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bstract

Acoustic emission was monitored and analysed during tensile tests of pure Mg and Mg alloys of the AZ series in order to study the influence

f alloy composition on plastic deformation. The Kaiser effect was used to determine the stability of the microstructure. During the tests at
oom temperature, repeated stress relaxations were performed. The solute–dislocation interaction in the alloys leads to ageing phenomenons,
hich manifest themselves in a post-relaxation effect and subsequent serrated flow (Portevin–Le Chatelier effect). The post-relaxation effect was

ensitive to alloy composition and the strain at which the stress relaxation was performed.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Magnesium wrought alloys of the AZ family are of actual
nterest for the use as structural components due to the possibil-
ty to obtain even improved and more homogenous properties
han cast components. Especially extrusion, as a form giving
echnology, offers the possibility to produce such profiles that
re long and/or have a thin-walled structure [1–3]. The process
arameters significantly influence the microstructural evolution,
.g. in terms of grain size and grain size distribution of the mate-
ial and, consequently, influence the mechanical properties of the
esulting profile [4].

Apart from the influence of solute atoms on the grain structure
f extruded AZ alloys already reported in our previous paper [5],
urther attention must be given to the equally important solid
olution strengthening effects in these alloys.

In principle, solid solution strengthening is the result of three
nterplaying modes of the solute–dislocation interaction: solid

olution hardening, (quasi-) static ageing (SA) and dynamic
train ageing (DSA), respectively [6]. The effects of SA and
SA have already been observed in Mg alloys [7–9].
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Acoustic emission (AE) stems from transient elastic waves
hich are generated within the material during deformation, due

o sudden localized and irreversible structure changes like dis-
ocation glide and twinning. These are the main deformation

echanisms in Mg and its alloys due to their hexagonal crys-
al structure. Thus, AE parameters can be used as a measure
or the dynamic processes that play a role during plastic defor-
ation of magnesium alloys [10]. Specifically, the so called
aiser effect can be tested through repeated stress relaxations.
he Kaiser effect is described as the absence of detectable AE
t a fixed sensitivity level, until previously applied stress levels
re exceeded [11]. The violation of the Kaiser effect indicates
icrostructure changes (such as recovery or recrystallization),

.g. during unloading or stress relaxations.
The objective of the present paper is an AE study on the

nfluence of solutes on the tensile deformation behavior of three
Z alloys fabricated by extrusion. To reveal the effects of solid

olution strengthening, pure Mg and the alloys were deformed
t room temperature and a moderate strain rate, while isochronal
tress relaxations were applied.
. Experimental procedure

The rod profiles of pure Mg of high purity quality and
he alloys AZ31 (Mg + 2.9 wt.% Al + 0.98 wt.% Zn + 0.29 wt.%
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visible irregularities.

As can be seen from Fig. 2, the post-relaxation effect is
stronger with increasing amount of foreign atoms and the stress
increment after reloading shows also a dependence on strain.
ig. 1. The engineering stress–strain curves with (continuous line) and without
dotted line) stress relaxations for pure Mg and the AZ alloys.

n), AZ61 (Mg + 6.5 wt.% Al + 0.99 wt.% Zn + 0.20 wt.% Mn)
nd AZ80 (Mg + 8.5 wt.% Al + 0.51 wt.% Zn + 0.31 wt.% Mn)
12,13] were used for this study. The profiles were produced by
ndirect extrusion and air-cooling. More detail on the set-up and
he procedure may be found in refs. [1,3,13–15]. After the extru-
ion, grain sizes of Mg and the alloys AZ31, AZ61 and AZ80
ere of 15, 22, 12 and 13 �m, respectively. The microstructures
f the alloys are reported in ref. [5].

The specimens (diameter 6 mm, gauge length 36 mm, follow-
ng DIN 50 125) were deformed in a universal testing machine
wick® Z50 in tension at room temperature (RT) and at a con-
tant strain rate of 10−4 s−1. During deformation the machine
as stopped after each 2% of strain and the specimen was

llowed to relax for 300 s.
The computer controlled DAKEL-XEDO-3 AE system was

sed to monitor AE on the basis of two-threshold-level detection,
hich yields a comprehensive set of AE parameters involving

ount rates ṄC1 and ṄC2 (count number per second [11]) at two
hreshold levels (giving the total AE count and the burst AE count
y proper setting—see below). The burst AE occurs mainly as
consequence of an instable fashion of plastic deformation or
egradation of materials. A miniaturized MST8S piezoelectric
ransducer (diameter 3 mm, almost point AE detection, a flat
esponse in a frequency band from 100 to 600 kHz, sensitivity
5 dB ref. 1 Vef) was attached to the specimen surface with the
elp of silicon grease and a spring. The total gain was 90 dB. The
E signal sampling rate was 4 MHz, the threshold voltages for

he total AE count NC1 and for the burst AE count NC2 were 730
nd 1450 mV, respectively. The full scale of the A/D converter
as ±2.4 V.

. Experimental results

The engineering stress–strain curves at RT with and without
tress relaxations for pure Mg and the AZ alloys are depicted in

ig. 1. By comparison to pure Mg, the alloys in both test series
how a hardening effect with increasing amount of alloying
lements. Moreover, a pronounced post-relaxation effect, man-
fested by a small yield point (a stress increment after reloading

F
s
(

ig. 2. Strain dependence of the stress increment after reloading for the AZ
lloys.

ndicating ageing during relaxation) followed by a serrated flow
urve (indicating the Portevin–Le Chatelier effect, i.e. DSA), is
ound after each stress relaxation in the AZ alloys. On the con-
rary, the stress–strain curves for pure Mg in both testing modes
nd those without stress relaxation of alloys do not show any
ig. 3. (a) The correlation between the engineering stress vs. time curve with
tress relaxations and the AE count rates at two threshold levels for pure Mg and
b) detail of the relaxation at 4% of strain.
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ig. 4. (a) The correlation between the engineering stress vs. time curve with
tress relaxations and the AE count rates at two threshold levels for the AZ 31
lloy and (b) detail of the relaxation at 4% of strain.

his dependence is a monotonically decreasing function in the
ase of the AZ 31 alloy, whereas it exhibits a maximum at a
train of 10% in the other alloys.

Figs. 3–6 show the correlation between the engineering stress
ersus time curves with stress relaxations and the AE count rates.
s in tensile tests without stress relaxation [5], the AE count rates

how a distinct peak at the beginning of plastic deformation fol-
owed by a subsequent decrease of the AE activity. The strongest
E activity is observed in the AZ 31 alloy. Detailed pictures

Figs. 3b–6b) show a complex behavior of AE due to the stress
elaxation and the post-relaxation effect. In pure Mg (Fig. 3b),
nce a relaxation started, the AE activity drops rapidly and re-
ppears only when the sample is reloaded. A similar behavior
s observed also in the AZ 31 alloy (Fig. 4b), but the AE signal
emains significant during the whole relaxation. Such a behav-
or is referred to as the violation of the Kaiser effect [10,16].
he AE activity during relaxation of the AZ 61 and the AZ
0 alloys (Figs. 5b and 6b) is very low and a stronger AE re-
ppears only after reloading at a stress level, where the sample
as previously been let to relax, i.e. these alloys obey the Kaiser
ffect. The small yield point after the relaxation exhibits always
pronounced AE burst.
. Discussion

In both testing regimes (tensile tests with and without relax-
tions), the AZ alloys show a strong hardening effect by compar-

(
r
s
m

ig. 5. (a) The correlation between the engineering stress vs. time curve with
tress relaxations and the AE count rates at two threshold levels for the AZ 61
lloy and (b) detail of the relaxation at 4% of strain.

son to pure Mg. This effect is due to solid solution hardening and
recipitation hardening by the alloying elements. In addition,
he AZ alloys exhibit also a post-relaxation effect consisting of
small yield point and subsequent Portevin–Le Chatelier (PLC)
ffect (DSA). The efficiency of ageing is characterized by the
ependencies of the stress increments after reloading on strain
cf. Fig. 2). Whereas the strain dependence of �σ for the AZ
1 alloy is monotonically decreasing, the dependencies for the
Z 61 and AZ 80 alloys exhibit a pronounced peak at a medium

train of 10%. This behavior can be explained if we assume that
he number of solute atoms available for locking dislocations is
onstant but the number of dislocations increases steadily during
he test. In the AZ 31 alloy, the solute locking is most effective
t the beginning of the test, in the other alloys containing more
l the locking effect is much larger and it reaches a maximum

fter some strain hardening. A comprehensive analysis and dis-
ussion of this behavior can be found in ref. [9].

The behavior of pure Mg and AZ alloys may easily be corre-
ated with the AE response as shown in Figs. 3–6. The AE peak at
he onset of plastic deformation and the subsequent decrease of
he AE activity define ‘master’ count rates versus time dependen-
ies, whose shape remains unchanged if the stress relaxations
re applied. It indicates that the main AE source mechanisms

twinning and dislocation glide) are not influenced by the stress
elaxations. The characteristic first peak, related to the macro-
copic yield point is usually explained by a massive dislocation
ultiplication and twinning (if present), which are excellent
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ig. 6. (a) The correlation between the engineering stress vs. time curve with
tress relaxations and the AE count rates at two threshold levels for the AZ 80
lloy and (b) detail of the relaxation at 4% of strain.

ources of AE. The following decrease of the AE count rates
ay be ascribed to the increasing density of forest dislocations
hich reduces the flight distance and the free length of moving
islocations [10] as well as exhausting the twinning activity.

The correlation between the AE data and the plastic behavior
uring the relaxation and after it needs a special attention. The
iolation of the Kaiser effect is seen in pure Mg and in the AZ
1 alloy. In pure Mg, the AE drops rapidly after the relaxation
nset and it re-appears only after reloading. Such a behavior
ay be explained by an unstable microstructure during relax-

tion, e.g. recovery due to climb of dislocations, which can lead
o re-opening of already closed dislocation sources. For the AZ
1 alloy, only a small decrease of the AE activity is observed,
nce the relaxation started. This may indicate that plastic defor-
ation continues by collective dislocation movement and very

robably through twinning during the stress relaxation. Con-
equently, the effect of solute locking due to stress relaxation
eems to be negligible in this case.

On the contrary, the AZ 61 and the AZ 80 alloys obey the
aiser effect, which shows that the solute locking is efficient
nough to stabilize the microstructure during the relaxation
hrough diffusion of alloying elements to dislocations.

The pronounced AE peak corresponding to the small yield
oint after the relaxation (missing in pure Mg) may be explained,

[

[

ngineering A 462 (2007) 307–310

n agreement with refs. [8–10], by dislocation breakaway from
olute atmospheres after reloading.

. Conclusions

The solute–dislocation interaction in the AZ alloys fabricated
y indirect extrusion leads to considerable solute hardening and
he post-relaxation effect consisting of a small yield point and
ynamic strain ageing. The post-relaxation effect increases with
ncreasing amount of alloying elements and it is strain depen-
ent. The acoustic emission results show that performing stress
elaxations does not change the main deformation mechanisms,
.e. twinning and collective dislocation motion. In the AZ 61
nd the AZ 80 alloys, solute locking contributes to the stabiliza-
ion of the alloy microstructure, which could be of application
nterests.
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