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Abstract: In this study, Mg-9Al-1Si—1SiC (wt%) composites were processed by multi-pass equal-channel angular pressing (ECAP) at vari-
ous temperatures, and their microstructure evolution and strengthening mechanism were explored. Results showed that the as-cast microstruc-
ture was composed of an 0-Mg matrix, discontinuous Mg;,Al;, phase, and Chinese script-shaped Mg,Si phase. After solution treatment, al-
most all of the Mg,,Al;; phases were dissolved into the matrix, whereas the Mg,Si phases were not. The subsequent multi-pass ECAP at differ-
ent temperatures promoted the dynamic recrystallization and uniform distribution of the Mg;,Al;, precipitates when compared with the multi-
pass ECAP at a constant temperature. A large number of precipitates can effectively improve the nucleation ratio of recrystallization through a
particle-stimulated nucleation mechanism. In addition, the SiC nanoparticles were mainly distributed at grain boundaries, which effectively
prevented dislocation movement. The excellent comprehensive mechanical properties can be attributed to grain boundary strengthening and

Orowan strengthening.
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1. Introduction

Magnesium alloy is a light metallic structural material ow-
ing to its low density, damping properties, and easy recyc-
ling. Thus, it has received considerable interest in the
aerospace, automobile, 3C, and other manufacturing fields
and has good prospects for advanced development [1-2].
However, the poor thermal stability and insufficient mechan-
ical properties of Mg alloys restrict their large-scale applica-
tions in industrial production. Deformation, alloying, and
composite formation are important methods to improve the
microstructure and mechanical properties of Mg alloys [3—5].
Mg—Al-Si-based alloys may overcome the above disadvant-
ages because Al exerts an excellent solid solution strengthen-
ing effect in Mg. In addition, alloying with Si can introduce a
Mg,Si phase with high melting point, which can signific-
antly improve the thermal stability of the alloy [6-7].
However, the addition of Al and Si introduces coarse Mg;;Al,
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and Mg,Si phases during casting, which splits the magnesi-
um matrix and ultimately decreases the ductility of the mater-
ial [8-9]. Recently, composites reinforced by SiC nano-
particles have attracted increasing attention because of their
capacity to promote the grain refinement and fragmentation
of Mg;,Al;, and Mg,Si phases, which can contribute to ob-
taining high-strength alloys [10-11].

However, SiC nanoparticles form clusters easily and are
difficult to distribute uniformly in the a-Mg matrix during
casting [12-13]. Grain refinement is an important method
that can improve strength and ductility, but whether or not
SiC nanoparticles promote grain refinement remains to be
clarified. Severe plastic deformation is widely used to pre-
pare ultrafine grains and modify the morphology and distri-
bution of secondary phases; equal-channel angular pressing
(ECAP) is a convenient method of deformation [14-16].
However, grain refinement is limited in traditional ECAP
processing because the grain size is no longer refined or even
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increased beyond a certain number of extrusion passes
[17-20]. Low deformation temperatures can promote the dy-
namic recrystallization and fragmentation of the bulk second
phase, but low extrusion temperatures make the alloys diffi-
cult to deform or even crack [21]. Fine grains are difficult to
obtain within limited ECAP passes. Nie et al. [8] reported
that the average grain size of SiC,/AZ91 after six passes
(three passes at 400°C and three passes at 350°C) during
multi-direction forging (MDF) at various temperatures is 5.3
pum, which is obviously finer than 18.5 pm after six passes of
MDF at a constant temperature of 400°C. Consequently, the
yield strength (YS) is improved to 210 MPa for multi-pass
MDF at various temperatures compared with 190 MPa for
MDF at a constant temperature. Therefore, multi-pass MDF
at various temperatures is beneficial to obtaining fine grains
and improving the mechanical properties of alloys. However,
whether or not the multi-pass ECAP at various temperatures
exerts similar effects on Mg—Al-Si-based alloys is unclear.
Therefore, to overcome the various disadvantages of Mg
alloys, this study attempts to obtain excellent comprehensive
mechanical properties of Mg—Al-Si by combining the multi-
pass ECAP at various temperatures and adding SiC rein-
forcement nanoparticles. The relationship between micro-
structure evolution, texture, and mechanical properties of
Mg-9AI-1Si-1SiC with multi-pass ECAP at various tem-
peratures was systematically studied. Furthermore, the
strengthening mechanism of the material was analyzed and
discussed in detail. The proposed method may open a new

path for improving the comprehensive mechanical properties
of Mg alloys.

2. Experimental

An experimental alloy with a nominal composition of
Mg-9AIl-1Si-1SiC (wt%) was fabricated with Mg (purity
99.9wt%), Al (purity 99.99wt%), Al-30Si master alloy, and
SiC nanoparticles with an average diameter of 60 nm. The
mixture was melted in an electrical-resistance furnace in the
presence of CO, and SF; protective gas to prevent oxidation.
After pure Mg, Al, and Al-30Si master alloy were molten,
the molten alloy was cooled to 590°C. Then, 1wt% SiC nan-
oparticles were added into the semi-solid alloy, and the melt
was stirred for 10 min. The melt was rapidly reheated to
720°C and retained at this temperature for 30 min. Finally,
the melt was poured into a cylindrical steel mold (inner dia-
meter, 90 mm) that had been preheated at 200°C for 30 min.
The as-cast sample was solution treated at 420°C for 24 h fol-
lowed by water quenching. Before ECAP processing, the ho-
mogenized samples were preheated at the extrusion temper-
ature for 30 min. Specimens with a gauge size of 12 mm x 12
mm x 55 mm were formed by extrusion through a modified
ECAP die (¢ = 90°, ¢ = 16°) using Bc route, which means
that samples were rotated 90 degrees in the same direction
before next pass [22-23]. Up to four passes were completed
at an average extrusion rate of 2 mm-min~', and the ECAP
parameters are shown in Table 1.

Table 1. ECAP parameters of experimental alloys

Sample  First-pass temperature / °C ~ Second-pass temperature / °C ~ Third-pass temperature / °C ~ Fourth-pass temperature / °C
I 400 400 400 400
I 400 360 320 320
11 400 360 360 320
v 400 400 320 320

The microstructure of the alloy before ECAP deformation
was evaluated under an optical microscope. The morphology
and distribution of the secondary phases and tensile fractures
were observed through scanning electron microscopy (SEM).
Phase analysis and elemental composition identification were
performed using X-ray diffraction (XRD; TD-3500) and en-
ergy dispersive spectroscopy (EDS), respectively. Image-Pro
Plus 6.0 software was used to calculate the average grain size
and volume fraction of grains transformed by dynamic re-
crystallization (DRX) and dynamic precipitation. The texture
of the ECAP samples was tested using the TD-3500 XRD in-
strument with Cu K, radiation (wavelength A = 0.15406 nm)
at 45 kV and 40 mA and scanning angles from 0° to 70°. The
SiC nanoparticles and dislocations were further character-
ized through transmission electron microscopy (TEM). Fi-
nally, uniaxial tensile tests were conducted on a DNS100

universal testing machine with a rate of 0.2 mm-'min’' at
room temperature, and the tensile results were derived from
the average of at least three valid tests.

3. Results and discussion
3.1. Microstructure characterization before ECAP

Figs. 1(a) and 1(b) show the optical micrographs of the as-
cast and solution-treated samples, respectively. As shown in
Fig. 1(a), the as-cast sample has a typical dendritic structure
and the secondary phases are homogeneously distributed in
the matrix. SEM micrographs of the as-cast and solution-
treated samples are presented in Figs. 1(c) and 1(d) to show
the morphology and distribution of the secondary phases.
The microstructure of the as-cast sample consists of an a-Mg
matrix (black region), eutectic phases (light gray region), and
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Fig. 1. Optical, SEM microstructure, and EDS results for samples: (a, ¢) as-cast composites; (b, d) solution-treated composites; (e, f)

EDS results for points A and B in (c).

Chinese script-shaped phases (dark gray region). The eutect-
ic phases are distributed mostly along the triangular grain
boundaries with a discontinuous network morphology. EDS
results are presented in Figs. 1(e) and 1(f), where points A
and B are the Mg,,Al;, and Mg,Si phases, respectively. In ad-
dition, a large number of SiC particles are uniformly distrib-
uted in the 0-Mg matrix, as shown in the red rectangular area
in Fig. 1(c). After solution treatment, most of the Mg;;Al,,
phases were dissolved into the matrix, whereas the Mg,Si
phases did not disappear. This result is in accordance with the
findings of Zhang et al. [7]. The Mg—Al binary phase dia-
gram shows that Al exhibited great solid solubility in Mg at
420°C and that the Mg,,Al,, phases almost disappeared after
solution treatment. However, the Mg,Si phase demonstrated
excellent thermal stability and remained in the a-Mg matrix.
Fig. 2 shows the XRD patterns of the Mg-9AI-1Si-1SiC al-
loys. Compared with those of the as-cast sample, the diffrac-

tion peaks of Mg;,Al;, were almost absent in the solution-
treated sample. This phenomenon is consistent with the SEM
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Fig. 2. XRD patterns of as-cast and solution-treated alloys.
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and EDS analysis results in Fig. 1. However, the SiC particles

age grain size for the solution-treated alloys processed by
were not observed in Fig. 2 because of the less content of SiC

multi-pass ECAP at various temperatures. Compared with

nanoparticles. those of the as-cast alloy, the grains of the processed alloy
. . were refined remarkably by DRX during the ECAP pro-
3.2. Microstructure evolution and texture after ECAP . . y oy & A P
cessing, as shown in the red rectangular area in Fig. 3(a).
Fig. 3 displays the optical micrographs and plots of aver- Analysis with Image-Pro Plus software showed that the aver-
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Optical microstructure images and average grain size plots for samples processed at different ECAP temperatures: (a, b)
sample I; (c, d) sample II; (e, f) sample III; (g, h) sample IV.
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age grain size of sample I (four ECAP passes at 400°C) was
(25.89 = 0.5) um. By contrast, the average grain size of
sample II (one pass at 400°C, one pass at 360°C, and two
passes at 320°C), sample III (one pass at 400°C, two passes at
360°C, and one pass at 320°C), and sample IV (two passes at
400°C and two passes at 320°C) decreased to (8.09 = 0.2),
(12.33 £0.2), and (6.05 £ 0.2) um, respectively. In addition,
coarse grains were scarce in samples II, III, and I'V. This res-
ult indicates that the alloy processed by multi-pass ECAP at
various temperatures has finer grains than an alloy processed
by conventional ECAP at a constant temperature. The emer-
gence of dynamic recrystallization during the ECAP pro-
cessing includes two processes of nucleation and growth. The
deformation stress level increases with decreasing deforma-
tion temperature during hot extrusion, which greatly in-
creases the accumulation of deformation energy and pro-
motes dynamic recrystallization and then further refines the
microstructure of the alloy [24]. Meanwhile, low extrusion
temperature can suppress grain growth. Similarly, a previous
study obtained super-fine gains by reducing the ECAP pro-
cessing temperature from 300°C to 150°C and allowing the
total pass reach eight passes; a much finer microstructure is
fabricated by ECAP for eight passes at 300°C [25].

Fig. 4 shows the SEM micrographs of the samples pro-
cessed by multi-pass ECAP at various temperatures. The ex-
trusion direction (ED) is indicated in Fig. 4(a) with a red ar-
row. As shown in Fig. 4(a), after four ECAP passes at 400°C,
a large number of Mg;;Al,, precipitation phases appeared
along the ED in the matrix, and some Mg,Si phases still per-

B,
f

Fig. 4. SEM micrographs of
sample IV.
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sisted as clusters. Compared with those in sample I, the num-
ber of precipitates in samples II, III, and IV increased
sharply, and a small number of fine precipitates were ob-
tained in samples II and IV, as shown in the red rectangular
area in Figs. 4(b) and 4(d). This result proves that more dis-
persed and finer precipitation phases can be obtained in the
samples processed by four passes of ECAP at various tem-
peratures. In general, the dynamic precipitation phase was in-
duced by the temperature and high strain during the ECAP
processing. On the one hand, the strain rapidly accumulated
by ECAP processing at low deformation temperatures can
provide a high driving force for the dynamic precipitation of
the secondary phase. On the other hand, the low extrusion
temperature can restrict the re-dissolution of precipitates dur-
ing the long ECAP inter-pass time (15 min) [26]. Meanwhile,
the relatively coarse precipitates (>1 pm) can provide addi-
tional sites for grain nucleation through the particle-stimu-
lated nucleation (PSN) mechanism, which can improve the
nucleation rate of grains to some extent and contribute to
grain refinement. In addition, the fine precipitated particles
(<1 pum) can effectively pin grain boundaries and greatly re-
strain the growth of the recrystallized grains [27], which is
consistent with the results in Fig. 3.

Fig. 5 provides a representative TEM micrograph of
sample I processed by four ECAP passes at 400°C. As shown
in Fig. 5(a), a large number of SiC nanoparticles were dis-
tributed at the magnesium matrix, and some high-density dis-
location entanglements appeared around the SiC and
Mg;;Al, particles. The selected area electron diffraction pat-
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tern in Fig. 5(b) confirms the existence of SiC particles in the
matrix. The above description suggests that SiC nano-
particles can pin the dislocation migration, prevent the grain
boundary movement, and further promote the dynamic re-
crystallization and grain refinement of the alloy [28]. Previ-
ous studies reported that the SiC nanoparticles and broken
Mg,Si phases can serve as heterogeneous nucleation sites to
promote the dynamic precipitation of Mg;;Al;, during the
ECAP processing because of their high surface-to-volume ra-
tio and high surface energy [29]. Meanwhile, broken Mg,Si
particles and dynamic precipitation of Mg;;Al;, can obvi-
ously hinder grain boundary movement and restrain grain
growth.

(220)
(200)
(111)

Dislocation

Fig. 5. TEM images of sample I: (a) distribution of disloca-
tions and SiC nanoparticles; (b) electron diffraction of SiC
nanoparticles.

Fig. 6 presents the texture evolution of the samples pro-
cessed by different ECAP processing sequences. As shown in
Fig. 6(a), the maximum texture intensity in the (0002) plane
was 4.9 MRD (Multiples of random distribution), and the
texture showed obvious preference orientation during the
ECAP processing. The preferential texture orientation was
approximately 60° with respect to the ED. In sample II, the
maximum intensity of sample II rotated approximately 30°
with respect to the ED, and the maximum texture intensity
decreased to 4.0 MRD. However, in sample 111, the preferen-
tial texture orientation was approximately 45° with away
from the ED and the maximum texture intensity increased to
5.8 MRD. By contrast, a random texture can be observed in
sample IV, and the intensity of maximum texture further de-
creased to 3.1 MRD. Previous studies also reported that the
maximum texture intensity in the (0002) plane is away from
the center of the pole figure during the ECAP processing
[22]. The (0002) plane of samples II and IV exhibited
weakened texture intensity, which can be related to the com-
pletely dynamic recrystallization with a relatively random
orientation of the matrix grains [30-31]. In addition, a large
number of dynamic precipitates provide randomly oriented
nuclei, which is an important factor for obtaining a weakened
and randomized texture [7]. Compared with those of samples
II and IV, the maximum intensities of samples I and III devi-
ated obviously from the center of the pole figure, which con-

tributed to the sliding of the base plane and improved the
ductility of the alloy.

3.3. Mechanical properties

The representative engineering stress—strain curves of the
alloys processed with different ECAP temperatures are given
in Fig. 7(a), and their mechanical properties at room temper-
ature, specifically ultimate tensile strength (UTS), YS, and
elongation to failure (EL), are compared in Fig. 7(b). The
strength of the samples processed by ECAP at different tem-
peratures obviously improved when compared with that of
sample I. As shown in Fig. 7(b), the YS values of samples II,
I, and IV were 194, 175, and 206 MPa, which were higher
by 24.4%, 12.2%, and 32.1%, respectively, than the YS in
sample I. The UTS also increased to different extents, where-
as the elongation decreased except for sample III. On the
basis of these microstructure evolutions, the strength incre-
ment can be attributed to the grain refinement and dispersed
distribution of the Mg;,Al,, phases because numerous grain
boundaries and Mg;,Al;, phases can effectively pin disloca-
tion motion. However, the elongation of samples II and IV
significantly reduced, which may be related to the stress con-
centration caused by a large volume fraction of Mg;Aly,
phases and block-shaped Mg,Si particles at the grain bound-
aries, which led to premature fracture of the alloy during the
tension test.

As described above, two strengthening mechanisms are
responsible for the improvement in the mechanical proper-
ties of alloys processed by ECAP with various temperature.
These mechanisms are the grain boundary strengthening and
Orowan strengthening caused by precipitates. The effect of
grain boundary strengthening on mechanical properties can
be analyzed by the Hall-Petch equation as follows:

o =0o+kd (1)
where o is the YS, o is a material constant, k£ is the
Hall-Petch coefficient (=130 MPa um"?), and d is the mean
grain size [32]. The formula shows that the material strength
increases as the grain size decreases. The improvement in YS
induced by grain refinement in samples II, III, and IV com-
pared with sample I can be calculated by the following
equation:

AGwan-pech = k(dy'* = d; ') @)

where Ao yaii—petch 18 the incremental Y'S by grain refinement,
k is the Hall-Petch coefficient (= 130 MPa pm'?),d; is the
average grain size of sample I, and dy is the average grain
size of samples II, III, and IV [33]. With Eq. (2), the im-
provement in Y'S induced by grain refinement in samples II,
III, and IV was calculated as 20.2, 11.5, and 27.3 MPa, re-
spectively.

However, although fine grains can significantly increase
the strength of the alloy, the contribution of Orowan
strengthening to YS should not be ignored. As shown in
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Fig. 6. Global texture of samples processed at different ECAP temperatures: (a) sample I; (b) sample II; (¢) sample I1I; (d) sample

IV. ED—Extrusion direction; TD—Transverse direction.

Fig. 4, the volume fractions of precipitates in samples II, III,
and IV were higher than that in sample I. In addition, the av-
erage precipitate sizes decreased with decreasing extrusion
temperature. Meanwhile, the dispersed dynamic precipitates
can effectively pin the migration of dislocations, and this
strengthening mechanism can be analyzed by the following
equation [34]:

AT orowan = M : In—
0 nVl-v ;11( /L_l)
af

where M is the strengthening coefficient (1.25), G is the shear
modulus of Mg (16.6 GPa), b is the Burgers vector of dislo-
cations (0.32), v is Poisson’s ratio (0.35), d is the mean size

0.4Gb 1 d
’ 3)
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Fig. 7. Tensile properties of samples processed at different ECAP temperatures: (a) tensile stress—strain curves; (b) YS, UTS, and
EL; (c) incremental YS induced by grain refinement and dynamic precipitates with respect to sample 1.

of precipitates (= v2/3d,), and d, and frepresent the size and
volume fraction of precipitates, respectively. On the basis of
the above data, the contributions of Orowan strengthening to
YS in samples 11, 111, and IV were higher by 9.7, 1.4, and 33.6
MPa, respectively, than the YS increment in sample I in-
duced by Orowan strengthening. Compared with that in
sample I, the YS increment induced by grain refinement and
dynamic precipitates is demonstrated in Fig. 7(c). The incre-
ment of the theoretical YS in samples II, III, and IV induced
by the combination of grain boundary strengthening and
Orowan strengthening is basically the same as the actually
measured value. These results indicate that grain boundary
strengthening is the main mechanism for the increased Y'S of
the composites after multi-pass ECAP at various temperat-

Dimples

Tear ridges

ures and that Orowan strengthening also contributes to the in-
crease in YS.

Fig. 8 shows the SEM micrographs of the tensile fracture
surface of the samples. As shown in Fig. 8(a), many tear
ridges can be observed, as marked by red arrows, which in-
dicates that sample I failed with a typical plastic fracture. A
similar fracture surface was observed in sample III, and a
large number of dimples can be observed in Fig. 8(c), which
contributed to the ductility of the material. However, a some-
what bulky Mg,Si phase and cleavage planes can be ob-
served in Figs. 8(b) and 8(d) compared with samples I and
II1. The large Mg,Si phase became a crack source and finally
failed prematurely during the tension test, which is consist-
ent with the tensile results.

Cleavage planes

Cleavage planes

Fig. 8. Fracture surface of room-temperature tensile samples processed at different ECAP temperatures: (a) sample I; (b) sample

II; (c) sample III; (d) sample IV.
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4. Conclusions

(1) As-cast Mg—9AI-1Si—1SiC alloy was characterized by
a dendritic a-Mg matrix, discontinuous Mg;,Al;, phase, and
Chinese script-shaped Mg,Si phase. Most Mg;Al,, phases
were dissolved into the a-Mg matrix, whereas Mg,Si phases
remained even after the homogenization treatment at 420°C
for 24 h.

(2) The fine grains and dispersed precipitates were ob-
tained in the samples processed by multi-pass ECAP at vari-
ous temperatures when compared with the samples pro-
cessed by ECAP at a constant temperature. These features
can effectively improve the mechanical properties of the ma-
terial.

(3) SiC nanoparticles were completely integrated into the
matrix by multi-pass ECAP processing, which can effect-
ively pin the dislocations and hinder grain boundary migra-
tion. A large number of precipitates can effectively improve
the nucleation ratio of recrystallization through a PSN mech-
anism. The YS improvement of the alloy can be attributed to
grain boundary strengthening and Orowan strengthening.
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