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Network-shaped ﬁne-grained microstructure and high ductility
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An extraordinary microstructure with mean grain size of 1.77 lm accompanying ﬁne grains of 150 ± 50 nm was obtained for
magnesium alloy AZ31 by cyclic extrusion compression (CEC). The ductility improved 2.2 times while yield strength decreased
50 MPa after CEC 7 passes compared with as-extruded alloy. A compound grain-reﬁning mechanism was proposed to explain
the microstructure evolution during CEC. Dislocation density, texture and grain-boundary structure were employed to clarify
the relationship between microstructure and mechanical properties of AZ31 alloy after CEC.
Ó 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Magnesium alloys are potential candidates for replacing steel and other high-speciﬁc-weight materials due to
their low density and high-speciﬁc strength [1]. Nevertheless, the application of wrought magnesium alloys is
limited by its low room temperature ductility [2]. New
eﬀorts on grain reﬁnement are devoted to minimizing
these disadvantages. Among them, severe plastic deformation (SPD), aimed at the fabrication of massive bulk
nanostructured materials (NSM) or ultraﬁne-grained
microstructure (UFG, grain size in the range 100–
1000 nm) materials, has been successfully used to obtain
ﬁne-grained magnesium alloys [3–6]. CEC [5], as a kind
of continuous SPD technique, is very suitable for reﬁning
grains of hard-deformation metals due to the materials
imposed by three-dimensional compression stress during
the CEC process. However, there are few reports on
microstructure and mechanical properties of ﬁne-grained
magnesium alloys fabricated by CEC. Moreover, the
grain-reﬁning mechanism during CEC is still unknown
up to now. The present work reveals the extraordinary
microstructure and mechanical properties of Mg alloys
after the CEC process and clariﬁes the grain-reﬁning
mechanism of magnesium alloys during CEC.
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The Mg alloy AZ31 (Mg–3.1%Al–1.0%Zn–0.4%Mn,
by wt.%) was used in the as-extruded condition. Both
the extruded bar workpiece and the die were held for
10 min at 100 °C and coated with a lubricant of graphite
powder before heating to 300 °C for about 2 h. The
sample was put into the upper chamber to start the
CEC processing cycle [5,7]. The CEC passes 1, 3 and 7
were applied, corresponding to equivalent strains 0.81,
4.1 and 10.5, respectively [5]. After processing, longitudinal sections were prepared for transmission electron
microscopy (TEM) observation and electron backscatter
diﬀraction (EBSD) analyses in the scanning electron
microscope. The average conﬁdence indexes (CI) after
cleanup are 87%, 83%, 78% and 77% for as-extruded,
and CECed AZ31 of 1, 3 and 7, respectively.
Figure 1 shows the grain-boundaries map of asextruded and processed CEC alloy. The low-angle
grain-boundaries (LAGBs, between 2° and 15°) and
high-angle grain-boundaries (HAGBs) are marked by
thin and thick black lines, respectively. There are numerous LAGBs in the as-extruded material, as shown in
Figure 1a. Figure 1b shows that the LAGBs seem to
evolve into HAGBs and ﬁner grains are achieved. The
ﬁne grains gather together to form network-shaped
structures. With the increase of accumulated strain,
the fraction of grain-boundaries increases (see Fig. 1c).
The network-shaped structure is subdivided and more
network-shaped structures are formed. When the alloy
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Figure 3. TEM micrographs of AZ31 alloy after CEC 7 passes and
573 K: (a) bright ﬁeld; (b) corresponding dark ﬁeld.

Figure 1. Grain boundaries map (SEM-EBSD) of as-extruded and
alloys processed by CEC at 573 K: (a) as-extruded; (b) CEC 1 pass; (c)
CEC 3 passes; (d) CEC 7 passes.

is deformed to 7 passes (Fig. 1d), the distribution of
network-shaped structures is more homogeneous and
the residual coarse grains are separated by the
network-shaped structure.
Figure 2 shows typical distribution histograms of
grain size for as-extruded alloys and alloys processed
by CEC. Compared with the distribution of grain size
of as-extruded AZ31 alloy (Fig. 2a), one can clearly ﬁnd
that the grain reﬁnement takes place mainly during CEC
1 pass and the grain size decreases slowly with further
increasing strain. The mean grain size of AZ31 alloy is
about 2.17 lm after CEC 1 pass (seen in Fig. 2b). After
CEC 3 passes the distribution of grain size tends to be
more homogeneous and the mean grain size is nearly
1.89 lm (seen in Fig. 2c). With further deformation,
the mean grain size reaches 1.77 lm after CEC 7 passes
(seen in Fig. 2d).

In order to conﬁrm the grain size of ﬁne grains, which
is diﬃcult to distinguish by EBSD due to the applied
scan step, TEM was performed to obtain detailed information. The grain size of ﬁne grains of AZ31 alloy after
CEC 7 passes is in the range 150 ± 50 nm, as can be seen
in Figure 3a and b. It is interesting to note that there are
many {10–12} twins in the microstructure of CEC 1 and
3 passes (seen in Fig. 4) while it is diﬃcult to ﬁnd any
twins in the microstructure of CEC 7 passes.
Table 1 summarizes the average misorientation, fraction of LAGBs, texture, texture intensity and the calculated maximum Schmid factor for as-extruded and CEC
samples. The average misorientation clearly increases
from 34.6 of as-extruded to 50.9 of CEC 1 pass. Then
it tends to increase as CEC pass increases. Both the fraction of LAGBs and texture intensity tend to decrease
with the increase of CEC pass. One can clearly see that
the {0 0 0 1} crystal plane is parallel to viewing plane at
CEC 1 pass. The angle between {0 0 0 1} crystal plane
and viewing plane increases from 0° of CEC 1 passe to
73° of CEC 3 passes. After CEC 7 passes, it is 90°, which
means the {0 0 0 1} crystal plane is normal to extrusion
direction. The change of texture shows that the big angle
rotation for grains happens during CEC deformation.
The calculated maximum Schmid factor shows that it
is diﬃcult to deform for as-extruded and CEC 1 pass,
but easy for CEC 3 passes and 7 passes.

0.16

0.05

Area Fraction

Area Fraction

0.14
0.12
0.10
0.08
0.06
0.04

0.03
0.02
0.01

0.02
0.00

0.04

10

20

30

40

50

60

70

80

0.00

90

1

Grain Size (Diameter) [microns]

4

5

6

7

8

9

10

0.05

Area Fraction

0.06

Area Fraction

3

Grain Size (Diameter) [microns]

0.07

0.05
0.04
0.03
0.02

0.04
0.03
0.02
0.01

0.01
0.00

2

1

2

3

4

5

6

7

8

Grain Size (Diameter) [microns]

9

10

0.00

1

2

3

4

5

6

7

8

9

10

Grain Size (Diameter) [microns]

Figure 2. Grain-size distribution of as-extruded alloys and alloys processed by CEC at 573 K: (a) as-extruded; (b) CEC 1 pass; (c) CEC 3 passes;
(d) CEC 7 passes.
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Figure 4. {10–12} twin in AZ31 alloy processed by CEC 3 passes and 573 K: (a) micrograph; (b) diﬀraction patterns of matrix and twin; (c) computer
simulation of diﬀraction pattern of matrix and twin.

Table 1. Average misorientation, fraction of LAGBs, texture and maximum Schmid factor for CEC sample
CEC pass number Average misorientation Fraction of LAGBs (%) Texture
0
1
3
7

34.6
50.9
48.5
54.8

Stress
Lattice distortions

LAGB

HAGB

Fine grains
Intensive shear zone

Texture intensity Maximum Schmid factor

{0 1 1 1}h2 1 1 0i
13.613
{0 0 0 1}h1 1 0 0i
5.907
{1 2 1 1}h3 1 2 3i 4.492
{1 4 5 0}h3 2 1 3i
4.488

28.7
9.4
10.6
7

Finer grains

Figure 5. Schematic showing the grain reﬁnement of magnesium alloys
during CEC process (increasing strain accumulation going to the
right).

Based on EBSD and TEM observation as well as the
data summarized in Table 1, a compound grain-reﬁning
mechanism for magnesium alloys during CEC process
can be proposed, and this is schematically shown in
Figure 5. Firstly, the basal plane {0 0 0 1} is mainly
parallel to extrusion direction after extrusion while it
is perpendicular to the compressed direction after compression [8,9]. Therefore, the basal planes have the tendency to periodically change during CEC processing.
This explains the weakness of texture intensity with
increasing CEC pass number (seen in Table 1). As usual,
the large rotation cannot be achieved by slip alone. Thus
the {10–12} twin is activated to correspond to the large
angular rotations of the basal plane (seen in Fig. 4)
[1,10–12]. Intensive shear stresses are imposed on
grain-boundaries and grains due to the rotation tendency of basal plans. In this case, ﬁne grains are easy
to deform while with coarse grains this is more diﬃcult.
Thus lattice distortions occur at the boundaries between
coarse grains and ﬁne grains where stress concentrations
are high enough, e.g. both along grain-boundaries and
inside grains. Subgrains might form in the distorted regions where slip in non-basal systems may operate, thus
giving rise to rotated regions and accommodating the
external deformation. As strain increases further, which
in turn develop into new grains. Such a mechanism
could be viewed as a kind of rotational dynamic recrystallization (RDRX) [1,10]. The microstructure feature of

0
0
0.49
0.49

ﬁne grains gathering together to form network-shaped
structures is in accordance with RDRX (seen in
Fig. 1). Thirdly, LAGBs evolving into HAGBs as a kind
of continuous dynamic recrystallization (CDRX) is suggested from TEM examinations in previous work [5]. Finally, during the time interval between passes, the CEC
material experiences a thermal anneal at 573 K. Thus
static recovery and recrystallization are phenomena that
are believed to occur. It can be expected that the grain
structure cannot be substantially more reﬁned due to
both the grain-coarsening driven by the exposure to high
temperature during extrusion/compression and in the
time interval between passes and the decreasing grainreﬁning rate with the reducing coarse grains.
The measured 0.2% proof stress and elongation as a
function of d1/2 is shown in Figure 6. The elongation
increases from 16% of as-extruded to 17% of CEC 1
pass, then it increases sharply to 34% of CEC 3 pass;
it is 2.2 times greater than as-extruded after CEC 7
passes. Yield strength increases from 189 MPa of asextruded to 210 MPa of CEC 1 pass. Then it clearly
decreases to 150 MPa of CEC 3 passes and decreases
to 140 MPa after CEC 7 passes.

Figure 6. Measured 0.2% proof stress and elongation as a function of
d1/2.
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Strength and ductility of the ﬁne-grained Mg alloy
fabricated by CEC process were ﬁrst clariﬁed. The
strength clearly presents an inverse Hall–Petch relationship after CEC process. This means that the strength of
ﬁne-grained Mg alloy after CEC is aﬀected not only by
grain size but also by dislocation density, texture and
grain-boundary structure. The reason may be as follows:
ﬁrstly, dislocation density in grains is very low after
CEC process because repetitive extrusion and compression leads to the annihilation of dislocations with
contrary sign (seen in Fig. 3), which means that the eﬀect
of dislocation strengthening in AZ31 alloy after CEC is
not obvious. Secondly, the maximum Schmid factor of 0
at as-extruded alloy and CEC 1 pass shows that most
grains in alloys are unfavorable to operate slip, which
corresponds to high strength and low ductility (shown
in Table 1 and Fig. 6). When the maximum Schmid factor increases sharply to 0.49 at CEC 3 and 7 passes, the
critical resolved shear stress (CRSS) clearly decreases.
Therefore yield strength should decrease and elongation
increase. Lastly, the feature of ﬁne grains, HAGBs and
high average misorientation associated with AZ31 alloys
after CEC may contribute to the grain-boundary sliding
(GBS). Hauser et al. reported that GBS can operate at
room temperature in UFG materials [13]. Recent
research showed that GBS is easier to operate in ﬁner
grains, higher-angle grain-boundaries and higher
average misorientation of Mg alloys [14,15]. GBS
should decrease the stress concentration around grainboundaries, therefore the strength decreases from CEC
1 pass to 7 passes. GBS and ﬁne grains with high Schmid
factor should improve the deformation compatibility of
grain-boundaries and grains, respectively, which contribute to high ductility.
The present work ﬁrstly clariﬁed the network-shaped
ﬁne-grained microstructure and extraordinary mechanical properties of AZ31 Mg alloy after CEC and pro-

vided evidence for the proposed compound grainreﬁning mechanism during CEC.
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