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Abstract. This paper focuses on the analysis of the deformation behaviour with respect to the
acoustic emission response and mechanical properties of differently extruded magnesium Mg-Mn
alloys. Six types of Mg-Mn alloys (with Al, Ca, Ce, Y, Nd additions) were processed by indirect
extrusion with two different speeds. Alloys with addition of Ca, Al and Nd were selected and
presented in this manuscript due to their prospective mechanical properties. Additions of Ca and Al
had significant influence on the microstructure refinement and texture of the Mg-Mn alloy, whereas
addition of Nd led to the absence of the tension-compression asymmetry. Measurements of the
acoustic emission were done during the uniaxial tension and compression tests. The results are
discussed with respect to the influence of alloying elements on the deformation behaviour in terms
of the activation of dislocation glide and twinning.
Introduction
Extruded magnesium profiles typically exhibit a pronounced texture which leads to highly
anisotropic mechanical properties [1]. The typical extrusion texture of Mg alloys stems from grains
whose basal planes are oriented parallel with the extrusion direction. Therefore, such grains are
unfavourably oriented for basal slip during loading in the extrusion direction. In alloys with weak
texture, the orientation distribution of the basal slip planes is broader and the grains are more
favourably aligned for the activation of basal slip. As discussed in earlier works [1,2], this is likely
to enhance the work hardening capability as well as to improve the ductility or formability of the
material. On the other hand, weakening of the texture also leads to a decrease in the yield stress.
Mg-Mn alloys offer a high application potential because of good castability, tensile strength and
hardness, and also improved corrosion resistance. Furthermore, Mn expands the extrusion window
i.e. higher extrusion speeds can be used without the occurrence of hot-cracking during the process.
The properties of Mg-Mn alloy can be influenced by alloying. Microalloying with rare earth (RE)
elements decreases the grain size and changes the texture of Mg-Mn- based alloys [3,4], which
improves the ductility. Consideration of other alloying elements suggest that Ca could be a
promising addition due to its low density and relatively low price as compared to the RE elements.
The addition of Ca to Mg alloys has a pronounced effect in refining the microstructure and
increasing the high temperature strength and creep properties. E.g. the microstructure and tensile
properties of Mg-Zn-Si and Mg-Al-Zn-Si alloys are significantly improved by alloying with
0.2 wt.% Ca [5]. The addition of Al increases the tensile strength and the hardness of Mg alloys.
Besides these improvements there is an advantage of better castability, but with increasing Al
content a higher tendency to microporosity was observed [6].
The object of this work is an acoustic emission (AE) study of several alloys based on the Mg-Mn
system, which were fabricated by indirect extrusion with two different extrusion speeds. Special
emphasis was placed on the influence of the alloying elements (Al, Ca, Nd) and their potential to
considerably reduce the anisotropy in the mechanical properties, while retaining fine
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microstructures and reasonable values of tensile and compressive strength and ductility. The AE
technique was used during deformation for sensitive detection of sudden localised microstructure
changes within the material such as dislocation motion and twinning.
Experimental procedure
The alloys were based on a commercial Mg alloy M1 (Mg-1wt.%Mn), alloyed with calcium
(Ca), aluminium (Al) and neodymium (Nd), and are denoted as MX10 (Mg-1wt.%Mn-0.3wt.%Ca),
AM81 (Mg-8wt.%Al-1wt.%Mn), MN11 (Mg-1wt.%Mn-1wt.%Nd), respectively. All billets were
indirectly extruded at 300oC with an extrusion ratio of 1:30 to round bars with a final diameter of
17 mm. The extrusion speeds were 1 (“slow” extrusion) and 10 (“fast” extrusion) m/min. After
being extruded, the specimens were sectioned along the extrusion axis and the microstructure and
the texture were examined.
Uniaxial tension and compression deformation tests were performed with a universal testing
machine Zwick®Z50 at a constant strain rate of 10-3 s-1 at room temperature. A DAKEL-XEDO-3
computer controlled AE system with a miniaturized MST8S piezoelectric transducer was used to
record AE on the basis of the two-threshold-level detection enabling simple amplitude
discrimination at proper settings. All technical details about sample preparation and measurements
are presented in [7].
Results and Discussion
Microstructure and Texture Features. The data on average grain size and mechanical properties
of the alloys are summarised in Table 1. The data for the initial M1 alloy, which was produced at
similar conditions, are also shown here for comparison.
Slowly extruded MX10 (Fig. 1a) exhibited a bimodal microstructure with elongated
unrecrystallized regions surrounded by small recrystallized grains and a strong texture. In contrast,
slowly extruded AM81 (Fig. 1c) and MN11 [1] exhibited a fully recrystallized microstructure with
a weak texture. In AM81 and MN11 the degree of recrystallization was significantly higher even
after slow extrusion and a specific weak texture developed. Thus, the well recrystallised
microstructure of AM81 and MN11 could be explained by a higher nucleation rate of grains during
the extrusion process.
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Fig. 1. Micrographs and inverse pole figures from longitudinal sections of extruded
round bars: (a) slowly extruded MX10, (b) fast extruded MX10, (c) slowly
extruded AM81, and (d) fast extruded AM81.

After the fast extrusion, however, all the alloys (Fig. 1b&d) showed fully recrystallized
microstructures with the average grain size of approximately 10 µm and extremely weak texture. It
was already reported in [1] that increasing the extrusion rate results in an increasing degree of
recrystallization due to significant temperature increase which occurs with increasing extrusion rate.
The fully recrystallized grain structure suggests that grain nucleation and growth have been
completed during cooling of the extruded samples. In MX10 after fast extrusion, small particles of a
sub-micrometre scale and even smaller precipitates [8] were found. Fast extruded AM81 contained
large particles in the range of 1-2 µm.
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It is typically observed in Mg extrusions that partially recrystallized microstructures have strong
textures, dominated by a <10.0> component. Slowly extruded MX10 exhibited such a texture,
whereas the fast extruded and fully recrystallised alloy did not. Furthermore, the recrystallised
fraction of the microstructure in fast extruded MX10 exhibited a texture which was comparable to
those of RE-containing Mg extrusions.
It has been suggested that texture modification in alloys that contain RE elements such as Nd can
be attributed to particle-stimulated nucleation of recrystallization [9]. However, texture weakening
occurs even in Mg alloys with highly soluble RE additions even if no particles were found [7]. It
appears that Nd can weaken and modify the texture when in solution and that this effect is not the
result of particle formation. An increase in the number of grain nuclei during the fast extrusion can
lead to an increased fraction of recrystallized microstructure in the case of MN11. Grain boundary
segregation could be the major contributor to the recrystallization texture effect.
Table 1. Average grain size and mechanical properties measured in straining parallel with the extrusion
direction: tensile yield stress (TYS), ultimate tensile stress (UTS), compression yield stress (CYS), ultimate
compression stress (UCS), fracture strain, tension-compression asymmetry (CYS/TYS).
Alloy
M1
MX10
AM81
MN11

Extrusion
speed
[m/min]
1
10
1
10
1
10

Average
grain size
[µm]
8
70
5
10
9
11

1
10

4
9

Fracture
TYS UTS
strain
[MPa] [MPa]
[%]
183
243
6.1
189
261
5.3
241
265
21
187
230
19
184
290
22
165
278
12
151
102

214
196

36.0
41.7

CYS
[MPa]

UCS
[MPa]

126
65
177
98
144
140

386
346
385
323
391
426

Fracture
strain
[%]
11.0
11.0
11
14
14
17

159
109

342
314

18.3
19.3

CYS/TYS
0.69
0.34
0.73
0.52
0.78
0.86
1.05
1.07

Mechanical Properties and Deformation Mechanisms Studied by AE Technique. It has been
known that the asymmetry in the yield stresses in tension and compression is related to the texture
of the material. All alloys exhibited much higher ductility than M1, especially in tension. In
compression along the extrusion axis, twinning is favoured in textured materials, which explains the
lower yield stress in this testing direction as well as the different work hardening behaviour (which
results in higher UCS than UTS). This is also consistent with the different fracture strains observed
in tension and compression. The Hall-Petch relation can explain the different TYS and CYS after
slow and fast extrusion.
The highest TYS and CYS were measured in slowly extruded MX10 (Table 1). This could also
be caused by an additional strengthening from the precipitates found in this alloy. In MX10 a higher
ductility was found than in M1. This could be a result of a smaller grain size (in the case of fast
extruded alloy) or more recrystallized microstructure (in the case of slowly extruded alloy). The
origin of the increase in ductility in MX10 could also be the result of the weaker texture by
comparison to M1.
A lower ductility in fast extruded AM81 in comparison to the slowly extruded alloy might be
related to a change in the precipitate distribution as a result of the increased heat production at
higher extrusion speed.
An interesting result was found for the MN11 alloy after both extrusions, i.e. tensioncompression asymmetry was not observed. Addition of Nd significantly improved the ductility (up
to 40%). Such a unique mechanical property is related to the small average grain size, to the fully
recrystallised microstructure and to the weak texture after both extrusions. Although the average
grain size of MN11 was comparable with those of the other materials, the grain structure was much
more homogeneous than in other alloys. Weak texture with broad spread in orientations yields more
grains better aligned for the basal slip.
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Fig. 2. The deformation curves (broken lines) and the AE count rates N C 1 (black lines) NC2 (red lines) in
tension tests: (a) slowly extruded MX10 alloy, (b) slowly extruded AM81 alloy, (c) slowly extruded
MN11 alloy, (d) fast extruded MX10 alloy, (e) fast extruded AM81 alloy, and (f) fast extruded MN11
alloy.
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Fig. 3. The deformation curves (broken lines) and the AE count rates N C 1 (black lines) NC2 (red lines) in
compression tests. (a) slowly extruded MX10 alloy, (b) slowly extruded AM81 alloy, (c) slowly extruded
MN11 alloy, (d) fast extruded MX10 alloy, (e) fast extruded AM81 alloy, (f) fast extruded MN11 alloy.

The activity of the various deformation mechanisms can be derived from the stress-strain curves
in combination with the AE response. From Figs. 2&3 it is clear that with increasing applied load,
the AE activity raised significantly and reached a local maximum in tension as well as in
compression in the vicinity of yielding (i.e. at the beginning of plasticity). This is attributed to a
sudden increase in the amount of dislocation movement, massive dislocation multiplication and
deformation twinning [10].
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Supposedly, yielding and immediate post-yielding plasticity in compression tests is governed
primarily by twin nucleation. After an initial rise in the AE activity close to the macroscopic yield
point, the AE signal declined rapidly at strains higher than 2.5%. The AE activity reached a moreor-less continuous low level at strains higher than 5% in tension and it disappeared in compression.
This post-yielding decrease in the AE activity can be explained by the increasing number of twin
boundaries and/or of sessile dislocations which reduce the free length of moving dislocations, and
the exhaustion of twin nucleation activity. It appeared from the present AE results that, in all
compressed samples, most of the twin nucleation [11,12] occurred at strains less than 5%. Plastic
deformation at higher strains was likely accommodated by twin growth which produces a
continuous and very low (dislocation-like) AE activity [13], and by the dislocation slip. The stress
required to initiate twinning could be expected to vary over the grains in a sample, the grains in
which twinning was easiest would twin first.
The direct quantitative comparison of the AE activity between the alloys is complicated because
of the potential effects of grain size, grain size distribution, preferred orientation, character and
distribution of precipitates etc. on the AE signal - as all these mechanisms influence the activation
and size of dislocation avalanches and twins.
In tension, slowly and fast extruded MX10 produced a comparable level of AE activity, in spite
of the different average grain size. Obviously, twinning in a few very large grains could produce
large AE signals in slowly extruded MX10, whereas precipitates present in fast extruded MX10
could act as obstacles to dislocation movement and decrease the AE activity. In accordance with
[14], in slowly extruded MX10 in compression, the first AE peak can be ascribed to twinning in the
large unrecrystallized grains and the second peak to twinning in the small recrystallized grains. Fast
extruded MX10 did not produce a pronounced second peak in compression, which is consistent
with a homogeneous, fully recrystallised equiaxed microstructure.
The AE response in AM81 in tension and compression was similar for both extrusion rates. Low
AE activity in AM81 in compression is explained by a combined effect of the homogeneous grain
structure and the weak texture, which is assumed to be less favourable for twinning. In tension, the
higher AE activity in AM81 than in MX10 can be explained by the different particle distribution. In
MX10 particles broadly distributed throughout grains could act as obstacles for dislocation motion
whereas this was not likely for particles in AM81 which were concentrated at grain boundaries [15].
In compression, the higher AE activity in MX10 rather than in AM81 has to be related to a more
homogeneous microstructure of the AM81 extrusions compared to the fast extruded MX10.
The AE response in MN11 after both extrusion speeds was consistent with its completely
homogeneous and fully recrystallized microstructure. The higher AE activity in the fast extruded
alloy rather than in the slowly extruded one has to be related to a higher fraction of larger grains in
the fast extruded alloy.
Conclusions
Three alloys based on binary Mg-1wt.%Mn were studied after indirect extrusion. The
mechanical properties, especially the yield and work hardening behaviour in tension and
compression were related to the microstructure and texture. The analysis was supported by the AE
count rates resulting from concurrent measurements during tensile and compression testing.
An increase in the extrusion speed led to a more significant temperature increase during
extrusion which allowed the microstructure to develop further by comparison to slower extrusion.
As a result of partial recrystallization, slowly extruded MX10 exhibited bimodal grain structures
whereas AM81 and MN11 underwent full recrystallization. The texture of MX10 was very similar
to that of RE-containing Mg alloys, indicating that related mechanisms of texture development such
as grain boundary pinning by particles may be active. Interestingly, a very comparable distribution
of basal planes was also found in AM81 which exhibited particles concentrated at the grain
boundaries.
In tensile tests, it was found that the significance of the AE peak is also related to the
microstructural homogeneity. Grain size effects on the AE activity could be overshadowed by the
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effect of a strong texture. The AE signal is very sensitive to the grain size and grain orientation
distributions, which gives rise to double peaks of count rate during compression tests. A small
number of large grains can determine the overall AE count rates.
• All alloys exhibited lower grain size, higher CYS, higher ductility and lower tensioncompression anisotropy than M1.
• Additions of Al and Nd led to weak texture and homogeneous fully recrystallized
microstructure after both extrusion speeds. This homogeneity was proved by the AE
technique (narrow single peak in compression tests).
• Addition of Ca led to the most significant increase in tensile and compression yield stress.
• The lowest tension-compression anisotropy and the highest fracture strain were found in the
alloy with Nd addition.
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