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Magnesium matrix composites reinforced with 0.3 wt.% graphene were fab-
ricated by semi-solid isothermal treatment using various reheating conditions
and hot extrusion. The microstructures of the hot-extruded AZ31/graphene
composites were clearly refined, with the finest grain size (7.05 lm) achieved
after reheating at 610�C for 30 min. Energy-dispersive x-ray spectroscopy
analysis revealed that increasing the reheating temperature promotes diffu-
sion of the solute elements and affects the mechanical properties of the com-
posite. The optimal mechanical properties were achieved after reheating at
620�C for 30 min, with a yield strength of 214.82 MPa and an ultimate tensile
strength of 310.79 MPa. The significant improvement in the mechanical
properties of the composite was mainly attributed to the refined grain size,
uniformly redistributed solute elements, addition of graphene, and close
interfacial bonding.

INTRODUCTION

As the lightest structural metal, magnesium (Mg)
and its alloys have attracted considerable research
attention because of their good recyclability, high
specific strength, and damping ability.1,2 In partic-
ular, AZ31 magnesium alloy has been extensively
employed because of its low cost and high corrosion
resistance.3 However, its limited strength, rela-
tively low ductility, and low oxidation resistance
have restricted its application in the transportation
and automobile industries. Recently, several
researchers have attempted to fabricate Mg-matrix
composites by adding reinforcement phases to
achieve superior mechanical properties.4–9

Graphene has attracted interest as one of the
most ideal reinforcements for metal matrix compos-
ites because of its extraordinary Young’s modulus
(� 1 TPa) and excellent mechanical strength
(� 130 GPa).10–15 Recently, several preparation
methods have been developed for the fabrication of
graphene-reinforced Mg-matrix composites, includ-
ing powder metallurgy,1 stir casting,16 pressure
casting,17 and disintegrated melt deposition fol-
lowed by hot extrusion.18 However, the composites

prepared using powder metallurgy and hot extru-
sion have weak interface bonding strengths, which
limit the ductility of the composites. In addition, in
the casting process, graphene undergoes a chemical
reaction with the matrix at high temperature,
resulting in a reduction of the interface bond
strength.19 Compared with these preparation meth-
ods, semi-solid processing (SSP) is considered a
more advanced technology for the manufacture of
Mg-matrix/graphene composites with good forma-
bility and fewer forming defects owing to the
excellent fluidity and adjustable viscosity of semi-
solid-state materials.20 The fabrication of Mg-ma-
trix composites using SSP has recently received
considerable attention. Yan et al.21 applied ultra-
sonic vibration treatment (UVT) to prepare Mg2Si/
AM60 magnesium composites. They observed that a
good semi-solid slurry could be obtained by applying
UVT at 620�C for 60 s, with Mg2Si and Mg17Al12

located along the grain boundaries or uniformly
dispersed in the matrix with a net-like structure.
Chen et al.22 studied SSP of SiCp/ZM6 magnesium
composites. They reported that the microstructure
of the composite prepared by recrystallization and
partial melting consisted of fine and spheroidal solid

JOM

https://doi.org/10.1007/s11837-019-03736-w
� 2019 The Minerals, Metals & Materials Society

http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-019-03736-w&amp;domain=pdf


grains surrounded by an intergranular liquid. Yi
et al.20 showed that the presence of SiCp in SiCp/
AZ91 results in lower liquid fractions of semi-solid
slurries and yields higher values of flow stress
during semi-solid compression testing. However,
SSP has not yet been broadly applied for the
fabrication of Mg-matrix/graphene composites.

In this work, magnesium matrix composites rein-
forced with 0.3 wt.% graphene were synthesized by
semi-solid isothermal treatment (SSIT) and hot
extrusion. The effects of the reheating temperature
and holding time on the microstructural evolution
and mechanical properties were experimentally
investigated, and the strengthening mechanism of
the AZ31/graphene composite is discussed in detail.

EXPERIMENTAL PROCEDURE

Materials

AZ31 magnesium alloy chips with the composition
of 2.80% Al, 1.00% Zn, and 0.25% Mn (in wt.%) were
produced by machining an AZ31 magnesium alloy
ingot in a lathe. The chip dimensions were 3.350–
4.750 mm 9 1.400–2.360 mm 9 0.090–0.500 mm.
The reinforcement material, graphene, with an
average thickness of < 7 nm and purity of
‡ 99 wt.%, was reduced from graphene oxide,23

which was synthesized using a modified Hummers’
method; a detailed description of the preparation

method is provided by Gao et al.24 The microstruc-
ture of the raw graphene is shown in Fig. 1a.

Methods

Figure 1b presents a schematic illustration of the
preparation process of the AZ31/graphene compos-
ite. First, the mixture of AZ31 chips and graphene
was prepared by mechanical ball milling with
stainless steel balls at 400 rpm for 0.5 h. The weight
ratio of the balls to powder was 8:1. Second, 50 g of
the AZ31 chips and graphene mixture was pre-
heated in a resistance furnace at 633 K for 10 min
and then pressed into a 40-mm-diameter cylindrical
billet. Third, the cylindrical billet was semi-solid
isothermally treated in the furnace under a purified
CO2 atmosphere. After the target temperature and
time were reached, the billet was rapidly poured
into water to maintain the semi-solid microstruc-
ture. The technological parameters of SSIT are
given in Table I. Finally, the billet after SSIT was
hot-extruded into a rod-like material at 673 K with
an extrusion ratio of 25:1 using an extrusion rate of
0.2 mm/s.

The microstructure of the composite was exam-
ined using optical microscopy (OM; OLYMPUS-
GX71-6230A). The elemental distribution of the
composite was determined using scanning electron
microscopy (SEM; FEI-SIRION) coupled with

Fig. 1. (a) SEM image of graphene and (b) schematic display of the preparation process for the AZ31/graphene composite.
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energy-dispersive x-ray spectroscopy (EDS). The
interface between the graphene and the AZ31
magnesium alloy was examined using transmission
electron microscopy (TEM; JEOL JEM-2100). Ten-
sile testing was performed using a universal testing
machine (Instron 5500R) at a speed of 0.5 mm/min.

RESULTS AND DISCUSSION

Morphological and Microstructural Analysis

Figure 2a, c, e, and g shows the microstructures of
the AZ31/graphene composites after SSIT at various
temperatures for 30 min. As observed in Fig. 2a, for
a reheating temperature of 590�C, independent and
near-spheroidal a-Mg grains were formed, net-
shaped eutectic components were observed along
the grain boundaries of a-Mg, and graphene was
embedded in the eutectic components. Upon
increasing the reheating temperature to 600�C,
the a-Mg grains were surrounded by an intergran-
ular liquid, with the appearance of some spheroidal
and independent grains (Fig. 2c). As observed in
Fig. 2e, at 610�C, as the diffusion speed of solute
atoms increased, the distribution of graphene
became wider under the effect of the increasing
volume of the eutectic components. In addition, the
spheroidization rate of the a-Mg grains was reduced
by the eutectic components inside the a-Mg grains.
Upon increasing the reheating temperature to
620�C, the a-Mg grains were basically melted and
the graphene distribution range was not
pronounced.

To improve the density and mechanical properties
of the composite, post-treatment is necessary. In the
current study, hot extrusion was used for the post-
treatment process. Figure 2b, d, f, and h shows the
microstructures of the hot-extruded AZ31/graphene
composites. Compared with the grain sizes of the
composites after SSIT, those of the composites after
hot extrusion were clearly refined. As observed in
the insets in Fig. 2b, d, f, and h, the average grain
sizes of the hot-extruded AZ31/graphene composites
were approximately 9.78 lm, 8.90 lm, 7.05 lm, and
7.36 lm after reheating for 30 min at 590�C, 600�C,
610�C, and 620�C, respectively. Based on the grain-
boundary strengthening mechanism, the volume
fraction of grain boundaries increases with increas-
ing number of grains, leading to an increase of the
strength of the metal. Thus, the reheating

temperature plays an important role in grain
boundary strengthening.

Figure 3a, c, e, and g shows the microstructures of
the AZ31/graphene composites after SSIT at 610�C
for various holding times. As observed in Fig. 3a,
after a short holding time, partial melting of the
grain boundaries occurred, and the adjacent a-Mg
grains were surrounded by networks of eutectic
components. Upon increasing the holding time to
20 min (Fig. 3c), the fraction of eutectic components
clearly increased, and the a-Mg grains became
coarse and separated from others under the effect
of liquid penetration. As observed in Fig. 3e, upon
increasing the holding time to 30 min, the fraction
of eutectic components continued to increase and
the a-Mg phase showed no obvious growth tendency.
As shown in Fig. 3g, the spheroidal reaction of a-Mg
grains was satisfactory after the holding time was
increased to 40 min, with the a-Mg grains becoming
increasingly spherical and coarse, and the liquid
phase content increasing.

Figure 3b, d, f, and h shows the microstructures
of the hot-extruded AZ31/graphene composites.
Upon increasing the holding time from 10 min to
30 min (Fig. 3b, d, and f), the grain size decreased
from 12.66 lm to 7.05 lm. As shown in the insets,
the grain size distribution range shrunk and the
degree of concentration increased with increasing
holding time. When the holding time was further
increased from 30 min to 40 min, the grain size
increased (Fig. 3h); however, this grain size was
still refined compared with that of the composite
reheated at 610�C for 10 min. These results indicate
that the holding time has a significant effect on the
grain refinement of the matrix.

Dynamic recrystallization is known to occur in
magnesium alloys during high-temperature defor-
mation. The dynamic recrystallization grain size is
affected by the original grain size, the addition of a
second phase, and the solute atom distribution in
the alloy. Refinement of the original grain size
results in more grain boundaries, which are gener-
ally favorable areas for recrystallization nucleation;
therefore, grain refinement provides more nucle-
ation sites and promotes recrystallization. However,
with increasing holding time, the solid grains
become coarse; thus, increasing the holding time is
unfavorable for refining recrystallization grains.
During the recrystallization process, graphene with
an ultra-thin 2D structure not only provides numer-
ous nucleation sites but also prevents grain bound-
ary sliding and retards the rate of grain growth.
However, the interaction between the solute atoms
and grain boundaries hinders dislocation motion
and grain boundary migration, resulting in a
restriction of grain growth.

Under the effects of these complex factors, the
microstructure of the hot-extruded composite was
noticeably refined with increasing reheating tem-
perature and holding time. Upon increasing the
reheating temperature from 610�C to 620�C (for a

Table I. Technological parameters of SSIT

Reheating temperature (�C) Holding time (min)

590 30
600 30
610 10, 20, 30, 40
620 30
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Fig. 2. Microstructures of AZ31/graphene composite after SSIT (a, c, e, g) and hot-extruded microstructures of AZ31/graphene composite (b, d,
f, h) after SSIT at various temperatures for 30 min. The grain sizes distribution of the AZ31/graphene composite are displayed in the inset and the
average grain size values are marked.
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Fig. 3. Microstructures of AZ31/graphene composite after SSIT (a, c, e, g) and hot-extruded microstructures of AZ31/graphene composite (b, d,
f, h) after SSIT at 610�C for various holding times. The grain sizes distribution of the AZ31/graphene composite are displayed in the inset and the
average grain size values are marked.
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holding time of 30 min) and increasing the holding
time from 30 min to 40 min (for a reheating tem-
perature of 610�C), the grain size of the hot-
extruded composite gradually changed.

After SSIT at 590�C and 620�C for 30 min,
different segregation conditions of Al and Zn at
grain boundaries were observed. Figure 4a and c
presents SEM images of the composites after SSIT,

and Fig. 4b and d presents the concentration pro-
files of Mg, C, Al, and Zn obtained from EDS line
scans. The results indicate that the grain bound-
aries of the matrix were rich in Al and Zn. The
maximum Al and Zn concentrations in the solid
particles were significantly higher for the composite
semi-solid isothermally treated for 30 min at 590�C
than at 620�C. In addition, for the latter, the

Fig. 4. The morphology and structure of the AZ31/graphene composite. SEM morphology of AZ31/graphene composite after SSIT at 590�C (a)
and 620�C (c) for 30 min, and EDS line scan curves showing the distribution of the solutions (b, d). HRTEM of interface structure of the
AZ31/graphene composite after SSIT at 620�C for 30 min (e), and (f) diffraction pattern of region b in (e).
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measured Al and Zn concentrations in the matrix
were smooth. According to Xu’s work,25 when the
reheating temperature is low, the diffusion of the
solute in a-Mg does not result in complete homog-
enization; therefore, the concentration of the solute
at the primary a-Mg grain boundaries is relatively
high. With increasing the reheating temperature,
the solid particles basically melt and more liquid
forms, leading to a uniform distribution of the
enriched solute in the matrix.

Figure 4e presents an HRTEM image of the
interface structure of the hot-extruded AZ31/gra-
phene composite reheated to 620�C for 30 min, and
Fig. 4f presents the corresponding selected area
electron diffraction (SAED) patterns obtained from
region b in Fig. 4e. According to the corresponding
SAED pattern, the lattice constant of the phase with
close-packed hexagonal structure (HCP) was
a � 0.225 nm, b � 0.45 nm and c � 0.257 nm, and
then the phase was identified to be a-Mg matrix. It
can be observed that the graphene was embedded in
the alloy matrix. In addition, a clear interface was
observed between graphene and the matrix in the
composite reheated to 620�C for 30 min, indicating
that the graphene was perfectly coherent with the
matrix with strong interfacial bonding between it
and the matrix.

Mechanical Properties

The engineering stress–strain curves and
mechanical properties of the hot-extruded
AZ31/graphene composites at different reheating
states are presented in Fig. 5 and Table II, respec-
tively. For a holding time of 30 min, the yield
strength (YS) of the composite was gradually
improved, reaching a maximum of 214.82 MPa for
a reheating temperature of 620�C. With increasing

the reheating temperature, the ultimate tensile
strength (UTS) of the composite initially decreased
and then increased, whereas the failure strain of the
composite gradually decreased from 11.36% to
5.99%.

For reheating at 610�C, the YS and the failure
strain of the composite first increased and then
decreased with increasing holding time. For a
holding time of 20 min, the composite exhibited
the maximum YS (212.44 MPa), which was approx-
imately 11.49% higher than that of the composite
held for 40 min (190.54 MPa). The composite with a
holding time of 30 min exhibited the optimal failure
strain (8.35%), which was approximately 31.50%
higher than the lowest value. In addition, with
increasing holding time, an overall upward trend of
the UTS of the composites from 275.66 MPa to
294.01 MPa was observed.

SSIT was thus observed to have the following
effects on the mechanical properties of the compos-
ites: (1) close bonding between the reinforcement
and matrix, (2) clear grain refinement of the com-
posite, (3) uniform redistribution of solute elements,
and (4) the addition of graphene into the magne-
sium alloy.

One of the major challenges in the synthesis of
Mg-matrix nanocomposites is the inadequate inter-
facial bonding between reinforcements and the Mg
alloy matrix.26,27 In the current study, with increas-
ing the reheating temperature and holding time,
increasingly more eutectic components emerged,
which not only enhanced the interfacial bonding
strength by improving the wettability but also led to
an increase in the load transfer efficiency from the
matrix to the reinforcement.

As observed in Figs. 3 and 4, the grain size of the
composite first decreased and then increased with
increasing the reheating temperature and holding

Fig. 5. Engineering stress–strain curves of the AZ31/graphene composite after various reheating temperatures for 30 min (a), and after 610�C
for various holding times (b).
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time. According to the classical Hall–Petch relation-
ship, ry ¼ r0 þ Kyd

�1=2, the mean grain size signif-
icantly affects the YS. Zhang et al.28 reported that
the reduced grain size provides abundant grain
boundaries, which may act as obstacles for the
spread of strain from grain to grain, resulting in the
improvement of the UTS. When the composite was
semi-solid isothermally treated at 610�C for 30 min,
the grain size of the composite reached a minimum
(7.05 lm). However, the observed variation of the
YS and UTS was not as expected from the grain
size. This result can be attributed to the significant
segregation of Al and Zn induced by SSIT. The
atomic radius of Mg (0.160 nm) is larger than that
of Zn (0.134 nm) and Al (0.143 nm); therefore,
substitution of Mg by Zn and Al leads to a negative
misfit. Zeng et al.29 reported that the segregation of
solute atoms to the extension region of the disloca-
tion core in the grain boundaries is expected to
decrease the elastic strains of the dislocation in the
boundaries, thermodynamically reduce the bound-
ary energy, and enhance boundary cohesion. In
addition, some studies have shown that the addition
of Al and Zn increases the critical resolved shear
stress for prismatic <a> dislocation slip of AZ31
from 40–50 MPa to 90–100 MPa.30–33 Therefore, the
solute segregation may negatively affect the
mechanical properties.

The enhanced tensile strength of the composite
can also be attributed to the addition of graphene.
First, the coefficients of thermal expansion (CTEs)
of graphene and AZ31 are 1 9 10�6 K�1 and
25 9 10�6 K�1, respectively. This sharp difference
in the CTEs of the reinforcement and the matrix
may lead to dislocation multiplication at the inter-
face and cause an increase in the YS of composite.
The increase of the YS resulting from thermal
mismatch can be expressed as34,35

DrCET ¼ aGb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12DTDCfv
bd

r

;

where a is a geometric constant, G the shear
modulus of the Mg matrix, b the Burgers vector of
the Mg matrix, DT the difference between the
extrusion and testing temperatures, DC the differ-
ence between the CTE of the matrix and reinforce-
ment, and fv and d are the volume fraction and

average diameter of the reinforcement, respectively.
Moreover, the reinforcement will restrict the move-
ment of dislocations, increasing their density and
resulting in dislocation strengthening.1 Second, as
observed in Fig. 6, load transfer between the matrix
and reinforcement also affects the mechanical prop-
erties of the composite. When a tensile force is
applied along the extrusion direction of the compos-
ite, the load is initially applied to the matrix and
then transferred from the matrix to the reinforce-
ment through shear stresses at the interface. The
high specific surface area of graphene results in a
large contact area between it and the matrix, which
leads to an increase in the number of load-transfer
sites and provides resistance against tensile frac-
ture. Therefore, the strength of the composite is
enhanced.

In addition, with increasing the reheating tem-
perature and holding time, the fraction of the liquid
phase increases, which contributes to filling pores
between the Mg matrix and reinforcements,
enhances the feeding ability to solidification shrink-
age during SSIT, and optimizes the plasticity.
However, upon further increasing the reheating
temperature and holding time, the solidification
behavior of the composite becomes similar to that of
the full liquid melt; thus, more voids and inclusions
are easily formed in the secondary solidified regions,
leading to deterioration of the plasticity.36 Thus, the
reheating temperature and holding time

Table II. Data of the mechanical properties of the AZ31/graphene composite with various reheating states

Reheating state (�C/min) YS (MPa) UTS (MPa) Failure strain (%)

590/30 184.71�8
+4 292.21�10

+4 11.36�0.8
+1.2

600/30 187.09�7
+9 284.75�8

+5 8.91�0.6
+0.9

610/10 203.19�6
+4 275.66�5

+7 5.72�0.7
+1.5

610/20 212.44�8
+12 287.82�7

+6 6.06�1.6
+0.6

610/30 204.89�2
+7 284.73�9

+4 8.35�1.3
+0.7

610/40 190.54�3
+8 294.01�9

+3 5.96�1.5
+0.4

620/30 214.82�3
+7 310.79�11

+8 5.99�1.1
+0.7

Fig. 6. Schematic of the fracture evolution behaviors of the
composite during tensile testing.
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substantially affect the failure strain of AZ31/gra-
phene composites.

The results of this study provide a pathway for
the fabrication of AZ31/graphene composites with
refined grains, enhanced strength, and good particle
interfaces. However, additional work is necessary to
determine the optimum reheating temperature and
holding time to further enhance the properties of
Mg-matrix composites.

SUMMARY

AZ31/graphene composites were successfully fab-
ricated using SSIT and hot extrusion, and the
reheating temperature and holding time were
observed to significantly affect the microstructure
and mechanical properties of the composites.
Increasing the reheating temperature and holding
time greatly refined the grains of the matrix of the
AZ31/graphene composite. When the composite was
reheated at 610�C and held for 30 min, the grain
size of the composite reached a minimum (7.05 lm).
In addition, the segregation conditions of Al and Zn
at the grain boundaries were improved upon
increasing the reheating temperature from 590�C
to 620�C. The composite reheated at 620�C and held
for 30 min exhibited the optimal mechanical prop-
erties (YS = 214.82 MPa and UTS = 310.79 MPa).
The increased mechanical strength of the composite
was attributed to (1) the close bonding between
graphene and the Mg matrix, (2) the refined grain
size of the composite, (3) the uniformly redistributed
solute elements, and (4) the addition of graphene.
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