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Abstract: Both Mg-1Mn-3.5Y and Mg-1Mn-1Y-2.5Nd alloys (mass fraction, %) were extruded at 380 °C. Most of the (1010)
crystal planes in the Mg-1Mn-3.5Y alloy are parallel to the normal direction, while most of the (1011) crystal planes in the
Mg-1Mn-1Y-2.5Nd alloy are parallel to the normal direction. The tensile tests at room temperature, 100 “C and 200 °C show that the
Mg-1Mn-3.5Y alloy exhibits higher yield strength, but lower elongation to failure as compared with the Mg-1Mn-1Y-2.5Nd alloy.
These differences in the tensile mechanical properties between the two alloys are mainly attributed to their different texture types and
amount and distribution of the Mgy, Y5 precipitates. The serration flow behavior is observed in the Mg-1Mn-1Y-2.5Nd alloy at 200
°C, but does not occur in the Mg-1Mn-3.5Y alloy. The Mg-1Mn-3.5Y alloy shows the cleavage fracture mode, while the

Mg-1Mn-1Y-2.5Nd alloy exhibits the dimple fracture mode.
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1 Introduction

For reasons of weight saving, there has been an
increasing demand for magnesium (Mg) alloys in
automotive industry[1]. However, poor formability at
room temperature of Mg alloys makes severe limitations
on their application as wrought materials due to the
hexagonal close packed crystal structure. Poor tensile
ductility of Mg and Mg alloys is also attributed to their
highly anisotropic dislocation slip behavior. Critical
resolved shear stress (CRSS) of a basal slip system at
room temperature is about 1/100 that of non-basal slip
systems on prismatic and pyramidal planes in single
crystal Mg[2]. For fine-grained Mg alloys, the grain
boundaries may play an important role in deformation at
room temperature, and the activity of non-basal slip
systems is attributed to grain-boundary compatibility
stress[3]. Therefore, it is necessary to refine the grain
size since a fine-grained material is stronger than a
coarse grained one due to the grain size hardening.

Among Mg alloys, the Mg-Y-Nd system is one of

the most promising candidates for the applications in
automotive industry due to its good creep and corrosion
resistance at relatively high temperatures. Remarkable
papers on microstructural characterization of Mg-rare
earth (RE) systems have been recently published,
clarifying strengthening processes by using spectroscopic
methods and direct observations. The formation of
coherent precipitates, when being treated at 150 °C, is
responsible for the hardness increase in WE43 alloy[4-9].
Serrated flow during plastic deformation has been
observed and investigated in various kinds of aluminum
alloys, from model binary systems[10] to more
complicated commercial alloys[11—12]. For the WE43
alloy, the serrated flow is attributed to the dynamic strain
ageing (DSA) effect, which is supported by the
occurrence of yield points after static ageing and
negative sensitivity of stress to strain rate in this
temperature range[13]. A variety of Mg alloys with Sc,
Mn and RE elements recently investigated exhibit better
mechanical properties as compared with the WE
alloys[14].

In this work, the influence of the Y and Nd elements
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on the microstructures and tensile mechanical properties
at different temperatures and strain rates of the
Mg-1Mn-3.5Y and Mg-1Mn-1Y-2.5Nd alloys were
investigated. The connections between the deformation
and fracture and deformation mechanisms of these two
alloys were discussed.

2 Experimental

The nominal compositions of the Mg-1Mn-3.5Y
and Mg-1Mn-1Y-2.5Nd alloys are shown in Table 1. The
alloys were prepared by conventional casting method
from high purity 99.9% Mg, Mg-9.9%Mn, Mg-10%Nd,
and Mg-21.5%Y alloy (mass fraction) under a shielding
gas of CO,-0.05% SF6 (volume fraction). The melts
were poured into a steel die with the diameter of 80 mm
at 750 °C. The alloys were then extruded into the
diameter of 20 mm at 380 °C. The specimens for the
mechanical tests were machined from the extruded rods
and had a gauge dimension of 10 mmx4 mmx1 mm. The
tensile tests were performed at room temperature, 100 °C,
and 200 °C at the strain rates of 1072, 5x10°, 10~ and
10™*s™" on the materials test system (MTS). The extruded
samples for the microstructure observations were etched
in a reagent of 2 g picric acid+5 mL distilled water+5 mL
acetic acid+4 mL nitric acid+85 mL alcohol. The
microstructure and fracture surface of the alloys were
observed using the scanning electron microscopy (SEM)
with an accelerating voltage of 20 kV or 25 kV. The
phase structures of the alloys were examined by using
the energy-dispersive spectroscopy (EDS) and the X-ray
diffractometry (XRD).

Table 1 Nominal chemical compositions of alloys (mass

fraction, %)

Alloy Mn Y Nd Mg
Mg-1Mn-3.5Y 1.0 3.5 0 Bal.
Mg-1Mn-1Y-2.5Nd 1.0 1.0 2.5 Bal.

3 Results and discussion

3.1 Microstructure of extruded alloys

Fig.1 shows the XRD patterns of the Mg-1Mn-3.5Y
alloy and Mg-1Mn-1Y-2.5Nd alloys on the transverse
section. Fig.1(a) indicates that the Mg-1Mn-3.5Y alloy
contains mainly the a-Mg and a-Mn phases. Fig.1(b)
reveals that besides the a-Mg and a-Mn phases, the
compounds of the Mg;,Nd and Mgy Nd;s are observed in
the Mg-1Mn-1Y-2.5Nd alloy, which may form during
the solidification due to the low solubility of the Nd
element at low temperature according to the Mg-Nd
binary alloy phase diagram. The similar results have
been reported in other Mg alloys[15—17].
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Fig.1 XRD patterns of Mg-1Mn-3.5Y alloy (a) and Mg-1Mn-
1Y-2.5Nd alloy (b) on transverse section

In Fig.1(b), three peaks of the a-Mg in the
Mg-1Mn-1Y-2.5Nd alloy correspond to the prismatic
(1010), basal (0002), and pyramidal (1011) planes,
respectively. The relative X-ray intensities in the
transverse sections exhibit the pronounced difference
among the three peaks. The results indicate that the
(1010) crystal planes in most grains are parallel to the
normal direction, while for the Mg-1Mn-3.5Y alloy, the
most (1011) crystal planes are parallel to the normal
direction. These results indicate that the texture
distribution in the extruded alloys is influenced by the
contents of the Y and Nd elements.

Fig.2 shows SEM images of the Mg-1Mn-3.5Y and
Mg-1Mn-1Y-2.5Nd alloys. Some white compounds
distributed along the extrusion direction are observed in
the two alloys. The average grain size of the a-Mg in the
Mg-1Mn-3.5Y alloy is less than 4 um (Fig.2(a)), while
that in the Mg-1Mn-1Y- 2.5Nd alloy cannot be detected
clearly (Fig.2(b)).

The results of EDS reveal that the white compounds
marked by the arrow 4 in the Mg-1Mn-3.5Y (Fig.2(a))
contain the higher content of the Y and Mn elements
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(Mg-11.1%Mn-8.62%Y). The results of XRD prove
further that the white compounds are the Mg,,Ys phase.
The same EDS and XRD analyses indicate that the fine
white compounds in the Mg-1Mn-1Y-2.5Nd alloy are the
Mg;,Nd and Mg,;Nds phases.

Fig.3 shows the TEM images of the Mg-1Mn-3.5Y
and Mg-1Mn-1Y-2.5Nd alloys. The fine block-shaped
particles distribute dispersively both at the grain
boundaries and in the grain interior (Figs.3(a) and (b)). In
addition, the volume fraction of the particles in the
Mg-1Mn-3.5Y alloy is significantly higher than that in
the Mg-1Mn-1Y-2.5Nd alloy. The average size of the
particles is about 100 nm (Fig.3(c)). The electron
diffraction pattern taken from the fine block-shaped
particles is shown in Fig.3(d). The direction of the
incident beam are parallel to the [115] direction. These
electron diffraction results indicate that the fine

block-shaped particles are the Mgy, Y s phases with a FCC
structure. The lattice constant of the Mg,,Ys phase
particles is estimated to be a=2.2 nm[18]. Furthermore,
the precipitations of the finer Mg, Ys particles are
mainly due to the higher content of the Y element in the
Mg-1Mn-3.5Y alloy.

3.2 Deformation and fracture behaviors at room

temperature

Figs.4(a) and (b) show that the yield (0.2% offset)
and ultimate tensile strengths of the Mg-1Mn-3.5Y alloy
increase with increasing strain rate and are about 270
MPa and 290 MPa at the highest strain rate of 1x10%s ™",
respectively, which are larger and smaller than the
corresponding values of the Mg-1Mn-1Y-2.5Nd alloy
(220 MPa and 340 MPa), respectively, indicating the
higher strain hardening capability of the Mg-1Mn-1Y-

Fig.3 TEM images of alloys: (a) Mg-1Mn-3.5Y alloy; (b) Mg-1Mn-1Y-2.5Nd alloy; (¢) Large magnification image corresponding to
block-shaped particles in Mg-1Mn-3.5Y alloy; (d) Electron diffraction pattern of Mg,,Ys phase
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Fig.4 True stress vs true train curves of Mg-1Mn-3.5Y alloy (a)
and Mg-1Mn-1Y-2.5Nd alloy (b) at room temperature

2.5Nd alloy than that of the Mg-1Mn-3.5Y alloy. The
elongation to failure of the Mg-1Mn-3.5Y alloy
decreases with increasing strain rate and is about 9% at
the highest strain rate of 1x107 s, which is smaller than
that of the Mg-1Mn-1Y- 2.5Nd alloy (about 26%).

The cleavage planes are observed in the fracture
surface of the tensile specimens in the Mg-1Mn-1Y-
2.5Nd alloy, which are marked by the arrows (Fig.5(a)).
The reasons for such cleavage planes are explained as
followed. Firstly, the texture on most (1010) crystal
planes tends to be parallel to the normal direction and
results in a smaller value of the Schmid factor. The
critical resolved shear stress (CRSS) of a basal slip
system tends thus to increase and the few basal slip
planes would be activated, which leads to the higher
strengths but the lower elongation in the Mg-1Mn-3.5Y
alloy. Secondly, for the fine-grained Mg-1Mn-3.5Y alloy
(whose grain size is smaller than 4 um), it is generally
thought that the compatible stress among the grains
makes the cross slip be activated easily, which
participates in deformation and delays the fracture to
much higher strain. However, the (1010) type texture
suppresses the cross slip due to the lower density of the
dislocation on the basal planes. The lower elongation and

Fig.5 Fracture morphologies of tensile specimens of Mg-1Mn-
3.5Y alloy (a) and Mg-1Mn-1Y-2.5Nd alloy (b) under strain

rate of 10%s" at room temperature

higher strengths in the Mg-1Mn-3.5Y alloy may be
related to the finer Mgy, Y5 particles in the a-Mg phase
besides the effect of the texture. For the Mg-1Mn-1Y-
2.5Nd alloy, the higher elongation and the dimples in the
fracture surface (Fig.5(b)) suggest that the non-basal slip
has been activated by the compatible stress due to the
finer grains. The textures, which are on most (1011)
crystal planes of the a-Mg phase in the Mg-1Mn-1Y-
2.5Nd alloy are parallel to the normal direction,
combined with the fine grain, which makes a higher
Schmid factor and promotes the processes of the basal
slip and the non-basal slip.

3.3 Deformation and facture behaviors at high
temperature

Figs.6(a) and (b) show the true stress—strain curves
of the Mg-1Mn-3.5Y and the Mg-1Mn-1Y-2.5Nd alloys
with different strain rates at 100 °C. The lower yield
strength of the Mg-1Mn-1Y-2.5Nd alloy suggests that
the addition of the Y element increases effectively the
strengths as compared with the addition of the Nd
element by forming the different textures although the
amount of the compounds in the Mg-1Mn-1Y-2.5Nd
alloy is higher than that in the Mg-1Mn-3.5Y alloy, but
the elongation of the Mg-1Mn-3.5Y alloy is lower than
that of the Mg-1Mn-1Y-2.5Nd alloy.

Figs.7(a) and (b) show the true stress—strain curves
of the Mg-1Mn-3.5Y alloy and the Mg-1Mn-1Y-2.5Nd
alloys with different strain rates at 200 °C. The Mg-1Mn-
1Y-2.5Nd alloy shows the better heat-resistant than the
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Fig.6 True stress—train curves of Mg-1Mn-3.5Y alloy (a) and
Mg-1Mn-1Y-2.5Nd alloy (b) at 100 °C
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Fig.7 True stress—train curves of Mg-1Mn-3.5Y alloy (a) and
Mg-1Mn-1Y-2.5Nd alloy (b) at 200 °C

Mg-1Mn-3.5Y alloy. The serration flow curves are
observed for the Mg-1Mn-1Y-2.5Nd alloy (Fig.7(b)).
Such flow behavior is attributed to the dynamic strain
ageing[13] or is induced by the phase transition
occurring at 150 °C according to the result of differential
scanning calorimetry (DSC) in other Mg-Y-Nd alloy[9],
which will be analyzed further in the subsequent work.

Fig.8 shows the fracture surface tested at strain rate
of 105" at 200 °C. The main fracture mechanism of the
Mg-1Mn-3.5Y alloy is the cleavage type fracture, which
suggests that the effect of suppressing the non-basal slip
by the texture is still maintained from room temperature
to 200 °C. For the Mg-1Mn-1Y-2.5Nd alloy (Fig.8(b)),
the copious dimples in the fracture surface prove that the
Mg-1Mn-1Y-2.5Nd alloy has the better deformability in
this temperature range.

200 °C for Mg-1Mn-3.5Y alloy (a) and Mg-1Mn-1Y- 2.5Nd
alloy (b)

4 Conclusions

1) The extruded Mg-1Mn-3.5Y alloy exhibits higher
yield strength, but lower tensile strength and lower
elongation to failure, while the extruded Mg-1Mn-1Y-
2.5Nd alloy shows lower yield strength, but higher
tensile strength and higher elongation to failure.

2) The differences in tensile mechanical properties
between the two alloys are mainly attributed to their
different texture types and amount and distribution of the
Mg,,Y 5 precipitates.
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3) The Mg-1Mn-3.5Y alloy exhibits the higher yield
and tensile strengths as compared with the Mg-1Mn-1Y-
2.5Nd alloy at 100 and 200 °C. The deformation
behavior of the Mg-1Mn-3.5Y and Mg-1Mn-1Y-2.5Nd
alloys at room temperature and 100 °C are controlled by
the dislocation cross slip.

4) The serration flow behavior is observed in the
Mg-1Mn-1Y-2.5Nd alloy at 200 °C, but does not occur
in the Mg-1Mn-3.5Y alloy. The Mg-1Mn-3.5Y alloy
shows the cleavage fracture mode, while the Mg-1Mn-
1Y-2.5Nd alloy exhibits the dimple fracture mode.
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