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Abstract

The acoustic emission (AE) response of texture-free cast magnesium was studied in-situ
during monotonic tension and compression tests at room temperature. The dependence of
twinning evolution on loading mode is discussed in detail. Furthermore, it is shown that the
contribution of twinning and dislocation slip to AE signal is distinguishable by means of
analysis of AE parameters. The findings are corroborated by light optical microscopy and

EBSD results, as well.
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1. Introduction

Increasing demand of governments for lowering the
greenhouse gas emissions forces car manufacturers to
use lightweight components in their products. Mag-
nesium alloys belong to the hot candidates, since the
weight saving in certain car parts might be more than
50 %, in comparison with the commonly used alu-
minum alloys [1]. Nevertheless, their limited formab-
ility at ambient temperature provokes numerous tech-
nological problems, which impede their wider applica-
tion. Thus, the better understanding of the plastic de-
formation mechanisms of magnesium alloys has been
of recent interest.

The poor formability is usually rationalized in
terms of limited number of equivalent slip systems
in magnesium. At room temperature the dominant
slip system is the basal one in (a) direction, since the
critical resolved shear stresses (CRSS) of the other
feasible systems (prismatic (a); pyramidal (a) and
(¢ + a)) are several orders higher than those for the
basal slip [2], and therefore their activation is rather
difficult. Therefore, twinning provides an additional
deformation mechanism, through which the homogen-
ous deformation is achievable [3]. Because of its po-
lar nature, the twinning has a different development
in tension and compression, respectively [4, 5], and

usually causes the so-called tension-compression an-
isotropy [4]. It is obvious that detailed study of twin-
ning plays a key role in understanding of deformation
mechanisms of magnesium alloys.

The acoustic emission method detects elastic
waves released during local, dynamic and irreversible
changes in the (micro)structure of the material. There-
fore it belongs to the most powerful in-situ experi-
mental techniques for investigation of both disloca-
tion movement and twinning [6-8]. Separation of the
AE signal of twinning from dislocation signals is usu-
ally performed by means of threshold discrimination
[6, 9] or statistical methods [10, 11]. In the first case
it is presumed that the magnitude of twinning sig-
nals is higher than that for dislocations. Thus, two
threshold levels are used: the first threshold level is set
directly above the peak values of thermal noise, and
the measured AE count is assumed to be the sum of
the response of all deformation mechanisms detectable
by AE. The burst AE count, measured at the second
threshold level, is only used for gathering signals com-
ing from strong collective effects, e.g., twinning [12].
Since the estimation of proper value of the second
threshold level is rather difficult, not all twinning sig-
nals are necessarily detected. The statistical methods
use very sophisticated pattern recognition technique
[13, 14], which requires dedicated software. Recently,
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Li and Enoki [15] published a discrimination method
based on frequency analysis of the recorded AE waves.
They studied wrought magnesium alloys in compres-
sion and found that the peak frequency of twinning
and dislocation movement are considerably different.

In the literature, the great majority of papers
deal with twinning in wrought (i.e., textured) mag-
nesium alloys, whereas articles describing random tex-
tured materials are less frequent [16-18]. In the current
work, the AE response of texture-free cast magnesium
was studied during monotonic tension and compres-
sion tests and at room temperature. The AE meas-
urements revealed differences in evolution of deforma-
tion mechanisms during tension and compression, re-
spectively. Link between the particular deformation
mechanisms and AE parameters (amplitude, peak fre-
quency) is discussed in detail. The findings are corrob-
orated by light optical microscopy and electron back-
scattered diffraction (EBSD) observations.

2. Experimental

Polycrystalline magnesium with 1 wt.% Zr content
was used for this experimental study. The specimens
had an average grain size of 110 um. The testing was
carried out using cylindrical specimens with a dia-
meter of 9 mm and gauge length of 20 mm. Beyond
the common tensile and compression experiments at a
strain rate of 1 x 1073 s~ !, AE was monitored using a
computer controlled PCI-2 device (Physical Acoustic
Corporation). The facility incorporated a piezoelec-
tric transducer with a flat response between 50 and
650 kHz and a preamplifier giving a gain of ~ 40 dB.
The threshold level of detection was set as 26 dB.

The specimens for light optical microscopy were
mechanically polished and etched in a solution of 10 %
nitric acid. The grain orientation relations were stud-
ied by means of EBSD technique, working on a FEI
Quanta 200 FEG scanning electron microscope. The
specimens for EBSD investigations were first mechan-
ically polished, than etched in AC-2 electrolyte, man-
ufactured by Struers.

3. Results and discussion

The EBSD map of the initial state is shown in
Fig. 1. The grain size was determined by linear in-
tercept method as 110 pm. It is obvious from the pole
figure (Fig. 1b) that the specimen had a random tex-
ture. The true stress-true strain curves are shown in
Fig. 2. It is obvious that the loading mode has ap-
preciable effect on the hardening. As it can be seen
in Fig. 3, the compressed specimen exhibits a sigmoid
shape: after the initial drop between 60 and 110 MPa,
the work hardening rate increases (Fig. 3a). On the
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Fig. 1. a) EBSD map and b) the corresponding orientation
map of the initial structure.

contrary, in tension beyond the yield point (og2 = 46
MPa) the work hardening rate 6 is virtually constant
(Fig. 3b). The strain dependence of the AE count rate,
depicted in Fig. 2, also varies with the loading modes.
In compression (Fig. 2a), the count rate reaches its
maximum at approx. 1 % of true strain followed by a
rapid decrease to zero. In tension (Fig. 2b) the curve’s
fall-off is gradual; AE activity was observed practic-
ally during the whole test. In accordance with the
scanning electron microscopy [19] and neutron diffrac-
tion findings [20, 21|, the main contribution to the
first AE peak is given by the slip of basal (a) dislo-
cations and the {1012} (1011) twinning [12, 22]. The
subsequent steep decrease of AE count rate in com-
pression can be rationalized in terms of rapid growth
of nucleated twins, which was observed in numerous
neutron diffraction experiments [21, 23, 24]. The sur-
face displacement caused by twin growth may be es-
timated as imponderable, of order 10~2! m, since the
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Fig. 2. Dependence of the AE count rate, AE peak fre-
quency, AE peak amplitude and true stress on the true
strain: a) in compression, b) in tension.

growth velocity of an elliptical twin is only 1073 ms—!

[8, 25]. Consequently, the AE signal of twin growth
is far below the detectable limit [26]. Furthermore,
the basal dislocations pile up on the new impenet-
rable twin boundaries [27] and, therefore, the mean
free path of dislocations is reduced. Since this para-
meter is directly proportional to the AE activity [7],
this mechanism also contributes to the decreasing of
the AE signal.

The twinning evolution in tension is rather differ-
ent. The twin growth owing to the back stresses of
neighboring grains is limited [28, 29]. Thus, persist-
ent twin nucleation is required for the continuation of
the plastic deformation that causes burst AE signal
during the entire straining and broadening of the AE
count rate peak.

The spectral analysis was used by several authors
for partitioning of AE signals of particular deforma-
tion processes at different stages of straining [14, 15].
Figure 2 shows the peak frequency spectrum of AE
signals as a function of the true strain, calculated by
means of Fast Fourier Transformation. It is obvious
that there are two distinct frequency domains (125-
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Fig. 3. Stress dependence of the work hardening curve:
a) in compression, b) in tension.

160 kHz and 380-470 kHz). As it was discussed re-
cently by Li and Enoki [15], the AE events situated in
lower frequency domain are caused by dislocation mo-
tion, whereas the higher frequency domain contains
signals of twinning. The distinctly different peak fre-
quencies originate in different propagation velocities of
dislocation and twin boundary movements. The atom-
istic simulations revealed that at low applied strains
the dislocations moved at 65-70 % of transversal velo-
city of sound cr [30]. On the contrary, the high speed
camera records [31] indicate that the velocity of twin
nucleation lies in the transonic regime (1.3-1.6 cr).
The light optical microscopy and EBSD observations
confirmed the above mentioned findings. It is obvious
from the Fig. 4, where the microstructures after 2 %
straining both in tension and compression are depic-
ted, that the twins in compressed specimens are thick
(Fig. 4a), whereas in tension a large number of thin
twins is visible (Fig. 4b). The EBSD maps of speci-
mens at 10 % of strain (Fig. 5) show rather different
orientation relations in tension and compression, re-
spectively. In tension there are twins observable within
the grains, but the random orientation character of
the specimens remained (Fig. 5b). In compression the
twin growth is not hindered, thus the twins can reori-
ent the whole grain. Consequently, at high strain levels
a strong basal texture was formed (cf. Fig. 5a). Most
probably the rapid twin growth could give a reason for
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Fig. 4. The microstructures after 2 % straining: a) in com-
pression, b) in tension.

the sigmoid shape of the work hardening curve. The
twinning mechanism is exhausted, when the twins “fill
out” the grains. Thus a new mechanism is required
for continuation of the plastic deformation. The pris-
matic (a) slip and the pyramidal (¢ + a) slip are the
most probable candidates according to the both ex-
perimental [32] and theoretical findings [4]. Since the
non-basal dislocations increase the forest dislocation
density [33], hardening occurs.

The amplitude distribution of the AE events is
in accordance with the above mentioned findings
(Fig. 2). As it is evident from Fig. 4, the size in tension
observed twins is only around 20 pm, while the twin
length in compression is comparable with the about
five times higher grain size. This corresponds also with
the observed higher peak amplitudes in compression
tests than in tensile test (Fig. 2).

4. Conclusions

The AE response of texture-free cast magnesium

Fig. 5. EBSD maps of specimens at 10 % of strain: a) in
compression, b) in tension.

was monitored during monotonic tension and com-
pression tests at room temperature. The following con-
clusions may be drawn:

— The evolution of twinning {1012} (1011) differs
in tension and compression, respectively. In compres-
sion, the twin nucleation takes place at the beginning
of the straining followed by a rapid twin growth. On
the contrary, in tension the twin thickening is lim-
ited and therefore twins nucleate during the entire
test. The AE count rate corresponds to this beha-
vior: in compression a sharp single peak is observed,
whereas in tension the peak broadens towards the
higher strains.

— The peak frequency analysis revealed two distinct
domains related to dislocation slip (~ 150 kHz) and
twinning (~ 450 kHz). In compression the “twinning
frequencies” appear at shorter strain scales than in
tension that corresponds to the above discussed mech-
anisms.

— Both the AE peak amplitude distribution and
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the optical micrographs bear out that the size of the
nucleated twins in compression is larger.
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