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a b s t r a c t

Mg–5Al–0.3Mn–2Nd alloy was prepared by metal mould casting. The as-cast ingot was homogenized,
and then hot-rolled with total thickness reduction of 63%. Further annealing treatment was carried out
on the hot-rolled sample. Microstructure and mechanical properties of the studied alloy in as-cast, hot-
rolled and annealed states were investigated. Results showed that main phases of the as-cast sample
eywords:
g–Al–Mn–Nd alloy
ot rolling
icrostructures
echanical properties

were composed of �-Mg, Al2Nd, Mg17Al12 and Al11Nd3. While for the hot-rolled and annealed samples,
no Mg17Al12 phase was detected. Average grain size of the as-cast sample was about 90 �m. After hot
rolling, average grain size was greatly refined to about 20 �m. Furthermore, the long acicular Al11Nd3

phase broke into many small sections. Tensile test results showed that ultimate tensile strength and yield
strength of the hot-rolled sample were 340 MPa and 240 MPa, respectively. Compared with those of the
as-cast sample, they were enhanced by 47.8% and 269% correspondingly. However, elongation greatly

anne
decreased to 9%. Through

. Introduction

Magnesium alloys have gained extended application because
f their unique advantages including low density, high specific
trength and stiffness, superior damping capacity, good electro-
agnetic shielding characteristics and excellent machinability.
g–Al based alloys like AZ91, AM60 and AM50 are widely used

n automotive industry to fabricate various parts, owing to their
uperior die cast ability and good balance of strength, ductility and
orrosion resistance. However, applications of these alloys are lim-
ted to temperatures below 120 ◦C because of their poor mechanical
roperties at elevated temperatures caused by discontinuous pre-
ipitation of Mg17Al12 phase from the supersaturated �-Mg solid
olution at high temperatures and coarsening of Mg17Al12 phase
n the interdendritic eutectic region [1–3]. Rare earth elements are
ften added to improve the mechanical properties of Mg–Al based
lloys since they can suppress the formation of Mg17Al12 phase.

nd up to now, a series of Mg–Al–RE (RE = mischmetal) based cast-

ng alloys such as AE42 (Mg–4Al–2RE) [4] and AE44 (Mg–4Al–4RE)
5] alloys have been developed.
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aling treatment, elongation recovered to more than 24% again.
© 2010 Elsevier B.V. All rights reserved.

It is known that mechanical properties of polycrystals at room
temperature can also be enhanced through grain refinement, as
illustrated by the Hall–Petch equation [6]: �y = �0 + kyd−1/2, where
�y is yield strength, �0 is yield strength of a single crystal, ky is
a constant and d is average grain size. The value of ky increases
with increasing Taylor factor [7] which generally depends on the
number of slip systems. The fewer the slip systems, the larger
the Taylor factor. It is known that the number of slip systems for
the hexagonal closed packed (hcp) metals are much fewer than
those of the face centered cubic (fcc) and body centered cubic (bcc)
metals. Thus, larger Taylor factor could be obtained for hcp met-
als than for fcc and bcc metals. In other word, the effect of grain
size on strength is stronger for hcp metals. This suggests that high
strength could be obtained in fine-grained Mg-based materials.
Based on this point, great efforts have been devoted to develop
methods that could refine the grain size of Mg alloys. These meth-
ods reviewed by Lee et al. [8] include superheating, FeCl3 addition,
carbon additions, melt agitation, rapid solidification and alloying
with elements such as Zr, Sr and Ti. However, a universally reliable
grain refiner system for Mg–Al system alloys is still not established
because of high cost and air pollution issues. Recently, thermo-
mechanical treatments such as hot and warm rolling [9,10], hot

extrusion with high reduction ratio [11,12] and a combination of
extrusion and hot rolling [13] have been successfully used to refine
coarse microstructure and consequently enhance mechanical prop-
erties of magnesium alloys. However, no research about the effect
of hot rolling on Mg–Al–RE alloys has been reported. In present
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Table 1
Chemical composition (wt.%) of Mg–5Al–0.3Mn–2Nd alloy.
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Al Nd Mn Mg

4.99 2.01 0.34 Balance

ork, Mg–5Al–0.3Mn–2Nd alloy was prepared and hot-rolled. The
icrostructure and mechanical properties of the as-cast, hot-rolled

nd annealed samples were investigated.

. Experimental procedures

Nominal composition of the studied alloy is Mg–5Al–0.3Mn–2Nd. Commercially
ure Mg (99.5%) and high pure Al (99.9%) were used. Mn and Nd were added in
orm of Al–10 wt.% Mn and Mg–23 wt.% Nd master alloys. The studied alloy was

elted and alloyed at 780 ◦C by using a mild steel crucible in an electric resis-
ance furnace under the protection of a mixed gas atmosphere of SF6 (1%, volume
raction) and CO2 (Bal.). The melt was homogenized at 750 ◦C for 0.5 h, and then
ast into a metal mould that was preheated to about 300 ◦C. The size of ingot is
00 mm × 100 mm × 20 mm. Chemical composition of the studied alloy was deter-
ined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) and

he results were listed in Table 1. The cast ingots were homogenized at 410 ◦C for
0 h followed by water quenching and then machined into 4 mm plate for rolling.
ot rolling was processed at 400 ◦C using a two-high rolling mill with 150 mm in

oll diameter and 190 mm in roll width. During rolling process, no heating was con-
ucted on the rolls and the roll speed is 2 m/min. Prior to rolling, specimen was
reheated at 400 ◦C for 10 min in a furnace and then immediately rolled. Repeti-
ive preheating was done in the furnace between passes to regain the given rolling
emperature. The specimen was air cooled after final pass and a sheet with total
hickness reduction of 63% was obtained through 5 passes with different thickness
eduction per pass. After hot rolling, the rolled sheets were annealed at 250 ◦C with
ifferent time to investigate the microstructure evolution.

Microstructures of the as-cast, hot-rolled and annealed samples were character-
zed by optical microscope (OM, Olympus GX71) and scanning electron microscope
SEM, FEI XL-30 ESEM) equipped with an energy dispersive X-ray spectrometer
EDX, Oxford). Specimens for OM and SEM were prepared by standard technique
f grinding and polishing, followed by etching with acetic–picric acid solution (5 mL
H3COOH, 2.1 g picric acid, 5 mL water and 35 mL alcohol). Phase constitutions of
he samples were analyzed by X-ray diffraction (XRD, D/Max 2500V PC). For the
ot-rolled and annealed samples, XRD tests were conducted on the rolled planes
oth for phase analysis and texture investigation. Microhardness of the samples
as conducted under a Vickers hardness (Hv) Tester (FM-700) with a loading force

f 25 g and holding time of 15 s. The final hardness value was given as average of
t least 6 measurements. Uniaxial tensile test was carried out on Instron-5869 test-
ng machine at room temperature with an initial strain rate of 5.6 × 10−4 s−1. Gauge
ections of tensile specimens are 15 mm in length, 3.5 mm in width and 1.5 mm in
hickness. Tensile specimens for hot-rolled and annealed samples were machined
rom hot-rolled sheet with the gauge-length lying parallel to the rolling direction.
ltimate tensile strength (UTS) is indicated by the maximum of a stress–strain curve.
ield strength is defined by the “0.2% offset strain”. The yield strength at 0.2% offset is
etermined by finding the intersection of the stress–strain curve with a line parallel
o the initial slope of the curve and which intercepts the abscissa at 0.2%. Elongation

s the increase in the gauge-length of a test specimen after fracture divided by its
riginal gauge-length, which is determined by manual measurement after tensile
est. Strain is the ratio of deformation dimension to the original dimension. Values
f UTS, YS and elongation are given as averages of 5 measurements. The fracture
urfaces of the samples were also analyzed by SEM.

Fig. 2. Grain structure (a) and optical micr
Fig. 1. XRD patterns of Mg–5Al–0.3Mn–2Nd alloy: (a) as-cast sample; (b) hot-rolled
sample; (c) sample annealed at 250 ◦C for 40 min.

3. Results and discussion

3.1. XRD analysis

Fig. 1 shows XRD patterns of Mg–5Al–0.3Mn–2Nd alloy in differ-
ent states. It can be seen that the as-cast sample is mainly composed
of �-Mg, Al2Nd, Mg17Al12 and Al11Nd3 phases. Phase compositions
of the hot-rolled sample and the sample annealed at 250 ◦C for
40 min are almost the same. They both consist of �-Mg, Al2Nd
and Al11Nd3 phases, except for Mg17Al12. The disappearance of
Mg17Al12 phase is due to homogenization of the studied alloy at
410 ◦C for 20 h. In addition, peaks intensities for �-Mg phase are
different for the three state samples. Compared with those of the
as-cast sample, intensities of {1 0 −1 0}, {1 0 −1 1}, {1 0 −1 2} and
{1 0 −2 0} reflection for the hot-rolled sample decrease greatly, but
the intensity of {0 0 0 2} reflection increases obviously. This sug-
gests that the hot-rolled sample exhibit a typically strong {0 0 0 2}
basal texture. Similar results were also reported in [14,15]. It can
also be observed from Fig. 1 that the {0 0 0 2} basal texture is
weakened through annealing treatment as the intensity of {0 0 0 2}
reflection decreases compared with that of the hot-rolled sample.

3.2. Microstructure of the as-cast, hot-rolled and annealed
samples
Grain structure of the as-cast sample is illustrated in Fig. 2(a).
Equiaxed grains are observed and the average grain size is about
90 �m. Optical microstructure of the as-cast sample is demon-
strated in Fig. 2(b). It is noted that the as-cast sample consists of

ostructure (b) of the as-cast sample.
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ig. 3. SEM image and EDX analysis of the compounds in the as-cast sample: (a) SE
n (a); (d) EDX analysis of the compound C in (a); (e) EDX analysis of the compound

ong acicular precipitate, polygonal particles and island-like phase.
hese phases can also be observed in SEM image shown in Fig. 3(a),
n which A and B are labeled for long acicular phase, C for polygonal
article and D for island phase, correspondingly. Their elemen-
al compositions are examined by EDX and results are shown in
ig. 3(b)–(e). It is illustrated in Fig. 3(b) and (c) that the atomic ratios
f Al:Nd for acicular phase A and B are 3.85 and 3.69, respectively.

hese two values are well in agreement with the stoichiometric
atio 11:3 (3.67). According to the result of XRD analysis, chemical
ormula of the acicular phase could be confirmed as Al11Nd3. For the
olygonal particle labeled as C, EDX result shows that Al:Nd ratio is
.19, which is near to 2:1. Based on the XRD results, the polygonal
ge, (b) EDX analysis of the compound A in (a); (c) EDX analysis of the compound B
a).

particle could be identified as Al2Nd phase. While for the island-
shaped phase labeled as D, EDX analysis reveals that it consists of
Al and Mg elements. Combining the results of XRD analysis, it could
be confirmed as Mg17Al12 phase. The Al2Nd phase does not appear
in our previous work [16], which might be attributed to different
casting moulds that causes different solidification rates.

Fig. 4 demonstrates the SEM image of hot-rolled sample. It is

noted that the microstructure and morphology of precipitates are
all changed after hot rolling. Twins are clearly observed and they
distribute throughout the sample. Grain boundaries become wavy
and the average grain size decreases to about 20 �m as a result
of dynamic recrystallization (DRX) during repeated preheating and
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Fig. 4. SEM image of the hot-rolled sample.

ot rolling. In addition, the acicular Al11Nd3 phases about 30 �m in
ength in the as-cast sample (as shown in Fig. 2) break into many
mall sections after hot rolling.

Annealing treatment was carried out to investigate microstruc-
ure evolutions of the hot-rolled sample. Fig. 5 demonstrates optical

icrostructure of the hot-rolled sample annealed at 250 ◦C for var-
ous time. Compared with the hot-rolled sample, it can be seen that
wins disappear and the average grain size becomes much smaller
n the sample annealed at 250 ◦C for 20 min. The average grain size
s about 10 �m. This microstructure refinement implies that the
nnealed microstructure evolves by recrystallization rather than

rain growth. With further increasing the annealing time, there is
ittle variation for the average grain size, which indicates that the
ot-rolled sample exhibits high thermal stability. It is because DRX-
rain growth is restricted by the Al11Nd3 and Al2Nd phases during
nnealing process.

Fig. 5. Optical microstructures of hot-rolled sample annealed at 250 ◦C f
Fig. 6. Stress–strain curves for as-cast and hot-rolled samples of
Mg–5Al–0.3Mn–2Nd alloy.

3.3. Mechanical properties of the as-cast, hot-rolled and annealed
samples

Mechanical properties of the as-cast and hot-rolled samples
along rolling direction are tested at room temperature. Fig. 6 shows
a set of typical stress–strain curves of the as-cast and hot-rolled
samples. It is clearly seen that for the as-cast sample, strength
increases with increasing strain after yielding. It is meant that the
as-cast sample possesses a strong strain-hardening behavior. After
hot rolling, strain-hardening phenomenon disappears and neck-
ing can be observed in Fig. 6 for the hot-rolled sample. Mechanical

properties of the as-cast and hot-rolled samples are listed in Table 2.
Vickers hardness, UTS and YS of the as-cast sample are about 52,
230 MPa and 65 MPa respectively. After hot rolling, Hv, UTS and YS
are about 76, 340 MPa and 240 MPa. Compared with those of the

or different time: (a) 0 min; (b) 20 min; (c) 40 min and (d) 60 min.
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Fig. 7. SEM fractographs of Mg–5Al–0.3Mn–2Nd alloy: (a) as-cast

s-cast sample, they are increased by 46%, 47.8% and 269%, cor-
espondingly. However, elongation sharply decreases from 29% to
%.

Mechanical properties of the hot-rolled samples annealed at
50 ◦C for 20 min, 40 min and 60 min are also tested. The related
echanical properties are summarized in Table 2 as well. It can be

oncluded from Table 2 that the Hv, UTS and YS of the annealed
amples decrease a little compared with those of the hot-rolled
ample, but they are still much higher than those of the as-cast sam-
le. In addition, the elongation recovers to more than 24%, which is
omparable to that of the as-cast sample. With increasing annealing
ime, little variation for the mechanical properties can be observed.

Compared the UTS and YS of the as-cast sample with those of
he hot-rolled sample, it can be concluded that the UTS and YS are
bviously enhanced through hot rolling. The improvement can be
scribed to following reasons. Firstly, grain size is obviously refined
y hot rolling via DRX. Average grain size decreases from 90 �m for
he as-cast sample to 20 �m for the hot-rolled sample. According to
he Hall–Petch relationship, strength of the hot-rolled sample can
e greatly enhanced through grain-refining effect. Secondly, after

he hot-rolling process, the long acicular Al11Nd3 phase in the as-
ast sample breaks into the many small sections in the hot-rolled
ample. Their cutting effect on the matrix could be relieved. Con-
equently, crack initiation and propagation becomes much more
ifficult. Thirdly, as the density of Al11Nd3 particles becomes much

able 2
echanical properties of the as-cast, hot-rolled and annealed samples at room

emperature.

Samples Hv UTS (MPa) YS (MPa) Elongation (%)

As-cast 52 230 65 29
Hot-rolled (along
the rolling
direction)

76 340 240 9

Annealed 20 min 64 279 160 24
Annealed 40 min 63 270 157 25
Annealed 60 min 62 271 152 27
e; (b) hot-rolled sample; (c) sample annealed at 250 ◦C for 40 min.

larger, dislocation density is increased by hot rolling. Moreover,
the cracked Al11Nd3 and Al2Nd particles could strengthen the alloy
greatly through interacting strongly with dislocations and pinning
them during deformation process.

3.4. Fracture

The as-cast sample exhibits an elongation of about 29%. After hot
rolling, it decreases to 9%. While for the annealed samples, elonga-
tion recovers to 24–27% again. These changes can also be indexed
from the fracture surfaces of these samples. SEM fractographs of the
as-cast sample, hot-rolled sample and sample annealed at 250 ◦C
for 40 min are shown in Fig. 7. For the as-cast sample seen in
Fig. 7(a), ductile dimples, cleavage facets and cracks can be clearly
observed. This implies that the as-cast sample exhibits a quasi-
cleavage fracture mode. As shown in Fig. 7(b), the hot-rolled sample
takes an intergranular fracture mode and fails along the grain
boundaries, which illustrates a brittle failure mode. These varia-
tions can be understood from two aspects. Firstly, the hot-rolled
sample displays the strongest basal texture among three samples.
Secondly, the internal stress and dislocation density in the hot-
rolled sample becomes much higher compared with the as-cast
sample. These two factors account for the brittleness of the hot-
rolled sample. After annealing, the intensity of basal texture and
the internal stress are significantly reduced and dislocations anni-
hilation also happens. Therefore, the alloy becomes ductile again
with elongation about 24–27%. This can be confirmed form the SEM
fractograph of the sample annealed at 250 ◦C for 40 min. In Fig. 7(c),
ductile dimples appears again, indicating that this sample take a
more ductile failure mode.
4. Conclusions

Microstructure and mechanical properties of the as-cast, hot-
rolled and annealed samples of the Mg–5Al–0.3Mn–2Nd alloy were
investigated. The following conclusions can be drawn:
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1) Average grain size of the as-cast sample is about 90 �m.
Through dynamic recrystallization, it is greatly refined to about
20 �m for the hot-rolled sample. The long acicular Al11Nd3
phase also breaks into many small sections after hot rolling.

2) The ultimate tensile strength (UTS) and yield strength (YS) of
the hot-rolled sample are about 340 MPa and 240 MPa respec-
tively. Compared with those of the as-cast sample, they are
enhanced by 47.8% and 269% correspondingly.

3) The improvement of the UTS and YS of the hot-rolled sample is
ascribed to the grain-refining strengthening and relieving of the
cutting effect of the Al11Nd3 phase. The cracked Al11Nd3 phase
and Al2Nd particles can also strengthen the alloy by strongly
interacting with dislocations and pinning them.

4) The average grain size becomes even smaller for the hot-rolled
sample annealed at 250 ◦C for 20 min. With increasing the
annealing time, no obvious grain-coarsen is observed and there
is little variation for the mechanical properties, which indi-
cates that the hot-rolled sample exhibits very high thermal
stability.
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