sampling rate. 

 
The continuously streamed data were sectioned into subsequent individual realizations of 4096 
samples with 2048 points overlapping. A power spectral density (PSD) function was calculated 
using a Welch technique. Two parameters - the AE 'energy' per realization was obtained as

max

min

( )
f

f
E G f df  and the median frequency fm of the PSD function was computed from 

definition 
m

m0
( ) ( )

f

f
G f df G f df . Both E and fm were obtained from G(f) after subtraction of 

the PSD of the laboratory noise pre-recorded before the onset of loading. More details of AE 
signal processing have been reported elsewhere [10]. 

 
3.  Results  
 
Figure 1a shows the overview of the AE streaming waveforms acquired continuously without a 
threshold. The AE signal can be treated as random time series consisting of a rather intense flow 
of individual bursts as illustrated in the fragment shown in Fig.1b, giving a magnified view of the 
time series on a millisecond time-scale. Even a superficial observation of the AE stream reveals 
that AE is composed of a large number of transient signals, which are commonly termed 
“bursts”. As has been discussed in Introduction, Mg alloys belong to a group of metals which are 
prone to twinning. Twinning has long been recognized as a powerful source of AE both 
theoretically [11, 12] and experimentally [13-15]. Indeed, AE is easily detectable in Mg and Mg 
alloys [16-20]. 

 
In Figure 2 the AE data (root-mean-square (rms) voltage Urms and the AE median frequency fm) 
are synchronized with the loading curve. It becomes evident that the micro-plastic deformation 



commences at a very low applied stress of just few MPa, i.e. almost immediately after the 
beginning of loading, which agrees with the very low CRSS in Mg and its alloys. Even though 
the AE maximum is reached at stresses around macroscopic yielding, the AE signal represented 
in terms of either rms voltage, energy or peak amplitude Up is considerably higher than that of 
the electronic laboratory noise throughout the test (from the onset of loading until fracture). 
Overall, the AE data undoubtedly suggest that no specific offset stress corresponding to the so-
called yield stress separating elastic and plastic parts of the stress-strain curve can be physically 
defined for this particular hcp Mg alloy, which resembles the known results for Cu-based alloys 
[10, 16].  In other words, plastic deformation occurs at any stress though with different rate as is 
reasonably expected from the thermally activated nature of plastic deformation. 
 
Although twining is a very powerful AE source, the plastic strain associated with a single 
twinning event is small so that the intensity of twinning should be very high in order to 
accommodate the imposed plastic strain entirely. In fact, a part of plastic strain can be 
accommodated by dislocation glide.  The distinction between these two types of AE sources is 
not straightforward and is not very meaningful because both mechanisms operate simultaneously 
so that any realization of the AE stream contains contributions from both constitutive 
mechanisms. However, since these two sources exhibit different AE and evolve during 
deformation, it might be possible to make reasonable qualitative conclusions regarding the 
contribution of each mechanism on different deformation stages.  The difference between these 
two mechanisms is commonly associated not only with the shape of the AE waveforms 
(continuous for plastic deformation and burst for twinning), but also with the amplitude and 
power of the AE signals (low amplitude, low power AE for plastic deformation and high 
amplitude, high power AE for twinning). Hence, an attempt can be made to separate these 
mechanisms by means of a quantitative comparison of power spectral densities, provided the 
different elementary sources possess specific shapes of AE spectra as is discussed in great details 
in the paper by Pomponi and Vinogradov (see the same volume) [21]. In that paper a 
mathematically rigorous non-iterative methodology has been proposed for AE signal 
categorization by means of a quantitative comparison between the shapes of PSD functions. 
Although it has been proven effective for particular datasets, quantitative discrimination between 
the two fundamental mechanisms of plastic deformation in the present work is of particular 
interest. 
 
Figure 1b shows a 1.5-ms long fragment of the whole AE record (a) consisting of streaming data 
corresponding to the “steady” stage around which follows the AE maximum for the #I1 
specimen (at 12 s on Fig. 1a shown by an arrow).  Multiple macroscopic AE burstsfollowing 
each other are seen at this scale.  
 
Since the AE signal is seen as a random quasi-stationary process of a fairly large scale, it is 
convenient to call the Fourier spectral decomposition to reveal its statistical features and 
therefore the features of the dynamics in emitting sources and their possible dissimilarities 
during different deformation stages.  Figure 2 illustrates the evolution of AE signal in terms of 
the rms voltage Urms  and the median frequency fm of the PSD function. The AE level increases 
gradually after the beginning of loading up to approximately 6 s and then reduces smoothly, but 
never vanishes until fracture. Considering the behaviour of the median frequency, one can notice 
several stages of deformation, that is, the fm value tends to increase first and then reduces 



 
Figure 1. Full AE stream of monotonic tension test of the ZK60 Mg-alloy (a) and the magnified fragment of the 

same stream corresponding to 12th second of the test  

 
 

Figure 2. Features of the hardening behaviour are indicated by arrows for naked eyes as seen from the 
behaviour of AE parameters  



as deformation proceeds and the AE level decrease. Moreover, evidently that during the initial 
part of straining a small local maximum of fm indicates a minute feature of the deformation 
behaviour of emitting sources not otherwise visible on the stress-strain diagram. 

 
It has been demonstrated in earlier studies that the AE median frequency reduces when strain 
localization takes place, e.g. during propagation of the Lüders bands or necking [22, 23]. 
However, the present specimens do not show pronounced necking, at least up to a very late 
deformation stage. To the contrary, a rather monotonic hardening is observed through the test so 
that the AE spectrum shift towards low frequency domain after 8 seconds of deformation cannot 
be associated with any plastic flow localization. However, the explanation can be given from 
statistical properties of the time-series. Since twinning is intensive process, several bursts fall 
typically into any single realization of 2048 or 4096 points, c.f. Fig. 1b. Hence, the AE spectral 
density depends not only on the properties of individual AE sources but also on temporal 
relationships between them.  If twining would be the only mechanism of plastic deformation, the 
intensity of twinning should increase continuously during constant strain rate deformation since 
finer and finer grains are involved into deformation process, giving rise to higher frequencies in 
the AE PSD function.  However, it is well known that the extent of mechanical twins and the rate 
of twinning tend to decrease after a certain threshold strain which is consistent with the present 
AE observations, Figs 1 and 2.  This can be due to (i) the decrease of the space available for new 
twins due to previous twins and (ii) increasing activity of dislocation slip accommodating plastic 
strains more efficiently than twins. Besides, the rate of twinning depends heavily on the 
orientation of the material's texture to the direction of external stresses. Since any twinning 
mechanism results in a characteristic reorientation of the crystal the crystallographic texture of 
the tested specimen evolves inevitably with strain towards orientations promoting dislocation 
slip (basal and prismatic) [24].  Hence, while finer and finer twins come into play with increasing 
stress and greater and greater dislocation activity is involved into strain accommodation, the AE 
amplitude reduces consequently, the time intervals between individual twin-induced bursts 
increase resulting in the shift of the spectrum to low frequencies. 

 
Shortly before fracture, the AE median frequency drops to very low values. This is a typical 
signature of strain localization in various materials, see e.g. [22, 23]. This rather general 
phenomenon in metals and alloys can be rationalized as follows. As long as plasticdeformation is 
uniform, the elementary processes of plastic deformation such as dislocation glide or twinning 
events occur sporadically here and there over a whole gauge length of the specimen. Thus, they 
can be considered as statistically uncorrelated and independent, i.e. the correlation time between 
the subsequent events of source activity events is small if not negligible. However, as soon as 
gradients or vortexes of plastic deformation appear signifying strain localization the correlation 
time increases, the autocorrelation function widens and the AE spectrum must gain low 
frequency components. This indeed happens on the late stage of deformation just before fracture 
of the alloy under investigation in line with general trends. Hence, it seems reasonable to state 
that the AE spectrum shift to a low frequency domain is a quite common signature of strain 
localization, regardless of details of underlying microscopic mechanisms and phenomenological 
differences between different type instabilities.   

 
Evidently, twinning is a dominant mechanism of AE during the very early deformation stage. 
Although Figs.1 and 2 show clearly that AE exhibits a broad peak at a certain deformation stage, 



the nature of this peak is not very clear. To shed some light on this behaviour and to clarify the 
details of the interaction between twinning and dislocation slip, the AE signal classification with 
respect to the shape of the respective PSD function has been performed using a correlation 
distance as measure of dissimilarity between different clusters. The whole stream was sectioned 
on realizations of 2×1014 readings with 50% overlapping to be representative enough for each 
deformation stage. Using the evolutive clustering scheme by Pomponi and Vinogradov we 
observed that the AE signals fall naturally into four categories with considerably different shapes 
of their spectra as illustrated in Fig.3. We should bear in mind that the proposed clustering 
scheme does not stipulate the number of clusters to be extracted from the dataset. Hence, Fig.3 
represents efficiently the average power spectra for each specific AE source during the test, 
provided the outliers with few members in the class are removed (for instance in the present 
work, the signal corresponding to a catastrophic crack is treated as an outlier and is not shown in 
classification). 

 

 
Figure 3. Results of signal categorization by non-iterative clustering: average shapes of PSD functions 
corresponding to different clusters: cluster 1 is identified as the laboratory noise (time interval 0-1 s in 

Fig. 1a), cluster 4 corresponds to initiation and development of a ductile fracture process on late stage of 
deformation (c.f. frequency drop after 18s in Fig 2)    

Cluster 1 is characterized by a very broad spectrum with the relatively high average median 
frequency, c.f. Fig.4, and is immediately associated with the electric laboratory noise since the 
only noise is recorded before the loading starts, Fig.1a, and only Cluster 1 is seen at this stage. 
This can be best seen in Fig.5 where the evolution of cluster members is shown in terms of the 
cumulative AE energy emitted by particular source mechanism. Low-frequency Cluster 4 is 
associated with strain localization and possibly microcracking before fracture. To clarify the 
details of the underlying mechanism additional microscopic investigations dedicated specifically 
to the late deformation stage are required. This is beyond the scope of the present work and will 
be a subject of further studies. However, Fig.5 reveals that Cluster 4 becomes pronounced only 
on the very late deformation stage before fracture when the fm value drops, c.f. Fig.2. The most 
powerful Clusters 2 and 3 are of primary interest for the purpose of the present work because 
they both correspond to the active mechanisms of plastic deformation throughout the test.  



Cluster 2 appears immediately after the beginning of loading.  It exhibits S-type kinetics with a 
trend to saturation on a mature stage of deformation.  Interestingly is that the inflection point on 
the curve showing the accumulation of the energy in Cluster 2 at about 2 s after the beginning of 
loading coincides with the first appearance of Cluster 3 and the local maximum of fm in Fig.2 
(pointed by an arrow). Then both mechanisms generating signals corresponding to Cluster 2 and 
3 co-exist as deformation proceeds with obvious dominance of Cluster 2 until 9 s when the 
contribution of Cluster 3 into cumulative AE overrides that of Cluster 2. Cluster 2 can be 
associated most likely with the increasing contribution of dislocation slip, which shifts the AE 
power spectrum to lower, compared to twins, cf. Figs.2-4. Figures 3 and 4 illustrate that the PSD 
functions and its properties for both clusters are alike for naked eyes and the difference is in 
minute statistical details.  Besides, based on an arbitrarily chosen 2-d representation of the 
process, e.g. fm versus qf  (kurtosis of the PSD) in Fig. 4, it might be hard to distinguish between 
AE sources since the two-dimensional vectors of selected parameters can overlap significantly, 
even though the separation between the AE clusters and the noise might be still evident. This 
highlights the old-standing problem of the choice of parameters for the best representation of the 
AE signals. For the present authors it seems evident that the best representation for possible 
classification is given in terms of spectral decomposition (Fourier, Wavelet or others) while 
reduction of the space to few fixed parameters reduces inevitably the accuracy of signal 
characterization.  
 

 
 

Figure 4. Distribution of AE clusters in fm-qf (median frequency - kurtosis of the PSD function) 
coordinates. The cluster structure is evident between the "noise" and "AE" while the separation between 

the AE Clusters 2 and 3 in these particular coordinates is hard. Cluster 4 is not visible because the number 
of members of this cluster is small compared to 2 and 3.  

During most of the deformation, both Clusters 2 and 3 co-exist. So do the deformation 
mechanisms – twinning and dislocation slip.  There is no particular “point” of transition between 
these mechanisms. Even though Cluster 2 nearly saturates after 9 s, it does not mean, of course, 
that the deformation mode switched sharply. Within any single realization of 2x1014 readings, 
the AE flux contains the signatures of both operating mechanisms. However, in early 



deformation stages the twinning is the dominant source of AE while on late deformation stage 
the dislocation slip is more pronounced. The S-type kinetics for both mechanisms show that both 
evolve until the source cease to emit AE, i.e. the capacity of the operating mechanisms of plastic 
deformation – twinning or slip – to accommodate the imposed plastic strains with a given rate is 
exhausted. When both mechanisms reach their limits, strain localization comes into force, recall 
Cluster 4, resulting in fracture.     
 

 
Figure 5. Kinetics of evolution of members of different clusters in terms of cumulative AE energy 

(Cluster 1 corresponding to the electronic noise is not shown)  

The AE amplitude is fundamentally associated with the AE source scale and velocity as 
proposed in a model picture by Scruby et al. [24]. These authors calculated dynamic elastic 
displacements at the surface of an elastic half-space due to local stress relaxation at the source. 
Using the point approximation the AE source is modelled by a combination of force dipoles and 
the AE waveform is calculated as a convolution integral of the source function and a transfer 
function of the media where the elastic waves propagate. The surface displacement waveform at 
the sensor location can be evaluated for each tensor component of a source by using the dynamic 
elastic Green’s tensor relating the displacement at any point in the elastic body to the source.  
Despite all limitations, this approach has proven useful for the first order estimations. For a 
shear-type source, which is equivalent in elastic continuum approximation to a dislocation loop, 
expanding along the shear plane at the velocity v to a final radius a in a semi-infinite body, a 
maximum displacement at the epicenter at the surface at a distance r to the source is given as 

  

2

3
T

z

L

c bav
U

c r
 (1) 

where 0/Lc E  and  
0/Tc  are the longitudinal and the shear wave velocities, 

respectively, and E and  the Young and shear moduli, respectively, 0 is the material’s density. 
The AE amplitude at the output of the sensor is supposed to be proportional to Uz.   
 



Since twinning occurs at a relatively high velocity, which is often claimed to be close to the 
velocity of sound (which is significant overestimation in fact), the conditions for AE detectability 
are met even for very fine twins. The amplitude distribution of the AE peak amplitudes Up is 
shown in Fig. 6. Apparently, cf. eq.1, longer twins generate greater elastic surface displacements 
at the sensor location and higher amplitudes of corresponding AE bursts (high amplitude "tail" of 
the distribution). Interestingly is that the Up distribution can be nicely fitted by the log-normal 
distribution shown by a solid line in Fig. 6. Following the logic defined by the eq.1 and provided 
the velocity of twin propagation is constant, this result is quite reasonable because the same log-
normal law is observed for the grain size distribution in the specimen under investigation, Fig. 6 
b. In other words, the AE amplitude distribution appears to be in good agreement with the 
experimental grain size distribution for the same specimen obtained by EBSD.  
 

 
 

Figure 6. AE amplitude distribution (a) and the grain size distributions (b) in ZK60 Mg-alloy. Solid lines 
correspond to fitting by a log-normal function.  

 



Summary and Conclusions 
 
Motivated by one of the main challenges in designing Mg alloys - the improvement of their 
ductility – we aimed at getting a better insight into the interaction, interplay between two primary 
deformation mechanisms – dislocation glide and twinningin ZK60 wroughtalloys using the AE 
technique. The Fourier spectral analysis paired with the novel signal categorization technique 
proposed by Pomponi and Vinogradov [21] has been utilized in the present work for this 
purpose. It was proven effective for discrimination between different AE sources dominating on 
different deformation stages even though different mechanisms of plastic deformation co-exit 
most of the time and the elementary sources operate simultaneously.  The stages of deformation 
are discussed in view of the synergistic interplay between main underlying mechanisms –
twinning and dislocation glide. 
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