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Structural performance of magnesium alloys depends strongly on specific
deformation mechanisms operating during mechanical loading. Therefore,
in situ monitoring of the acting mechanisms is a key to performance tailoring.
We review the capacity of the advanced acoustic emission (AE) technique to
understand the interplay between two primary deformation mecha-
nisms—dislocation slip and twinning—in real time scale. Details of relative
contributions of dislocation slip and deformation twinning to the mechanical
response of pure Mg and Mg-Al alloy are discussed in view of AE results
obtained with the aid of recently proposed spectral and signal categorization
algorithms in conjunction with with neutron diffraction data.

INTRODUCTION

Having a hexagonal closed packed (hcp) structure
and ratio of the crystallographic axes c/a close to

ffiffiffiffiffiffiffiffi

8=3
p

, the deformation behavior of magnesium
alloys is rather different from other hcp metals. At
room temperature, besides the most easily activated
ð0001Þ 11�20

� �

basal slip the activation of first-order

10�10
� �

11�20
� �

prismatic and first-order pyramidal

( 10�11
� �

11�20
� �

) slip systems has been observed.1

The second-order ( 11�22
� �

�1�123
� �

) pyramidal slip
system generally requires either higher applied
stress and/or elevated temperatures to be acti-
vated.1 Accommodating plastic strain in a polycrys-
talline specimen requires activation of at least five
independent deformation modes. The combination
of all systems having hai (i.e. 11�20

� �

) direction
provides at best four independent slip systems.
Further, the hc + ai-slip in the second-order pyra-
midal system has a high critical resolved shear
stress (CRSS) at ambient temperatures.2 Thus,
deformation twinning is preferred mechanism that
accommodates the deformation in line with the von
Mises rule.

In magnesium, the most easily activated twinning
modes are 10�12

� �

extension and 10�11
� �

-type com-

pression twinning.3 The twinning on 10�12
� �

plane

is associated with extension along the c-axis and
reorientation of the lattice by 86.3�. The 10�11

� �

compression twinning results in contraction along
the c-axis and tilting of the lattice by 56�. Formation
of 10�11

� �

- 10�12
� �

-type double-twins have been also
reported in the literature and identified as one of
the mechanisms leading to failure.4

Experimental Methods for Investigation
of Deformation Mechanisms in Magnesium
Alloys

Various experimental techniques are used to
investigate the twinning and dislocation slip in
magnesium alloys. Optical and electron microscopy
are among the most often used methods. The
behavior of extension twins can be observed to some
extent in optical microscope. The twinned area can
be evaluated according to the ASTM E5620-2 stan-
dard. Much more details are provided by the
electron backscatter diffraction (EBSD) technique
disclosing, in particular, orientation relations
between twins and parent grains. The advantage
of EBSD over other methods of observation (e.g.,
optical or secondary electron image acquisition) is
that the local crystalline microstructure can be
characterized using orientation information with
higher spatial resolution.5 Moreover, the method
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gives access to the internal stress distribution at
twin boundaries through the kernel misorientation
maps.

The investigation of the dislocation structure is
usually a more complex task, which is performed by
transmission electron microscopy. However, the
dislocations tend to form tangles, which complicates
their proper identification. Particularly, getting
information about hc + ai-dislocations is difficult
because of their low population and a tendency to
decompose to hai and hci components. Therefore,
pure hc + ai-slip has been studied either in single
crystals6 or in textured materials, where compres-
sion along the crystallographic c-axis is the domi-
nant deformation mode.7 These tests require precise
sample orientation, since even a small (>5�) devi-
ation causes additional basal slip and twinning,
which interferes the observation.6

Recently, the EBSD assisted slip trace analysis
(STA) performed in a scanning electron microscope
(SEM) is used to get a deeper insight into the
activity of different slip systems.8 In this method,
first, orientations of the investigated grains are
determined with the EBSD method. In the next
step, the specimen is deformed up to a given level of
strain, and the slip traces are observed by secondary
electron imaging. Finally, post-mortem EBSD map-
ping is performed to determine the orientation
development of those grains, in which slip traces
were detected. Based on this information the traces
are assigned to particular slip systems. This method
works well for materials with grain sizes below 20
lm, where the slip lines are well defined and the
number of examined grains is statistically repre-
sentative. In the specimens with larger grains a
more diffuse slip pattern develops complicating the
analysis and leading to less conclusive results.8

From the statistical point of view, the diffraction
line profile analysis (DLPA) gives the best results.9

In this procedure, the influence of dislocations on
the peak broadening is evaluated. Each diffraction
pattern is fitted by the sum of a background spline
and the convolution of the instrumental pattern and
the theoretical line profiles related to crystallite size
and dislocations. As a result of the fitting procedure,
the dislocation density and the fractions of disloca-
tions in the different slip system families can be
determined in a large specimen volume.10

In the last decade the in situ testing had come to
the forefront. Offering instantaneous information
about the ongoing deformation mechanisms, the
in situ techniques reduce the impact of relaxation
effects such as detwinning. Digital image correla-
tion (DIC) is the most common technique for
investigation of strain field distribution during
deformation. However, if more detailed information
is required, both STA and DLPA can be used in situ.
The in situ STA is usually provided using a
miniaturized deformation rig, which can be
mounted into the vacuum chamber of a SEM.8 In
the case of DLPA the diffraction profile is recorded

using a hard x-ray or neutron beam.11 The essential
advantage of the synchrotron radiation is its bril-
liance which makes it possible to obtain a high
quality diffraction pattern in seconds.12 The neu-
tron diffraction technique is used when a larger
specimen volume has to be investigated, which is a
key issue for coarse grain (>50 lm) materials.
Besides the information about active slip systems,
the twinned volume can be evaluated from diffrac-
tion data.13

Survey of Acoustic Emission Technique as a
Means for Characterization of Deformation
Behavior of Magnesium Alloys

Providing excellent spatial resolution, the above
reviewed experimental methods can be combined
with acoustic emission measurements (AE), which
complementary offers superior temporal resolution.
The AE technique detects transient elastic waves
generated by rapid energy release from localized
sources within the material it is particularly sensi-
tive for twin nucleation and collective dislocation
motion. The time resolution of AE (few microsec-
onds) is among the highest among currently avail-
able in situ techniques. Due to this fact, the
potential of AE measurements as a deformation
characterisation tool enjoys growing recognition
nowadays.14–16 For example, Chmelik and co-au-
thors17–23 investigated the influence of various
metallurgical factors (texture, grain size and solute
content) on AE and underlying twinning and dislo-
cation slip behaviour under different loading modes
(tension or compression) for Mg alloys AZ31, AZ61
and AZ80. The highest AE level was observed in a
material with the biggest grains, which was
explained by the larger size of mechanical twins
that emerged and propagated within the grains.
Similar conclusions were drawn by Li and Enoki.24

These results provide a convincing illustration of
the capability of the AE technique to investigate
deformation mechanisms in a real time scale.
However, in these studies the distinction between
the AE footprints of the dislocation slip and twin-
ning was argued mostly qualitatively. The capacity
of the AE technique can further be dramatically
enhanced through new methods of advanced signal
processing. For example, Lu et al.25 investigated the
mechanical behaviour of extruded magnesium alloy
AZ31B under uniaxial tensile loading using AE and
hierarchical clustering and Kohonen’s self-organis-
ing neural network map to discriminate between
different deformation processes. They reported that
(a) the breakaway of dislocations from solute atoms
can be ruled out as a potent AE source since pure
Mg exhibits the same AE features as alloy AZ31 and
(b) no stress/strain threshold for AE exists, i.e. AE
commenced immediately after the beginning of
loading. Pomponi and Vinogradov have recently
proposed a new non-supervised approach to AE
signal categorisation.26 This method, termed as
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adaptive sequential k-means (ASK) clustering,
allows in situ real-time monitoring of operative
deformation mechanisms and distinguishing
between them during plastic deformation and frac-
ture of materials. Therefore, it should allow elimi-
nating possible artefacts from twinning/de-twinning
that may arise after specimen unloading in conven-
tional post-mortem metallographic analysis of the
microstructure after interrupted tensile or compres-
sion tests. This method was successfully used to
clarify the relative roles played by two primary
deformation mechanisms—dislocation slip and
twinning—even when they operate concurrently
during tensile27 or cyclic28 plastic deformation of
wrought Mg alloys. In particular, it has been
established that both deformation modes operate
throughout the entire process of tensile loading in a
commercial Mg-Zn-Zr alloy ZK60. The presence of
their activity has been found to be independent of
the initial grain size and texture. However, the
contributions of each mechanism to the released AE
energy have been found to be grain size dependent:
in fine-grained materials, plastic deformation is
initially carried by dislocation slip, but deformation
twinning takes over as the lead mechanism early
on. In a coarse-grained counterpart of the material,
this sequence is reversed. Twinning in Mg and its
alloys has been studied extensively in association
with specific deformation asymmetry.16,19,28,29 All in
all, the concurrent measurement of AE and diffrac-
tion methods has been found essential in elucidation
of twinning mechanism in magnesium alloys.11

In the present paper, we endeavor to demonstrate
the capability of the AE method for investigation of
the plasticity in magnesium alloys. Several exam-
ples shown in the next sessions highlight the
advantages of combination of AE with other exper-
imental techniques in revealing fundamental defor-
mation mechanisms in Mg.

EXPERIMENTAL

Pure Mg and binary Mg-9 wt.% Al (further
referred as Mg9Al) were used for experiments.
Since the grain size significantly influences the
activity of deformation mechanisms, specimens
with similar grain sizes of (100 ± 10) lm were
prepared and investigated. The as-cast specimens
were then solution heat treated for 24 h at 413�C
and quenched into water. The diffraction studies of
the initial states revealed completely random ori-
entation distribution of crystallites in the
microstructure.30 The mechanical testing was car-
ried out using cylindrical specimens with a diam-
eter of 9 mm and gauge length of 20 mm. The
in situ neutron diffraction (ND) measurements
were carried out at the SMARTS engineering
instrument in the Lujan Neutron Scattering Cen-
ter.31 The mutual orientation of the longitudinal

axis of the sample and the incident beam was 45�.
Two detector banks were positioned at ±90� to the
incident beam in order to record diffraction pat-
terns in both longitudinal and transverse direc-
tions with respect to the loading axis. Tensile tests
were performed using a horizontal 250 kN capacity
load frame in strain control mode with
1 9 10�3 s�1 strain rate. To collect ND data with
good enough statistics, the tests were interrupted
at predefined strain levels (0.1%, 0.5%, 1%, 2%, 3%,
4%, 5%, 6%) for approximately 70 min. The AE
signal was acquired by a Physical Acoustics PCI-2
board. A broadband AE sensor from Dakel com-
pany was mounted apart from the gauge length
using vacuum grease and an elastic band. The AE
signal from the sensor was amplified by 60 dB in
the frequency range 100–1200 kHz. The threshold
level was set at 30 dB. The AE was recorded during
uniaxial deformation under the same conditions as
during in situ ND testing. To perform the AE
signal categorization by the ASK algorithm, the
continuously streamed data were sectioned into
consecutive individual realizations and a Fourier
power spectral density function was calculated for
each realization using a Welch technique. These
spectra were normilizaed to the total power per
realization and then used as input information for
ASK clustering which tried to join the signals with
similar spectra into the compact groups and disjoin
the signals having statistically different power
spectral denstities.

RESULTS AND DISCUSSION

Acoustic Emission Testing

The stress–strain curves (Fig. 1) show that the Al
content increases both the yield stress and ultimate
tensile strength. The evolution of AE count rates
(i.e. number of crossing of threshold level per
second) with true strain and true stress is presented
in Fig. 2a and b, respectively. The characteristic
peaks in the vicinity of the yield point can be
attributed to a synergic effect of twin nucleation and
massive dislocation motion.32 It is obvious that the
peak is shifted towards higher stresses in the Mg9Al
alloy. Above the yield point the count rate rapidly
decreases, which is a consequence of the reduced
mean free path for dislocation motion restricted by
the increasing dislocation density and twin growth,
which is not detectable by AE. Despite the almost
same maximum value of count rate, the contribu-
tion of particular deformation mechanisms to this
peak is different. The ASK analysis applied to the
streaming data shows (Fig. 3) that in the pure Mg
specimen the profuse twinning dominates in the AE
time series. At variance with this observation, the
non-basal slip prevails in the AE frequency spectra
at lower strain in the Mg9Al specimen.
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In summary, the mechanical tests and AE data
indicate that the Al content enhances the non-basal
slip and twinning seems to be hindered. In the next
section these assumptions are verified using the
neutron diffraction technique.

Solute Content Dependence of Twinned
Volume

The evaluation of the twin volume fraction can be
performed by a 2-bank Rietveld refinement assum-
ing an axisymmetric texture. Since the initial
texture is random and the uniaxial deformation is
axisymmetric, the radial symmetry is warranted.
The refinements were done using the SMARTS-
ware33 software packages developed at Los Alamos
National Laboratory. Figure 4a indicates that the
twin volume fraction is smaller for the Mg9Al alloy.
Further, the growth of the twinned volume starts
already at �20 MPa in pure Mg, whereas it is
noticeable only above 100 MPa in the Mg9Al alloy
(Fig. 4b). The lower twin volume fraction in the
Mg9Al alloy is caused by the solute—twin interac-
tion. The solutes pin the twin dislocations thus
impeding twin growth.34 These results are in good
agreement with AE findings showing that the share
of twinning to plastic flow in the alloy is less
significant than in pure Mg.Fig. 1. The true stress–true strain curves as measured in tension for

pure Mg and Mg + 9 wt.% Al specimens.

Fig. 2. The AE count rates measured during tension tests as a function of (a) strain; and (b) stress for pure Mg and Mg + 9 wt.% Al specimens.

Fig. 3. Strain evolution of cumulative number of elements in the AE clusters assigned to (a) twinning; and (b) non-basal slip for pure Mg and
Mg + 9 wt.% Al specimens.
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Fraction of Dislocations in Particular Slip
Systems

The neutron diffraction patterns obtained for the
Mg samples deformed up to the strain of 6% were
evaluated by the Convolutional Multiple Whole
Profile (CMWP) fitting method.35 Each diffraction
pattern is fitted by the sum of a background spline,
the convolution of the instrumental pattern and the
theoretical line profiles related to crystallite size and
dislocations. Finally, the dislocation density (q), and
the parameters q1

m and q2
m are obtained. For magne-

sium, eleven families of slip systems on basal (4),
prismatic (2) and pyramidal (5) planes with three
different Burgers vectors are considered, which are
divided into three groups based on their Burgers
vectors: b1 ¼ 1=3 �2110

� �

(hai type), b2 = h0001i (hci
type) and b3 ¼ 1=3 �2113

� �

(hc + ai type).
The Hexburger program was used for the fractions

of dislocations in the different slip system families (fa,
fc and fc+a) from q1

m and q2
m.10 It first selects some slip

system families from hai dislocation group and for
these slip systems the weights are fa. For other slip
systems in this group the weights are zero. This
procedure is also carried out for hci and hc + ai
Burgers vector groups where the non-zero weights
are fc and fc+a, respectively. If these fractions have
positive values the program stores them as one of the
possible solutions. The number of the possible selec-
tions from the dislocation slip systems equals
(24 � 1)(22 � 1)(25 � 1) = 1395. Finally, the positive
solutions for the weights can be averaged for each slip
system family, leading to the fractions of the eleven
dislocation types. The fractions of the three Burgers
vector groups, ha, hc and hc+a, are obtained by the
summation of the fractions of the related slip system
families.

The strain dependence of the non-basal hai versus
basal hai-dislocations ratio is strongly influenced by
solutes (Fig. 5). The fraction of non-basal hai dislo-
cations in the Mg9Al specimen increases at the

expense of basal hai dislocations more significantly
than that in pure Mg. The role of prismatic hai slip
in macroscopic plasticity has been described in
numerous theoretical and experimental works.
Akhtar and Tegthsoonian showed that solute soft-
ening of prismatic slip system increases with
increasing Al concentration in dilute Mg-Al single
crystals.36 Softening occurs through enhancing both
the cross slip of dislocations and their ability to form
jog-pairs.37 The hc + ai-slip is the only mechanism
besides extension twinning, which provides elonga-
tion in c direction. However, its CRSS is signifi-
cantly higher at room temperature in comparison
with either basal or non-basal hai-slip.2 The strain
evolution of the ratio of hai/hc + ai dislocation is
plotted in Fig. 6 (here, basal and non-basal hai-slip
are considered together). For Mg9Al alloys at higher
strain level the fraction of hc + ai dislocations
significantly increases, whereas in pure Mg the
significance of the 2nd order pyramidal slip is
negligible. This difference can be substantiated by
(i) softening of 2nd order pyramidal plane with

Fig. 4. Evolution of twin volume fraction as a function of (a) strain; and (b) stress.

Fig. 5. Strain dependence of the basal hai—non-basal hai disloca-
tions ratio as a function of Al concentration.
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solutes; (ii) restricted twin growth in Mg9Al. As a
consequence, the local stress increases and an
alternative mechanism in the form of hc + ai-slip is
activated in order to accommodate the strain.

CONCLUSION

In the foregoing sections, we presented a brief
survey of acoustic emission (AE) technique as an
in situ means of investigating deformation mecha-
nisms in magnesium and its alloys. Although the
original results were presented for pure Mg and Mg-
9%Al alloy, the proposed methodology combining an
advanced AE analysis and other in situ methods
such as neutron diffraction can be applied to other
materials without particular limitations if the
kinetics of underlying deformation mechanisms is
of concern.

Specifically, the influence of solute content on the
deformation mechanisms was investigated in pure
Mg and Mg-Al binary alloy and the following
conclusion were drawn with an aid from AE mea-
surements and neutron diffraction experiments:

� The solutes strongly affect the kinetics of twin-
ning: the stress necessary for both twin nucle-
ation and growth is higher if Al is present in
magnesium specimens.

� The Al content leads to softening of both pris-
matic and pyramidal slip.

� As a consequence of constrained twin growth,
the pyramidal hc + ai slip activates in Mg-9 wt.%
Al alloy.
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