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a  b  s  t  r  a  c  t

Particulate  reinforced  magnesium  matrix  nanocomposite  prepared  with  semisolid  stirring  assisted
ultrasonic  vibration  was  subjected  to extrusion  at 350 ◦C with  an  extrusion  ratio  of 12:1.  Extrusion  of
the SiCp/AZ91  nanocomposite  induced  large  scale  dynamic  recrystallization  resulting  in a fine  matrix
microstructure.  There  were  two  kinds  of zones  in the  extruded  nanocomposite:  SiC nanoparticle  bands
parallel  to  the extrusion  direction  and  refined-grain  zones  between  the  SiC  nanoparticle  bands.  In
the  SiC  nanoparticle  bands,  there  were  SiC  nanoparticles  along  the boundaries  of  refined  grains.  The
eywords:
agnesium matrix nanocomposite
ynamic recrystallization
xtrusion
rain size
ensile properties

distribution  of  SiC  nanoparticles  was  uniform  although  some  agglomerates  of  SiC nanoparticles  still
existed  in  the  SiC  nanoparticle  bands.  The  ultimate  tensile  strength,  yield  strength  and  elongation  to
fracture  of  the  SiCp/AZ91  nanocomposite  were  simultaneously  improved  by  extrusion.  Results  from  the
extruded  SiCp/AZ91  nanocomposite  tensile  testing  at different  temperatures  (75,  125,  175  and  225 ◦C)
revealed  an  increase  of  the  tensile  strength  and  ductility  values  compared  with  the  unreinforced  and
extruded  AZ91  alloy.
. Introduction

In order to improve the mechanical properties of Mg,  significant
fforts have been taken to develop magnesium matrix composites
MMCs) due to their low density and superior specific properties
ncluding strength, stiffness and creep resistance [1–8]. Compared

ith the unreinforced magnesium alloys, tensile strength and
lastic modulus of the micro particles reinforced MMCs  are nor-
ally improved, but their ductility is reduced, which limits their
idespread application. The desired properties can be achieved

y a judicious selection of the type of reinforcing particles. Thus,
se of nanoparticles to reinforce metallic materials (including Mg)
as inspired considerable research interest in recent years because
f the potential development of novel composites with unique
echanical and physical properties [9,10].
Processing technique is the key to fabrication of magnesium

atrix nanocomposites with optimized properties. In general,
etal matrix nanocomposites are widely made with expensive

owder metallurgy, ball milling, deposition, infiltration techniques

nd ultrasonic vibration [11–19].  Recently, a novel technique that
ombined stir casting with ultrasonic vibration has been used to
chieve a uniform dispersion and distribution of nanoparticles

∗ Corresponding author. Tel.: +86 45186402291; fax: +86 45186413922.
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in magnesium melts [20]. It is considered that semisolid stir-
ring can be utilized to incorporate the nanoparticles and disperse
them macroscopically while the strong impact coupled with local
high temperatures introduced by ultrasonic vibration can break
nanoparticle clusters and clean their surface from the view of
microcosmic [20,21]. These investigations on magnesium matrix
nanocomposites confirm that nanoparticles have a positive influ-
ence on mechanical properties of Mg.

To further extend the applications of magnesium matrix
nanocomposites in the automotive and other weight critical indus-
tries, an improvement in the mechanical properties and ductility
is required. At present, considerable interest is devoted to study
the effect of secondary processing on metal matrix composite rein-
forced with micro ceramic particles. Several plastic deformation
processes, such as extrusion, rolling and forging, have been success-
fully used to enhance the strength and ductility of micro particles
reinforced composites [22–24].  Among these techniques, extru-
sion is very useful for its technical and economic advantages in the
production of structural components, which yields a full integrity
wrought material [25].

In fact, no research on the extrusion of nanoparticles rein-
forced AZ91 magnesium matrix nanocomposites, especially, when
fabricated by semisolid stirring assisted ultrasonic vibration, has

been reported in the open literature. Therefore, the aim of the
present work is to investigate the influence of hot extrusion on the
microstructures and mechanical properties of a particulate rein-
forced magnesium matrix nanocomposite.

dx.doi.org/10.1016/j.jallcom.2011.09.099
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.  Experimental procedures

.1. Materials

A commercial AZ91 alloy (supplied by Northeast Light Alloy Company Limited,
hina) with a nominal composition of Mg–9.07Al–0.68Zn–0.21Mn was employed as
he matrix. SiC nanoparticles (supplied by Hefei Kaier Nanometer Energy & Technol-
gy Company Limited, China) with an average size of 60 nm and volume fractions
vol.%) of 1% were selected as the reinforcement. The SiCp/AZ91 nanocomposites
ere fabricated by semisolid stirring assisted ultrasonic vibration and then homog-

nized at 415 ◦C for 24 h (T4 treatment). The details of fabrication process were
escribed in Ref. [20].

.2. Extrusion of materials

The extrusion was conducted using a press with a 2000 kN load limit. Billets
fter T4 treatment were approximately 60 mm in diameter by 70 mm.  The billets,
ressure pad and dish-shaped die were put into the extrusion container. The extru-
ion container was heated to 350 ◦C in a muffle furnace. The temperature of the
ontainer was  monitored using a K-type thermocouple inserted into a hole drilled
n  the container. Once the container attained the desired temperature, a period of 1 h

as  allowed to elapse before the extrusion was  carried out. This time is long enough
o allow the billet to reach a steady-state temperature, as determined from previous
ests. The billets were extruded with an extrusion ratio of 12:1 and constant RAM
peed of 15 mm s−1 and then cooled in air. For the purpose of comparison, an AZ91
lloy ingot without semisolid stirring assisted ultrasonic vibration was also cast and
xtruded under the same conditions.

.3. Microstructural characterization

Optical microscopy (OM), scanning electron microscopy (SEM) and transmis-
ion electron microscopy (TEM) were used to study the evolution of the matrix and
he  nanoparticle distribution introduced by extrusion. Samples for microstructure
nalysis were carried out in the central part of specimens parallel to the extrusion
irection and prepared by the conventional mechanical polishing and etching using
cetic picral [5 ml  acetic acid + 6 g picric acid + 10 ml  H2O + 100 ml ethanol (95%)]. In

rder to measure the grain size of the nanocomposites before and after extrusion,
mage-Pro Plus (IPP) software was used to determine the linear intercept length of at
east 2000 grains of matrix in the nanocomposites. Microstructural features of the
iCp/AZ91 nanocomposite were identified using energy dispersive spectrophoto-
etric (EDS) analysis. Specimens for TEM were prepared by grinding-polishing the

Fig. 1. OM micrographs of the SiCp/AZ91 nanoc

Fig. 2. Distribution of grain size for the SiCp/AZ91 na
ompounds 512 (2012) 355– 360

sample to produce a foil of 50 �m thickness followed by punching 3 mm diameter
disks. The disks were ion beam thinned.

2.4. Tensile test

To determine the tensile properties, the samples were machined parallel to
the  extrusion direction. The tensile tests were carried out by Instron-1186 tension
machine at 25, 75, 125, 175 and 225 ◦C and the tensile rate was 0.5 mm/min. The fur-
nace and tensile grips were preheated to the test temperature. The test specimens
were then loaded into the tensile grips and the furnace was re-heated to testing
temperature. The specimens were held at the testing temperature for 10 min  before
testing to ensure a uniform temperature distribution.

3. Results and discussion

3.1. Microstructure evolution during extrusion

Fig. 1 illustrates OM micrographs of the SiCp/AZ91 nanocompos-
ites before and after extrusion. It can be observed from Fig. 1 that
grains of matrix in the SiCp/AZ91 nanocomposite are significantly
refined after extrusion. Fig. 2 shows distribution of grain size for the
SiCp/AZ91 nanocomposites before and after extrusion. In the as-
cast nanocomposite, some SiC nanoparticles are distributed along
the grain boundaries and the average grain size of matrix is about
84 �m,  as shown in Figs. 1(a) and 2(a). This can be attributed to the
“push effect” of the solidification front during the growth of primary
magnesium grains resulting from the manufacturing technique
[20]. There are two  kinds of zones in the extruded nanocompos-
ite: SiC nanoparticle bands parallel to the extrusion direction and
refined-grain zones between the SiC nanoparticle bands, as shown
in Fig. 1(b). The average grain size of the extruded SiCp/AZ91
nanocomposite is about 6 �m,  which indicates that full dynamic

recrystallization (DRX) occurs during extrusion. DRX is thought to
initiate at original grain boundaries (prior to extrusion) due to an
accumulation of dislocations at the grain boundaries during the hot
extrusion [26]. The grain size of the extruded nanocomposite is also

omposite: (a) as-cast and (b) as-extruded.

nocomposite: (a) as-cast and (b) as-extruded.
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ig. 3. SEM micrographs of (a) as-extruded AZ91 alloy and (c) as-extruded SiCp/AZ9
iCp/AZ91 nanocomposite.

nhomogeneous with small grains of about 2–4 �m and large grains

f 14 �m as shown in Fig. 2(b). The grains in the SiC nanoparticle
ands are finer than that in the refined-grain zones (in Fig. 1b),
hich indicates that DRX in the SiCp/AZ91 nanocomposite is sen-

itive to the nanoparticle content on a local scale. On the one hand,

Fig. 4. SEM micrographs of (a) as-extruded SiCp/AZ9
composite; higher magnification of (b) as-extruded AZ91 alloy and (d) as-extruded

the severer DRX could occur with the larger strain due to the addi-

tion of SiC nanoparticles in the particle bands. On the other hand,
the addition of SiC nanoparticles may  lead to a significant inhibi-
tion in grain boundaries migration of SiCp/AZ91 nanocomposite
resulting in the refined grains after extrusion.

1 nanocomposite; EDS of (b) Si K and (c) Al K.



358 K.B. Nie et al. / Journal of Alloys and Compounds 512 (2012) 355– 360

F xtrus
e

i
t
t
r
d
a
g
i
a
A
n
n
D
c
s
r
m
r
b
i

i
g
t
S
o
b
b

a
e

band as shown in Fig. 5(a) and confirmed by ED in Fig. 5(b), which is
much smaller than the grain size obtained using OM.  This can fur-
ther confirm that the addition of SiC nanoparticles could effectively
refine the grains.
ig. 5. TEM micrographs of SiCp/AZ91 nanocomposite after extrusion: (a) near the e
lectron diffraction of SiC nanoparticles.

As shown in Fig. 3, it can be found that grain size of matrix
n the extruded SiCp/AZ91 nanocomposite is smaller than that of
he extruded AZ91 alloy. This can be also attributed to the addi-
ion of SiC nanoparticles which can introduce the larger strain
esulting in the severer DRX and inhibit grain growth effectively
uring the extrusion process. For the extruded AZ91 alloy (Fig. 3a
nd b), coarse grains with refined precipitated phase along the
rain boundaries are observed. For the SiCp/AZ91 nanocompos-
te (Fig. 3c), SiC nanoparticle bands as well as refined-grain zones
re observed, which is consistent with that as shown in Fig. 1(b).
t higher magnification, the presence of small grains with SiC
anoparticles along the grain boundaries can be found in the SiC
anoparticle bands as shown in Fig. 3(d). This is similar to the
RX in the magnesium matrix composite reinforced with micro
eramic particles. Wang et al. [27] have found that there is more
tored energy and larger driving force for nucleation in the particle-
ich zones and at particle clusters in the micro particles reinforced
agnesium matrix composite. So, it is expected and observed that

ecrystallized grains are finer in the SiC nanoparticle bands and
etween closed packed nanoparticles in the present nanocompos-

te.
EDS is used to investigate the composition of the bands observed

n OM and SEM, as shown in Fig. 4. Analyzing an area of SEM micro-
raph in Fig. 4(a), EDS of Si K and Al K (Fig. 4b and c) demonstrate
hat composition of particle clusters in the SiC nanoparticle band is
iC nanoparticles. The distribution of EDS of Si K is homogeneous
utside the SiC nanoparticle bands, which indicates that the distri-
ution of SiC nanoparticle is uniform outside the SiC nanoparticle

ands as shown in Fig. 4(a).

Fig. 5 shows TEM micrographs of the SiCp/AZ91 nanocomposite
fter extrusion. Some SiC nanoparticles are found to be agglom-
rated within the SiC nanoparticle band as shown in Fig. 5(a).
ion band; (b) electron diffraction near the extrusion band; (c) SiC nanoparticles; (d)

This is in agreement with the nanoparticle cluster as shown in
Figs. 3(c) and 4(a). In Fig. 5(d) the study of electron diffraction (ED)
confirms that composition of the particle is SiC nanoparticles. At
higher magnification, most of the SiC nanoparticles inside the clus-
ter are still segregated by magnesium matrix as shown in Fig. 5(c).
This indicates that distribution of the SiC nanoparticles can be fur-
ther improved by hot extrusion. It can be also found that some fine
grains with an average size of 20 nm exist near the SiC nanoparticle
Fig. 6. Tensile strength of as-extruded AZ91 and SiCp/AZ91 nanocomposite at room
temperature.
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Fig. 7. Tensile strength of as-extruded AZ91 and S

.2. Evolution of the tensile properties during extrusion

Fig. 6 shows yield strength (�YS, 0.2% proof stress), ultimate
ensile strength (�UTS, the ultimate tensile strength) and elon-
ation to fracture of AZ91 alloy and SiCp/AZ91 nanocomposites
efore and after extrusion. Compared with as-cast nanocomposite,
he extruded nanocomposite exhibits a simultaneous increase in
ield strength, ultimate tensile strength and elongation to fracture.
t can be also found that with the addition of SiC nanoparticles,
he yield strength and ultimate tensile strength of the extruded
iCp/AZ91 nanocomposite are enhanced while elongation to frac-
ure is slightly decreased compared with the extruded AZ91 alloy.
ccording to the classic Hall–Petch equation: �y = �0 + Kyd−1/2,
here �y is the yield strength, �0 and Ky are material constants, and

 is the mean grain size. The value of Ky is dependent on the num-
er of slip systems. It is higher for HCP metals than for FCC and BCC
etals [28]. The grains of matrix in the SiCp/AZ91 nanocomposite

re refined after extrusion as shown in Fig. 1, as a result the yield
trength of SiCp/AZ91 nanocomposite increases. The improvement
f nanoparticle distribution in the nanocomposites after extrusion,
s shown in Fig. 4, also contributes to the increase of ultimate tensile
trength and elongation to fracture. In addition, grain size of matrix
n the SiCp/AZ91 nanocomposite is smaller than that of AZ91 alloy

ith the same extrusion process (Fig. 3) resulting in higher yield
trength. However, some agglomerates of SiC nanoparticles are still
ound in the extruded SiCp/AZ91 nanocomposite, which impairs
he elongation to fracture.

The tensile strength and ductility conducted at various tem-
eratures for the AZ91 alloy and SiCp/AZ91 nanocomposite after
xtrusion are shown in Fig. 7. It can be seen from Fig. 7 that tensile
trength of SiCp/AZ91 nanocomposite is enhanced compared with
he AZ91 alloy under all the test temperatures while the ductility
s improved with the temperature range from 75 to 225 ◦C. Below
ecrystallization temperature for Mg  and at 125◦C there are mod-
rate enhancements in tensile strength. The consistent increase in
uctility with the addition of SiC nanoparticles with the tempera-
ure range from 75 to 225 ◦C is similar to the ductility increase that
as previously reported with the addition of nanoparticles to pure
g matrix [26]. Results showed that the addition of SiC nanopar-

icles was able to enhance tensile strength and ductility indicating
hat a thermally stable bond exists between the reinforcement
anoparticles and the matrix, below recrystallization temperature.
he enhanced ductility of the present SiCp/AZ91 nanocomposite

ould be attributed to the grain refinement after hot extrusion
Fig. 1) as well as the uniform dispersion (Figs. 4 and 5) of thermally
table nanoparticles throughout the matrix. The grains of matrix
n the SiCp/AZ91 nanocomposite are significantly refined after
91 nanocomposite at 25, 75, 125, 175 and 225 ◦C.

hot extrusion. This would obviously result in the improvement of
ductility. In addition, based in our present work [17,20],  the inter-
face behavior showing no intermediate phases at the interface
between SiC nanoparticle and matrix, and found that the SiC
nanoparticles were well bonded to the matrix. And no reflection
ring of interfacial reaction is found except for reflection ring of
Mg and SiC from the study of ED as shown in Fig. 5(d). This can
also indicate that the SiC nanoparticles bond well with the matrix
in the nanocomposite. Then, SiC nanoparticles aid in maintaining
the grain structure in the extruded SiCp/AZ91 nanocomposite by
pinning grain boundaries at elevated temperatures thus resulting
in higher ductility.

4. Conclusions

The SiCp/AZ91 magnesium matrix nanocomposite fabricated by
semisolid stirring assisted ultrasonic vibration is extruded at 350 ◦C
with an extrusion ratio of 12:1. The main results of the work can be
summarized as follows:

(1) Large scale dynamic recrystallization is observed in the
extruded SiCp/AZ91 nanocomposite with an average grain size
of ∼6 �m.  The grains of the SiC nanoparticle bands are finer
than that in the refined grain zones.

(2) Distribution of SiC nanoparticles in the SiCp/AZ91 nanocom-
posite is improved due to the extrusion process. Although some
agglomerates of SiC nanoparticles still exist in the SiC nanopar-
ticle bands, the distribution of SiC nanoparticle is homogeneous
outside the SiC nanoparticle bands.

(3) It is shown that after extrusion the SiCp/AZ91 nanocompos-
ite exhibits a simultaneous increase in yield strength, ultimate
tensile strength and elongation to fracture. Compared with
the extruded AZ91 alloy the yield strength and ultimate ten-
sile strength of the extruded SiCp/AZ91 nanocomposite are
enhanced while elongation to fracture is slightly decreased.

(4) Tensile strength of SiCp/AZ91 nanocomposite is enhanced com-
pared with the AZ91 alloy under all the test temperatures while
the ductility is improved with the temperature range from 75
to 225 ◦C.
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