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The effect of equal-channel angular pressing (ECAP) at various temperatures (310, 330, and
350 °C) on precipitations and strengthening mechanisms of Mg–9Al–1Si alloys was investigated.
The results indicated that the average grain size decreased gradually with decreasing of ECAP
temperature. The distribution of the Mg2Si phase changed a little when the ECAP temperature
increased. However, the different morphologies of b-Mg17Al12 phase were observed, including
continuous and uncontinuous precipitation of particles at 310 and 350 °C. The continuous
b-Mg17Al12 phase was hardly found and the reﬁned b-Mg17Al12 phase was distributed
dispersedly in the matrix at 330 °C. Thus, the mechanical properties of the Mg–9Al–1Si alloy
was optimum: ultimate tensile strength and elongation were ;350.8 MPa and ;14.77%,
respectively. It can be deduced that both grain reﬁnement strengthening and precipitation
strengthening play signiﬁcant roles in strength increment of the alloy during the ECAP process.
However, precipitation strengthening is the predominant mechanism.

I. INTRODUCTION

Magnesium (Mg) and its alloys have attracted much
attention due to their low density, high speciﬁc strength,
excellent damping capacities, good machinability, and
excellent castability.1,2 However, the strength of Mg
alloys is usually improved at the expense of elongation
(EL).3 It is still a challenge to obtain the best overall
mechanical properties, with a balance in strength and
ductility.4
Equal-channel angular pressing (ECAP) is regarded as
one of the most effective ways of severe plastic deformation to improve mechanical properties of materials.
A large deformation results in grain reﬁnement and
modiﬁcation of the second phase of alloys.5–9 Previous
study has shown that grain reﬁnement strengthening
occurs together with precipitation strengthening, which
is propitious to enhance mechanical properties of the
Al–Zn–Mg–Cu alloy during the ECAP process.7 Mg
possesses a hexagonal close-packed crystal structure with
a few slip systems, and some of them are difﬁcult to be
activated at room temperature. Consequently, Mg and its
alloys are usually deformed at a certain temperature.10–12
Kraj
nák et al.13 found that increasing ECAP temperature
in AX41 with large grain size led to poor performance.
However, Hong et al.14 reported that excellent
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mechanical properties in the extruded Mg–Gd–Y–Zr
alloy at 400 °C, which possessed the bimodal grain
structure with coarse grain and ﬁne grain regions were
obtained. Besides, the increasing of ECAP temperature is
beneﬁcial to both the diffusion rate of various elements
and the nucleation and the growth rate of precipitation in
alloys,15 so the morphology and distribution of precipitation are affected in alloys. Furthermore, various
inﬂuences of ECAP temperature on the second phase
with different melting points have been studied.16 Thus, it
can be seen that ECAP temperature affects both grain
reﬁnement strengthening and precipitation strengthening.
Cheng et al.17 found that Mg2Sn phase with low melting
point precipitated in Mg–8Sn–6Zn–2Al alloys during
ECAP process. Aﬁﬁ et al.9 showed that the g9 phase
was reﬁned during the ECAP process in Zn–Mg alloys.
At the same time, the g phase formed in the process.
Shaeri et al.7 revealed that the precipitation strengthening
played the most important role in the improvement of
mechanical properties about ECAPed Al-7075. Kang
et al.3 found that the effect of grain reﬁnement strengthening is far greater than the precipitation strengthening in
extruded AZ91–0.5Ca alloys. Hence, the effect of grain
reﬁnement strengthening and precipitation strengthening
mechanism is different at various alloy series.3,9,17
Nevertheless, there is no deep research on the strengthening mechanism of the alloy with different types of
second phase and bimodal grain structure. Wang et al.8
attained a uniform ﬁne grain structure with the homogeneously dispersed Mg17Al12 phase and Mg2Si phase in
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ECAPed Mg–Al–Si alloys at 300 °C. The strength under
both room and high temperature of the alloy were greatly
improved. However, the strengthening mechanism was
not sufﬁciently analyzed in their reports. It is to be noted
that there has been few reports about strengthening
mechanism in the Mg–Al–Si alloy with the bimodal
grain structure.8,18
Accordingly, the Mg–9Al–1Si alloys with different
second phases (Mg17Al12 phase and Mg2Si phase) are
selected to investigate the effect of ECAP temperature on
the grain and precipitation in the present paper. The
interaction mechanism of the grain reﬁnement strengthening and precipitation strengthening in the alloy during
the ECAP process was also reported in this paper.
II. EXPERIMENTAL MATERIALS AND
PROCEDURES

The Mg–9Al–1Si (wt%) alloy was prepared from pure
Mg ingot (99.99 wt%), Al ingot (99.99 wt%), and Al–30%
(wt%) Si master alloy. The experimental alloys were
melted in an electrical resistance furnace under atmosphere
of protective SF6 1 CO2 gas. Pure Mg and appropriate
amounts of pure aluminum were added into a steel crucible
which was preheated at 400 °C, then the temperature was
increased to 720 °C and held for 20 min. The melting
temperature increased approximately 730 °C, Al–30% Si
master alloys were mixed to the melt. The melt was stirred
mechanically and mixed completely at 700 °C. After that,
to improve the morphology and distribution of the second
phase, ultrasonic vibration (UV) was used with 1200 W
for 20 min.19 The melt was casted into an iron mold with
the inner diameter of 40 mm which was preheated to
250 °C. The chemical composition of the resulting billets
was determined through inductively coupled plasma spectrometry to be Mg–8.96Al–1.01Si (wt%), which was very
close to their respective expected values. Prior to ECAP,
the treatment (T4) of billets was carried out at 420 °C for
24 h and water quenched. The billets (12  12  63 mm)
were pressed through an ECAP die with an angle between
the intersecting channels of Ф 5 90°, an outer arc of
curvature of Ѱ 5 20° and the channel had a quadrate (12
 12 mm) cross-section throughout the die. The ECAP
was carried out at three temperatures (310, 330, and
350 °C) for two passes, the samples were pressed at a rate
of 1.0 mm/min by route Bc (i.e., the samples were rotated
around clockwise by 90° between each pass).8,20
The sample was analyzed by using a Leica DM2500M
optical microscope (OM; Leica Microsystems, Heidelberg,
Germany). The size and morphology of the second phase
were observed by using a TESCAN Mira3 LMH scanning
electron microscope (SEM; TESCAN, Brno, Czech Republic) and a JEOL 2100F transmission electron microscope (TEM; JEOL Ltd., Tokyo, Japan). At least ten images
were used to count the diameter and number of the second

phase and grain size by Image-Pro Plus software (Media
Cybernetics, Rockville, Maryland). To characterize the
second phases, X-ray diffraction (XRD) analysis was
performed by using a TD-3500 (Dandong Ray Instrument
Co. Ltd., Dandong, China) equipped with a Cu anode at
a scanning velocity of 6°/min and range of 20°–80°. Before
the analysis, the sample surface was chemically etched by
using the solution including 10 mL H2O, 10 mL acetic acid,
90 mL ethyl alcohol, and 4.2 g picric acid.
Tensile tests were conducted on a DNSl00 test
machine with a speed of 0.5 mm/min. The samples with
a gauge length of 15 mm and a cross section of 2.0 
1.5 mm were selected in tensile tests.
III. RESULTS AND DISCUSSION

The OM microstructure shown in Fig. 1(a) indicates
the Mg2Si phase with coarse Chinese script shape clusters
along the grain boundaries, and the average grain size ðdÞ
of the Mg–9Al–1Si alloy under the UV 1 T4 (UV during
the molten state and T4 treatment) condition is observed
to be ;203 lm. Figure 1(b) presents the XRD pattern of
the UV 1 T4 condition alloy, showing two intermetallic
phases (Mg2Si, Mg17Al12) and a matrix a-Mg phase prior
to the ECAP process, respectively. However, the diffraction intensity peak of the Mg17Al12 phase in XRD was
almost negligible due to the T4 treatment. This demonstrated that a large amount of eutectic Mg17Al12 phase
had been dissolved in the matrix,21 and the content of
Mg17Al12 was low in the pretreated alloy which is not
observed in the OM [Fig. 1(a)]. On the contrary, the T4
treatment has little effect on the Mg2Si phase owing to its
high melting point.1
Figure 2 illustrates the SEM-EDS of the ECAPed Mg–
9Al–1Si alloy at 310 °C and XRD patterns of ECAPed
Mg–9Al–1Si alloys at various temperatures [310 °C—
(b), 330 °C—(c), and 350 °C—(d)]. This reveals that the
Mg2Si phase is fragmented from coarse Chinese script
shape to rod-like in Fig. 2(a). In addition, the white
granular Mg17Al12 phases precipitated along grain
boundaries and at the interface between Mg2Si phase
and a-Mg matrix, and a small amount of Mg17Al12
phases were observed in the position where the crack
formed in the Mg2Si phase. Compared with the XRD
pattern of pretreated (UV 1 T4) in Fig. 1(b), the
corresponding b-Mg17Al12 peak intensity signiﬁcantly
increases, which indicates that ECAP promoted the
precipitation of the Mg17Al12 phase from the a-Mg
matrix in Figs. 2(b)–2(d).15 Moreover, it can be seen
from Fig. 2(c) that the peak of the Mg17Al12 phase was
strongest, which indicates that the maximum amount of
Mg17Al12 particles is obtained at 330 °C.
Figure 3 shows the OM and SEM microstructures of
the ECAPed alloy with fractured Chinese script-shaped
Mg2Si particles. The grain size ðdÞ of ECAPed alloys at
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FIG. 1. OM (a) and XRD patterns (b) of pretreated (UV 1 T4) Mg–9Al–1Si alloys.

FIG. 2. SEM-EDS of the ECAPed Mg–9Al–1Si alloy at 310 °C (a) and XRD patterns of different ECAP temperatures: 310 °C (b), 330 °C (c), and
350 °C (d).
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FIG. 3. OM and SEM of the Mg–9Al–1Si alloy ECAPed at different temperatures by two passes: (a and b) 310 °C, (c and d) 330 °C, (e and f)
350 °C.

 illustrated by
310 °C has been reﬁned effectively. The d,
shown in the distribution bar graph of grain size in
Fig. 3(a), decreased to ;11.0 lm and the dynamically
recrystallized (DRXed) grain is homogeneous distribution. Furthermore, it can be seen that the Mg2Si phase
was fully broken down into ﬁner particles. Meanwhile,
a large number of ﬁne Mg17Al12 phases precipitated

along the grain boundaries. Besides, a considerable part
of Mg17Al12 particles are connected to each other, which
leads to a micro-aggregation. The average diameter and
quantity of precipitation were 1.435 (60.025) lm and
126.3, respectively. The detailed values are given in
Table I. As demonstrated in Fig. 3, it is obviously
observed that the grain size in DRXed ﬁne grain regions
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TABLE I. Mechanical properties of the ECAP Mg–9Al–1Si alloy at different temperatures and details of the second phase particle.
Mechanical properties

Second-phase (mean)

Alloy

Pretreated

2-Pass ECAP temperature (°C)

TYS (MPa)

TUS (MPa)

EL (%)

Number X

Diameter d (lm)

Mg–9Al–1Si

UC 1 T4

310
330
350

194
290
225

300.0
350.8
271.3

13.87
14.77
10.18

126.3
231.9
124.4

1.435 (60.025)
0.930 (60.015)
1.319 (60.031)

at 330 °C, which was smaller than that at 310 °C. It is
worth noting that a little coarse grain regions appeared at
330 °C, so there was a slight ﬂuctuation in the average
grain size d (;12.4 lm). Otherwise, the size of the
Mg2Si particle changed a little but it tends to be
a homogeneous distribution. However, the precipitated
particle of the Mg17Al12 phase was reﬁned in size and
incremented in number, majority of uncontinuous
Mg17Al12 phases precipitated along the grain boundaries.
As shown in Fig. 3(b) and Table I, the average size (d) of
precipitation decreases sharply to 0.930 (60.015) lm and
the amount increases hastily to 231.9 with ECAP
temperature elevates from 310 to 330 °C, which is in
accordance with the strongest diffraction intensity peak
presented in Fig. 2(c). The fraction of coarse grain region
increment and the grain sizes of both coarse grain regions
and ﬁne grain regions increased, resulting in the increase
of d (;15.5 lm) at 350 °C. The dispersion degree of the
Mg2Si particle decreased [Fig. 3(e)] and the size of the
Mg17Al12 phase increased slightly, it deserves to be
mentioned that the micro-aggregation of particles reappeared [Fig. 3(f)]. In this case, the average size of the
Mg17Al12 phase increases to 1.319 (60.031) lm and the
average number signiﬁcantly declines to 124.4 (Table I).
The ECAP temperature range in this paper is higher
than the recrystallization temperature of Mg alloys,23,24
which results in the dynamical recrystallization of the Mg–
9Al–1Si alloy. However, the coarse grain regions appear
accompanied by the increase of ECAP temperature. The
results above can be explained that, in the premise of other
experimental conditions are constants, the high ECAP
temperature can accelerate the rate of atomic diffusion and
increase the rate of grain growth about recrystallization.15
The matrix grain of the alloy grows slowly after nucleation
and nucleation and dynamically precipitated second phase
particles pinned grain boundary, which leads to the
smallest average grain size of the alloy without coarse
grain regions at 310 °C.25 The alloys ECAPed at 330 °C
exhibit a typical bimodal grain structure, which are
composed of coarse grain region and ﬁne grain region.10,12
Grains grow up obviously in coarse grain regions because
the growth rate of the grain is accelerated. Besides, the
coarse grain region with little precipitation is affected
a little by the particle stimulating nucleation mechanism.26
The precipitation does not effectively hinder the migration
of the grain boundary. On the contrary, the diffusion rate

of elements and the growth rate of precipitation increase
accompanied by the increase of temperature.15 In addition,
grain boundaries in DRXed regions are pinned by numerous ﬁne precipitations. Thus, the grain size in the ﬁne grain
regions at 330 °C is smaller than that in ECAPed at
310 °C. Some precipitations merge and grow in alloys at
350 °C, which can be attributed to the decreased nucleation sites and accelerated atomic diffusion rate.8 Thus, the
pinning effect was weaken, and coarse grain regions
sharply increased and grains in the ﬁne grain regions grow
up obviously, which results in the increase of average
grain size in the alloy.
Numerous ﬁne Mg17Al12 phases precipitate during the
ECAP process.15 As shown in Fig. 3, the morphology and
distribution of the particles changed with the temperature
increase. Despite that the ﬁne grain with more grain
boundaries can provide more nucleation sites, there are less
precipitation by ECAP at 310 °C. The aggregation of the
Mg17Al12 phase and large size Mg17Al12 phase particles
appeared during the ECAP process, which originated from
the slow diffusion rate of Al elements in the matrix and
a small capability of nucleation of the Mg17Al12 phase.26
The reﬁned Mg17Al12 precipitation distribute dispersively
during the ECAP process at 330 °C. The diffusion rate of
Al in the Mg matrix and the nucleation rate of the Mg17Al12
phase accelerate, and the Mg17Al12 phase is attained
abundant nucleation sites in the ﬁne grain regions can
explain these phenomena.21 Besides, there is no time for the
Mg17Al12 phase to grow up at 330 °C during the ECAP
process. Particle connection does not appear. However, the
mean grain size increases and the amount of nucleation sites
of the Mg17Al12 phase decrease at 350 °C. Meanwhile,
Mg17Al12 phase particles growth and cohesion appear again
during the ECAP process, which is attributed to the increase
of nucleation and growth rate of the Mg17Al12 phase.
Therefore, the alloy with smallest average sizes and largest
amount of the Mg17Al12 phase were obtained by ECAP at
330 °C. In addition, as shown in Figs. 3(a), 3(c), and 3(e),
the Mg2Si phase is obviously shredded during the ECAP
process, but its dispersion is affected a little owing to its
high melting point.22
The stress–strain curves of the ECAPed Mg–9Al–1Si
alloy at different temperatures are shown in Fig. 5. The
corresponding performance values are shown in Table I.
Figure 5 and Table I indicate that the mechanical
properties of the Mg–9Al–1Si alloy are strongly affected
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FIG. 4. Micrographs of TEM (a) and corresponding STEM (b) about the Mg17Al12 phase ECAPed at 330 °C.

investigation, mechanical properties of the alloys with the
smallest average grain sizes were not the most favorable.
It originates from the high content of the second phase in
the ECAPed Mg–9Al–1Si alloy.18 The second phase
retards the grain boundary migration and the movement
of dislocation in the tensile test process,6 as can be seen
in Fig. 4. The strength increments stem from the effect of
grain reﬁnement strengthening and precipitation strengthening.22 The gap of grain reﬁnement strengthening at
different temperatures can be estimated as3


1=2
1=2
Drg1 ¼ k d3308 C  d3108 C


1=2
1=2
;
ð1Þ
Drg2 ¼ k d3308 C  d3508 C
FIG. 5. Tensile stress–strain curve of the Mg–9Al–1Si alloy ECAPed
at different temperatures.

by the temperature of ECAP. The ultimate tensile
strength (UTS) and EL of the present alloy at 310 °C
are ;300 MPa, and ;13.87%, respectively, the tensile
yield strength (TYS) is ;194 MPa. By comparison, the
UTS and EL of the alloy at 350 °C drop by 28.7 MPa and
3.69%, respectively. It can be concluded that the optimum mechanical properties of the ECAPed Mg–9Al–1Si
alloy are attained at 330 °C. Comparing with that
ECAPed at 310 °C and 350 °C, the TYS increased by
;49.48% and ;28.29%, respectively, and the UTS of
the alloy increased by ;50.8 MPa and ;79.5 MPa. In
addition, the EL (;14.77%) is the highest in the three
temperatures of ECAP.
According to the Hall–Petch effect,27 ry 5 r0 1 kd1/2,
where ry is the TYS, r0 and k are the material constants.
Then, the strength of the material is inversely proportional to the grain size. The ﬁner the grain is, the higher
the strength of the material is. As observed in present

where Drg1 is the difference of grain reﬁnement strengthening between 330 and 310 °C and Drg2 is the difference
of grain reﬁnement strengthening between 330 and
350 °C. Accordingly, the calculated Drg1 and Drg2
are 5 MPa and 16.2 MPa, respectively. The usual
model used to determine precipitation strengthening of
the Mg alloy is as follows7,15,21,22:
Drp ¼ 0:4MGb lnðd=bÞ=kpð1  V Þ1=2

;

ð2Þ

where d is the mean size of precipitates, k is the average
distance between them, b is the Burgers vector of
dislocations, and all of V, p, M, and G are constants for
the Mg alloy. In addition, the gap of precipitation
strengthening at different temperatures can be estimated as
Drp1 ¼ Drp330  Drp3108 C
Drp2 ¼ Drp3008 C  Drp3508 C

;

ð3Þ

where Drp1 is the difference of precipitation strengthening between 330 and 310 °C and Drp2 is the difference of
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precipitation strengthening between 330 and 350 °C.
Accordingly, the calculated Drp1 and Drp2 are
45.7 MPa and 46.5 MPa, respectively. It can be concluded that the more the precipitates disperse, the higher
tensile and YS would it attain. In the SEM ﬁeld of the
alloy in Fig. 3, the smaller the second phase particles size
d and distance k are, the smaller the number of the second
phase X is. It can be regarded k as the number of the
second phase in the same ﬁeld of view (SEM). The
distributions of Mg2Si at different ECAP temperatures
have not obvious discrepancy. Therefore, K can be
described by the following relationship, which means
the ratio of average number X and the mean size d of
Mg17Al12 phase particles:
K ¼ X=d

:

ð4Þ

Equation (4) reveals that the larger the value of K is, the
more obvious the precipitation strengthening effect is.17 In
fact, the values of K are 88.05 and 94.01 for the ECAPed
alloy at 310 °C and 350 °C, respectively. The highest
value of K is 248.39 for the ECAPed alloy at 330 °C. It is
worth noting that, according to the Eqs. (1) and (3), the
value of Drp1 is much higher than that of Drg1. Therefore,
the effect of precipitation strengthening is the most remarkable for the ECAPed alloy at 330 °C. It may be that
the dislocation strengthening and calculated deviation are
responsible for the left part of strengthen.28,29
In addition, the average grain size of the alloy ECAPed at
310 and 330 °C is almost similar. It is clear that the
plasticity of the present alloy ECAP at 310 °C is smaller
than that at 330 °C. At the same time, a small amount of
coarse grain regions and ﬁne grain regions with ultraﬁne
grains produced in the ECAPed alloy at 330 °C. Previous
studies reported that the bimodal grain structure can promote the plasticity: Zheng et al.30 reported that the
appropriate coarse grains (.1 lm) accommodate strains
preferentially and are effective in storing dislocations,
Moreover, the bimodal grain structure may cause the
deformation of grains via complex strain paths, which is
also beneﬁcial for dislocation storage.22 Hong et al.14 also
found that a small amount of ﬁne recrystallized grains acted
as lubricant between coarse grains, which could adjust
deformation and guarantee a good elongation. Hence, the
plasticity of the ECAPed alloy at 330 °C is superior to that
at 310 °C. The size of grain in coarse grain regions of the
ECAPed alloy at 350 °C is larger than that at 330 °C, which
caused a nonuniform deformation within one coarse grain
and resulted in stress concentration on the grain boundary.
As a result, the stress concentration caused microcracks at
the coarse grain boundary during the tensile tests, which
results in poor ductility of the Mg–9Al–1Si alloy.12
Totally, the grain size of the ECAPed alloy at 330 °C is
slightly larger than that at 310 °C. However, the UTS and
EL are both higher than that at 310 °C. The grain size of

the ECAPed alloy at 350 °C is larger than that at 330 °C,
but its UTS and EL are both lower than that at 330 °C. It
can be concluded that compared with grain reﬁnement
strengthening, precipitation strengthening is the dominant
strengthening mechanism during the ECAP process at
various temperatures.
IV. CONCLUSION

According to the results obtained, the following conclusions can be drawn:
(1) Mg2Si phases are fragmented in the ECAP process,
but the dispersion does not change a lot. On the contrary,
some remarkable changes take place in the precipitated
Mg17Al12 phase. Numerous ﬁne Mg17Al12 phases solely
precipitate at 330 °C, and the phenomenon of particle
connection occurs in the ECAPed alloy at 310 and
350 °C. It stems from the inﬂuence of temperature on
the diffusion rate of elements and the precipitation
behavior of the second phase with low melting points.
(2) During the ECAP process, the grains are reﬁned
and the Mg17Al12 phases precipitate from the matrix of
the Mg–9Al–1Si alloy obviously. In fact, both grain
reﬁnement strengthening and precipitation strengthening
play signiﬁcant roles in strength increment of ECAPed
alloys. However, the analyses about the contributions of
the two strengthening mechanisms indicate that the effect
of grain reﬁnement strengthening is less remarkable than
the precipitation strengthening during the ECAP process
at various temperatures.
(3) The most favorable mechanical properties of the
ECAPed Mg–9Al–1Si alloy at 330 °C was attained. The
UTS of it is 350.8 MPa, which is much higher than that at
350 and 310 °C. It can be explained that the presence of
the ﬁne dispersion of the second phase in the microstructure leads to the result above. The EL is also the highest
(14.77%) at 330 °C, which results from the bimodal grain
structure.
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