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Abstract: AZ40 Mg alloy thin sheets were prepared by multi-pass hot rolling with the hot-extruded alloy as the starting material. The
effect of hot rolling on the microstructure, mechanical properties, and fracture behavior of the alloy was investigated. The results
show that the microstructure homogeneity can be improved and the grain size is refined steadily by dynamic recrystallization with
increasing rolling passes. As a consequence, the mechanical properties of the as-rolled sheets are improved significantly as compared
with the starting as-extruded alloy. By 5 or more rolling passes, the average grain size is reduced to no more than 10 pm, and the
yield strength and the tensile elongation of the sheets prepared achieve as high as more than 175 MPa and 20%, respectively, in both

the rolling and the transverse direction.
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1 Introduction

Because of their low density, high specific strength,
superior damping capacity, and good electromagnetic
shielding performance, magnesium alloys are gaining
increasing importance for structural applications [1-3].
Indeed, Mg alloys are used more and more in aerospace,
automotive, and communication, and portable electronic
appliances [4—6]. However, Mg alloys usually present
limited workability at room temperature. In addition,
most Mg alloys suffer from relatively low mechanical
strength as compared with other competing materials
such as Al alloys. Therefore, much attention has recently
been paid to the improvement of mechanical strength and
ductility of Mg alloys[7—11].

It is well known that grain refining is a general way
to improve mechanical properties of metallic materials
[12—14]. For Mg alloys, it has been shown that both the
room-temperature mechanical strength and the plasticity
can be significantly improved by grain refining [15—17].
In particular, hot rolling could be used not only to
produce Mg alloy sheets that are suitable for the
manufacture of complex parts with thin-walled
geometries, but also to achieve grain refining and
mechanical property improvement. So far, however, most

of such studies were concentrated on the AZ31 Mg alloy
[18-21]. In the present work, we report a study on the
effect of hot rolling on grain refining and mechanical
property improvement of an AZ40 Mg alloy.

2 Experimental

The as-hot extruded AZ40 Mg alloy plate billets
with a thickness of 12 mm, which was provided by
Northeast Light Alloys Co. Ltd., was used as the starting
material for hot rolling. The chemical composition of the
alloy is shown in Table 1. The rolling experiments were
carried out by using a roll mill equipped with an
induction heating system to heat the rolls during rolling.
In total, 6 passes of hot rolling operations were
performed to obtain AZ40 Mg alloy sheets with a final
thickness of 1 mm. The major rolling parameters
including the billet thickness reduction for each rolling
pass were selected as shown in Table 2.

The microstructure and mechanical properties of the
alloy subjected to different rolling passes were
investigated. The microstructure was observed by using
an Olympus optical microscope. To evaluate the
mechanical properties, tensile tests were performed at
room temperature using an INSTRON-5569 standard
testing machine. The tensile specimens, with the
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Table 1 Chemical composition of AZ40 alloy (mass fraction,
%0)

Al Zn Mg
4.0 0.2 Bal.

Table 2 Process parameters for hot rolling of AZ40 Mg alloy

Rolling Roll and billet  Rolling Thic@ess Thicknf?ss
temperature/ speed/  reduction/ after rolling/
pass °C msh % mm
1 400 2 30.8 83
2 400 2 28.9 59
3 400 2 28.8 4.2
4 400 2 28.6 3.0
5 300 5 433 1.7
6 300 5 41.2 1.0

geometry and dimensions shown in Fig. 1, were prepared
from both the starting plate billet and the as-rolled alloy.
For all tensile tests, the gauge span was 15 mm, and the
strain rate was 1.0x107° s', respectively. The fracture
morphology of the tensile specimens was examined by
using a S-570 Hitachi scanning electron microscope
(SEM).

3 Results and discussion

3.1 Microstructure
Figure 2 shows the microstructures of the starting
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Fig. 1 Geometry and dimension of tensile specimen (unit: mm)

AZ40 Mg alloy billet and the as-rolled sheets obtained
by 4-6 rolling passes. It is seen that the starting
as-extruded alloy billet is featured by a heterogeneously
recrystallized microstructure, with the size of most grains
in the range of 10—60 pm (Fig. 2(a)). In comparison, the
as-rolled sheets after 4—6 hot rolling passes present a
homogeneous, dynamically recrystallized microstructure,
and the grain size decreases with the increase of the
rolling passes, with the average grain size of the alloy
subjected to 4, 5 and 6 rolling passes being about 15, 10,
and 8 pm, as shown in Figs. 2(b), (¢), and (d) respectively.
Obviously, the microstructure homogenization and grain
size refining can be attributed to the dynamic
recrystallization during hot rolling. In Refs. [18—19], it
was shown that for hot rolling of AZ31 Mg alloy a steady
grain refining can be achieved by dynamic
recrystallization only when the process parameters are
well chosen. Since, in the present study, the average
grain size of the as-rolled sheets is seen to reduce
steadily with the increase of the rolling passes. It
is evident that the processing parameters chosen herein




WANG Hai-lu, et al/Trans. Nonferrous Met. Soc. China 21(2011) s229-s234

are reasonable and of great value for the rolling practice
of AZ40 Mg alloy in order to achieve microstructure
refining and property improvement.

3.2 Mechanical properties

Figure 3 shows the room-temperature tensile
mechanical properties of the starting AZ40 Mg alloy
billet and the as-rolled sheets. As shown in Fig. 3(a), the
starting as-extruded billet presents obviously anisotropic
mechanical properties. In the extrusion direction (ED),
the yield strength is only about 100 MPa, but a tensile
elongation as high as 20%, together with a strong strain
hardening effect, is observed. In contrast, though the
transverse yield strength is as high as 230 MPa, the
corresponding elongation is only about 13%. This
suggests that strong microstructure anisotropy or texture
exist in the as-extruded alloy, and the soft orientation for
basal slip developed during extrusion must be the same
as the extrusion direction. Fortunately, this anisotropy in
mechanical properties can be reduced or eliminated by
hot rolling. As shown in Fig. 3(b), the anisotropy in
mechanical properties was improved significantly after
the alloy was subjected to 4 passes of rolling. Indeed,
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with the further increase of the rolling passes to 5 or
more, almost no anisotropy in mechanical properties is
observed, as shown in Figs. 3(c) and (d). In addition,
both the yield strength and the elongation increase with
the increase of the rolling passes. The yield strength and
the tensile elongation of the alloy by 5 or more rolling
passes achieve the level no less than 175 MPa and 20%,
respectively, in both the rolling and the transverse
direction. Obviously, this significant improvement in
mechanical properties is attributed to the microstructure
homogenization and steady grain size refining of the
alloy with increasing rolling passes, as shown in Fig. 2.

3.3 Fracture morphology

Figure 4 shows the SEM fractographs of the tensile
specimens. As shown in Figs. 4(a) and (b), the fracture of
the starting as-extruded alloy is featured by a quasi-
cleavage pattern consisting of major cleavage through
large grains and some shallow ductile dimples in the
cleavage adjoining areas, which is consistent with its
relatively poor plasticity. In comparison, though a few
small localized cleavages do exist on the fractured
surface, the fracture of the alloy after 4 rolling passes is,
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Fig. 3 Room-temperature tensile properties of AZ40 Mg alloy by different rolling passes: (a) Starting billet; (b) 4 passes; (c) 5 passes;

(d) 6 passes
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(2), (h) 6 passes
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as a whole, typically ductile, with numerous dimples
formed by micro-void coalescence clearly observed, as
shown in Figs. 4(c) and (d). In addition, with the further
increase of the rolling passes, no localized cleavages are
observed, as shown in Figs. 4(e)—(h). Therefore, the
tensile elongation of the alloy increases with increasing
rolling passes. Of course, this is attributed to the
microstructure homogenization and grain size refining,
which help to improve the deformation homogeneity and
to reduce the internal stress concentration caused by
dislocation pile-up within grains during deformation.

4 Conclusions

1) The anisotropy in microstructure and mechanical
properties featured by the extruded AZ40 Mg alloy can
be improved or eliminated by dynamic recrystallization
due to hot rolling processing. Under the rolling
conditions in the present study, AZ40 Mg alloy sheets
with homogeneous microstructure and no anisotropy in
mechanical properties were obtained by 5 passes of hot
rolling the extruded alloy.

2) When the rolling conditions is chosen properly,
the average grain size of AZ40 Mg alloy can be refined
steadily by dynamic recrystallization with the increase of
the hot rolling passes. In the present study, the average
grain size of the alloy was reduced to no more than 10
um after 5 passes of rolling processing.

3) Due to the homogenous, fine dynamically
recrystallized microstructure, the AZ40 Mg alloy sheets
prepared by 5 or more rolling passes present very good
mechanical properties, with their yield strength and
tensile elongation achieving as high as more than 175
MPa and 20%, respectively, in both the rolling and the
transverse directions.

References

[11 YU kun, LT Wen-xian, WANG Ri-chun. The development and
application of wrought magnesium alloys [J]. The Chinese Journal of
Nonferrous Metals, 2003, 13(2): 277-288. (in Chinese)

[2] MORDIKE B L, EBERT T. Magnesium properties—application—
potential [J]. Materials Science and Engineering A, 2001, 302:
37-45.

[3] KOJIMA Y. Platform science and technology for advanced
magnesium alloy [J]. Materials Science Forum, 2000, 350-351(3):
350-353.

[4] DWAIN M, MAGERS A. Global review of magnesium parts in
automobiles [J]. Light Metal Age, 1996, 54(910): 60—63.

[S] FURUYA H, KOGISO N, MATUNAGA S, SENDA K. Applications

of magnesium-alloys for aerospace structure systems [J]. Materials

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

s233

Science Forum, 2000, 350—-351: 341-348.

SCHUMANN S, FRIEDRICH H. Current and future use of
magnesium in the automobile industry [J]. Materials Science Forum,
2003, 51: 419-422.

DING S X, LEE W T, CHANG C P, CHANG L W, KAO P W.
Improvement of strength of magnesium alloy processed by equal
channel angular extrusion [J]. Scripta Materialia, 2008, 59:
1006—1009.

DMITRY O, GEORGE R, TORBJORN T L, MIKHAIL P, YURI E.
Improvement of mechanical properties of magnesium alloy ZK60 by
integrated extrusion and equal channel angular pressing [J]. Acta
Materialia, 2011, 59: 375-385.

MATSUMOTO R. Ductility improvement methods for commercial
AZ31B magnesium alloy in cold forging [J]. Trans Nonferrous Met
Soc China, 2010, 20: 1275—1281.

ZHAO Ming-chun, DENG Yun-lai, ZHANG Xin-ming.
Strengthening and improvement of ductility without loss of corrosion
performance in a magnesium alloy by homogenizing annealing [J].
Scripta Materialia, 2008, 58: 560—563.

CANDAN S, UNAL M, TURKMEN M, KOC E, TUREN Y,
CANDAN E. Improvement of mechanical and corrosion properties
of magnesium alloy by lead addition [J]. Materials Science and
Engineering A, 2009, 501: 115-118.

NIELS H. Hall-Petch relation and boundary strengthening [J].
Scripta Materialia, 2004, 51: 801—806.

BERNETT M R, KESHAVARZ Z, BEER A G, ATWELL D.
Influence of grain size on the compressive deformation of wrought
Mg-3Al-1Zn [J]. Acta Materialia, 2004, 52: 5093-5103.

KIM W J, AN C W, KIM Y S, HONG S I. Mechanical properties and
microstructures of an AZ61 Mg Alloy produced by equal channel
angular pressing [J]. Scripta Materialia, 2002, 47: 39—44.

KAINER K U, BUCH F. The current state of technology and
potential for further development of magnesium applications [J].
Materials Science Forum, 2003(1): 419-422.

RAVIKUMAR N V, BLANDIN J J, DESRAYAUD C. Grain
refinement in AZ91 magnesium alloy during thermomechanical
processing [J]. Materials Science and Engineering A, 2003, 359:
150-157.

WANG Jian-li, DONG Han-wu, WANG Li-dong, WU Yao-ming,
WANG Li-min. Effect of hot rolling on the microstructure and
mechanical properties of Mg-5A1-0.3Mn-2Nd alloy [J]. Journal of
Alloys and Compounds, 2010, 507: 178—183.

MIAO Qing, HU Lian-xi, SUN Hong-fei, WANG Er-de. Grain
refining and property improvement of AZ31 Mg alloy by hot rolling
[J]. Trans Nonferrous Met Soc China, 2009, 19(2): s326—330.

MIAO Qing, HU Lian-xi, WANG Er-de. Microstructure and
mechanical properties of AZ31 magnesium alloy sheet by hot rolling
[J]. International Journal of Modern Physics B, 2009, 23(6-7):
984-989.

CHANG T C, WANG J Y, O C M, LEE S Lee. Grain refining of
magnesium alloy AZ31 by rolling [J]. Journal of Materials
Processing Technology, 2003, 140: 588—591.

FATEMI-VARZANEH S M, ZAREI-HANZAKI A, HAGHSHENAS
M. The room temperature mechanical properties of hot-rolled AZ31
magnesium alloy [J]. Journal of Alloys and Compounds, 2009, 475:
126-130.



s234

WANG Hai-lu, et al/Trans. Nonferrous Met. Soc. China 21(2011) s229-s234

RELTX AZ40 Mg & & @A S HF RSN
IEE TEE? RHEL', L %7 IRE!

1. WERIE T RS: #RlRRE S TRE2ERE, WRURTE 150001
2. RILBREEH WA RE AP L, BIRE 150060

WO USSR, SRS AZ40 Mg A S B . BESCHELE TR & LS. ) A
BT AN, S5 RAN]: BEAHLIR AN, RIS L, APRMO LG ST BIED e, SRR
BRI MMM, FAELRRE 0025 M 5 5 T A RHR LA 31 35 5 . 283 5 3 UL 4L 1Y AZ40 Mg
BAHR P SRR AEE] 10 e DAL L1 Rk 1 0 S0 i R 5 0K 58777 4 B3] 175 MPa
1 20%LL L.
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