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Abstract: 1wt% SiC nanoparticles reinforced Mg-9AI-1Zn magnesium matrix composite was fabricated by stir casting and hot
extrusion. Effect of hot extrusion on microstructure and mechanical properties of SiCp/Mg-9Al-1Zn nanocomposite stirring for 10
min and 30 min was researched. The results show that the grains of the matrix in the as-cast SiCp/Mg-9Al-1Zn nanocomposite
stirring for 30 min are mainly refined. But the mechanical properties of nanocomposite decline due to the increase of agglomerated
SiC nanoparticles and Mgi7Al;2 phases with network morphology along the grain boundaries. After hot extrusion, a bimodal
microstructure composed of alternate arrays of fine DRXed grains and relatively coarse DRXed grains forms. Particularly, for
extruded nanocomposites stirring for 30 min, the fine DRXed region increases and the distribution of SiC nanoparticles is more
homogenous, which exhibits superior mechanical properties compared with as-extruded SiCp/Mg-9Al-1Zn nanocomposite stirring

for 10 min.
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Magnesium alloys have gained more attention in scientific
research and commercial application due to high specific
strength and high specific modulus. However, relatively low
strength, poor room temperature ductility and high coefficient
of thermal expansion restrict their widespread applicationt ™.
Magnesium matrix composites can provide positive mechani-
cal properties which are superior to magnesium alloys. Partic-
ularly, particles reinforced magnesium matrix composite have
been widely used because of low cost and simple fabrication
technology™ . In recent years, the use of nanoparticles as re-
inforcement phase has inspired considerable research interest
since nanoparticles can lead to potential improvements in
strength and ductility.

To add nanoscale size particles in matrix preferably, semi-
solid stirring casting is an simple and effective method com-
pared with other ways such as powder metallurgy, squeeze
cast, disintegrated melt deposition, infiltration and
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self-propagating high-temperature synthesis®®. Semisolid stir-
ring can be used to incorporate nanoparticles and disperse the
nanoparticles®™. It has been investigated that stir time has
significant impact on microstructure and mechanical proper-
ties of magnesium matrix composite. When stir time is short,
the grain size of the matrix in the composite is not decreased
obviously. The as-cast composites show better mechanical
properties due to fine Mg;,Al;, phase along the grain bounda-
ries. When stir time is long, the matrix grain is refined obvi-
ously while the amount of the refined Mg;,Al;, phase along
the grain boundaries decreases™*¥. With the decrease of re-
fined Mg;,Al;, phases and the increase of SiC nanoparticles
agglomeration, it would decrease the mechanical properties of
as-cast composite™. If many uniform Mg;-Aly, particles and
homogeneously dispersed SiC nanoparticles exist in SiC
nanocomposite reinforced Mg-Al composite, it would benefit
mechanical properties of nanocomposite™. Exactly, hot ex-

Foundation item: National Natural Science Foundation of China (51301118, 51404166); International Cooperation in Shanxi (2014081002); Technological Innova-

tion Programs of Higher Education Institutions in Shanxi (2013108)

Corresponding author: Wang Hongxia, Ph. D., Professor, College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, P. R.

China, Tel: 0086-351-6018398, E-mail: wanghxial217@163.com

Copyright © 2017, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved.



2848 Wang Wanhua et al. / Rare Metal Materials and Engineering, 2017, 46(10): 2847-2851

trusion could be applied to break Mg,,Al;, phase into particles
and improve SiC nanoparticles distribution. Based on the re-
sult, the mechanical properties of the nanocomposite contain-
ing plenty of coarse Mg;-,Al;, phases stirring for longer time
would be likely to increase more significantly after extrusion
while nanocomposite stirring for short time exhibits better
as-cast mechanical properties.

To confirm the validity of this idea, 1wt% SiC nanoparticles
reinforced Mg-9Al-1Zn magnesium matrix composite stirring
for 30 min was subjected to hot extrusion, and the resulting
microstructure and mechanical properties are herein discussed
in comparison to those of an as-extruded SiCp/Mg-9Al-1Zn
nanocomposite stirring for 10 min.

1 Experiment

Mg-Al-Zn alloy with the nominal composition of
Mg-9AI-1Zn was used as the matrix alloy. SiC nanoparticles
with an average diameter of 60 nm and weight fraction(wt%)
of 1% were selected as the reinforcement. SiCp/Mg-9Al-1Zn
magnesium matrix nanocomposites were fabricated by stir
casting. The whole fabrication process was conducted in a
protective atmosphere of CO, and SFs to avoid burning™.
Mg-9Al-1Zn alloy was molten at 720 <€, and then cooled to
590 <€ which made the matrix alloy in the semi-solid condi-
tion. The SiC particles which were preheated to 550 € were
quickly added into the molten Mg-9Al-1Zn alloy. The mixture
was stirred for 10 and 30 min. After adequately stirring the
melt, the melt was rapidly reheated to 720 €€ and held at this
temperature for 30 min. Then the melt was cooled to 690 €
and poured into a preheated steel mould (300 <€). The speci-
mens for extrusion were machined to @30 mm>50 mm from
as-cast ingots. Subsequently, the specimens were extruded at
360 <€ with the ratio of 10:1.

Microstructure of the as-cast and as-extruded composites
was determined by a Leica DM2500M optical microsco-
py(OM) and a Mira3 Tescan scanning electron microsco-
py(SEM) equipped with an energy dispersive X-ray spectrom-
eter(EDS). The samples were ground, polished and etched in
acetic picral [5 g picric acid+10 mL acetic acid+78 mL etha-
nol+7 mL H,0]. The average grain size in the nanocomposite
was analyzed from microstructure image using Image-Pro

Plus software. Tensile tests were carried out at room tempera-
ture using a DNS 100 machine with a speed of 0.5 mm/min.

2 Results and Discussion

2.1 Microstructures of as-cast SiCp/Mg-9Al-1Zn
nanocomposite fabricated by different stir time

Fig. 1 shows the typical OM and SEM images of as-cast
SiCp/Mg-9Al-1Zn nanocomposite with different stir time. As
shown in Fig.la and 1b, the matrix grain of as-cast
SiCp/Mg-9Al-1Zn nanocomposite stirring for 30 min (~60 pm)
is refined compared with as-cast nanocomposite stirring for 10
min (~100 pm). It can be observed from Fig.1c that the mi-
crostructure of as-cast SiCp/Mg-9Al-1Zn nanocomposite stir-
ring for 10 min is composed of matrix phase (Fig.1c-A) and
secondary phase. Besides, the secondary phase with eutectic
(Fig.1c-B) and lamellas (Fig.1c-C) morphologies can be found
at the interior and boundary of grains. When the stir time is 30
min, the lamellar secondary phase (Fig.1d-D) will increase
and form network morphology in the nanocomposite, as
shown in Fig.1d. The EDS results of points “A”, “B”, “C” and
“D” are demonstrated in Table 1. By EDS results, the matrix
phase and the secondary phase can be recognized as a-Mg
phase and Mg,Al;, phase, respectively.

As shown in Fig. 2, the composition of the SiC nanoparticle
dense zones was investigated by EDS. Analyzing an area of
SEM micrograph, EDS of Si K demonstrates that composition
of the nanoparticles is SiC nanoparticles. For as-cast
SiCp/Mg-9Al-1Zn nanocomposite stirring for 10 min, the dis-
tribution of SiC nanoparticle in the nanocomposite is uniform
outside a few nanoparticle clusters located at the grain bound-
aries, as shown in Fig.2a. But for that stirring for 30 min,
much SiC nanoparticle clusters locate at the grain boundaries,
as shown in Fig.2b. It has been well documented that many
SiC particles are pushed ahead by liquid-solid interface during
solidification process with increasing the stirring time!*®!.

The microstructure of nanocomposite usually depends on
the nucleation stage and subsequent growth condition. The
“push” effect of the solidification front on the insoluble solid
nanoparticles may cause the nuclei clusters along grain
boundaries™. With increasing the stir time, much more SiC

Fig.1 OM (a, b) and SEM (c, d) images of as-cast SiCp/Mg-9Al-1Zn nanocomposite with different stir time:
(a, c) stirring for 10 min and (b, d) stirring for 30 min
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Table 1 EDS results of point A, B, C, and D in Fig.1c and 1d

(at%o)
. Element .
Point Possible compounds
Mg Al Zn
A 86.8 11.8 1.4 a-Mg
B 61.2 37.6 1.2 Mgi7Al1
C 66.3 31.6 2.1 Mgi7Al1
D 64.2 34.3 15 Mgi7Al

particles clusters along grain boundaries act as the nuclei, which

increase the heterogeneous nucleation. In addition, SiC nano-

particles clusters along grain boundaries can restrict growth of
grains during solidification. Thus, the grain refinement occurs in
as-cast SiCp/Mg-9Al-1Zn nanocomposite stirring for 30 min.

Furthermore, it is well known that a large amount of Mgy;Al;,

phases along the grain boundaries change to lamellae after addi-

tion of SiC nanoparticles™. For nanocomposite stirring for 30

min, grain boundaries increase with grain refinement, which can

lead to the increase of precipitated lamellar Mg;;Al;, phase
along the grain boundary.

2.2  Effect of hot extrusion on microstructures of
SiCp/Mg-9Al-1Zn nanocomposite fabricated by
different stir time

Fig.3 shows the microstructural characteristics parallel to
extrusion direction of as-extruded SiCp/Mg-9Al-1Zn
nanocomposite. The optical micrographs in Fig.3a and 3b
demonstrate a bimodal microstructure composed of fine

DRXed grains and relatively coarse DRXed grains. For

as-extruded SiCp/Mg-9Al-1Zn nanocomposite stirring for 30

min, it shows many relatively fine DRXed regions, as shown

in Fig.3b. Consequently, the average grain size of as-extruded
nanocomposite stirring for 30 min is refined from 19.28 pm to
13.72 pm compared with as-extruded nanocomposite stirring
for 10 min. The SEM images in Fig.3c and 3d reveal the con-
centration of finer precipitated Mg;;Aly, particles (~2 pm) and
relatively lager cracked Mg;,Al;, phases (~20 pm) that occurs
in the fine DRXed region, while few such particles are seen in
the coarse DRXed region, indicating that these Mg,;Aly, par-
ticles play an important role in forming DRXed region. It is
well know that during hot deformation an incompatibility be-
tween deformations occurs at the interface between the soft
grains of the Mg matrix and hard second phases, and that this
induces a strong stress concentration which can increase the
formation of fine DRXed grains'”. As mentioned above, there
are more Mg;;Al, phases in as-cast SiCp/Mg-9Al-1Zn
nanocomposite stirring for 30 min as compared with
nanocomposite stirring for 10 min, which is the reason for the
much more Mgy;Aly, particles in as-extruded nanocomposite
stirring for 30 min. A multitude of hard Mg,,Aly, particles ac-
celerate the formation of much more DRXed grains during hot
extrusion by inducing a stress concentration around these par-
ticles. Similarly, fine Mg;,Al;, particles play an important role
in restricting DRXed grain growth by creating a pinning ef-
fect™. Thus, the greater number of fine particles dispersing
along grain boundaries of the nanocomposite stirring for 30
min (Fig.3d) are considered to increase the fine DRXed grains
through an enhanced grain boundary pinning effect.

Fig.4 shows the surface SEM-EDS for as-extruded
SiCp/Mg-9Al-1Zn nanocomposite. The EDS of Si K is ho-
mogeneous which demonstrates that the distribution of SiC

Fig.2 SEM images (a, b) and EDS maps (c, d) of as-cast SiCp/Mg-9Al-1Zn nanocomposite: (a) stirring for 10 min; (b) stirring for 30 min;
(c) Si distribution corresponding Fig.2a; (d) Si distribution corresponding Fig.2b
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Fig.3 OM (a, b) and SEM (c, d) images of as-extruded SiCp/Mg-9Al-1Zn nanocomposite with different stir time: (a, c) stirring for 10 min;

(b, d) stirring for 30 min
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Fig.4 SEM images (a, b) and EDS maps (c, d) of as-extruded SiCp/Mg-9Al-1Zn nanocomposite: (a) stirring for 10 min; (b) stirring for 30 min;
(c) Si distribution corresponding Fig.4a; (d) Si distribution corresponding Fig.4b

nanoparticle in as-extruded nanocomposite is uniform whether
in fine DRXed region or in coarse DRXed region. Thus, fine
Mg,,Al;, particles play a major role in the formation of fine
DRXed grains.

2.3 Tensile properties before and after extrusion

Fig.5 shows the yield strength (YS), ultimate tensile strength
(UTS) and elongation of SiCp/Mg-9AIl-1Zn nanocomposites in
the as-cast and as-extrusion condition. For as-cast
SiCp/Mg-9Al-1Zn nanocomposite, the YS, UTS and elongation
of the nanocomposite after stirring for 30 min decline compared
with the nanocomposite stirring for 10 min, which can contrib-
ute to the increase of the agglomeration of the SiC nanoparticles
and the existence of network Mg;;Al;, phase.

But for as-extruded SiCp/Mg-9Al-1Zn nanocomposite, the
nanocomposite stirring for 30 min exhibits superior mechani-
cal properties compared with nanocomposite stirring for 10
min. The YS, UTS and elongation of as-extruded
nanocomposite stirring for 30 min are 255 MPa, 134 MPa and
11.5%, respectively, which are approximately 56%, 90% and
283% greater than that of the as-cast composite (163 MPa, 70
MPa and 3%). According to the classic Hall-Petch equation:

Uy:00+Kyd'l/2 Q)
YS is proportional to d™2, where d is the mean grain size™.
The grains of extruded SiCp/Mg-9Al-1Zn nanocomposites
stirring for 30 min are significantly refined due to increased
fine DRXed grains as shown in Fig.3b. As a result the yield
strength of nanocomposite is enhanced. Besides, SiC nanopar-
ticles as well as fine Mg;;Al;, particles in the as-extruded
nanocomposite are much harder than that of the matrix alloy
at room temperature. During tensile test, the deformation of
as-extruded nanocomposite needs the dislocation to spread
from grains to grains, which is hindered by the SiC nanoparti-
cles as well as Mg;;Aly; phases along the grain boundaries®”.
This Orowan strengthening effect can contribute to the im-
provement of ultimate tensile strength. In addition, uniform
SiC particle and increased fine DRXed regions exist in the ex-
truded SiCp/Mg-9Al-1Zn nanocomposites stirring for 30 min
resulting in higher elongation.

Table 2 shows a comparison of the reported values of de-
formed SiC particles reinforced magnesium matrix composites.
As compared with other researches of micron SiC particles
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300 b ) us 112
ir for 30 min+as-cast 255
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Fig.5 Tensile properties of SiCp/Mg-9AI-1Zn nanocomposite

Table 2 Comparison of reported values of deformed SiCp rein-
forced magnesium matrix composites

Composite Process UTS/MPa Elongation/%
60 nm 1wt% Extrusion at 360 ‘C

. . 25549 11.5#.0
SiCp/Mg-9Al-1Zn Ratio 10:1
0.5 pm 10vol% Extrusion at 350 C

. 1] . ~350 ~1.2
SiCp/AZ31B Ratio 12:1
10 pm 10vol% Extrusion at 350 C

. [22] . . “‘325 "'39
SiCp/AZ91 Ratio 12:1
10 pm 9vol%+60 nm1% Extrusion at 350 ‘C

Hm Vot ° ~308 3.9

SiCp/AZ31B# Ratio 12:1

reinforced magnesium matrix composites, the nanocomposite of
the present study shows better elongation, which is attributed to
the existence of uniformly distributed nanoscale SiC particles. It
is well known that uniformly distributed SiC nanoparticles can
improve ductility of composite significantly. However,
as-extruded 60 nm 1wt% SiCp/Mg-9Al-1Zn composites don’t
exhibit the best UTS in this study, which may be due to the
higher extrusion temperature and the smaller extrusion ratio.

3 Conclusions

1) For as-cast SiCp/Mg-9Al-1Zn nanocomposite stirring for
30 min, the grain size declines contrast to that stirring for 10
min. But a multitude of SiC nanoparticle clusters locate at the
grain boundaries and the Mg;,Al;, phases exhibit network
morphology with increasing the stir time.

2) The Mg,;Aly, phases crack into fine particle and the seg-
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regation of SiC particles is largely eliminated after hot extru-
sion compared with that of as-cast SiCp/Mg-9Al-1Zn
nanocomposite. In addition, fine Mg,;Al;, particles play a
major role in the formation of fine DRXed grains.

3) For as-extruded SiCp/Mg-9Al-1Zn nanocomposite, the
nanocomposite stirring for 30 min exhibit superior yield
strength, ultimate tensile strength and elongation compared
with nanocomposite stirring for 10 min, which is attributed to
dispersed SiC particles and increased fine DRXed regions.
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