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Abstract: Graphite fiber reinforced magnesium matrix(Grf/Mg) composites were fabricated by squeeze casting technology. M40
graphite fibers were reinforced to AZ91D and ZM6, their thermal expansion behaviors of M40/AZ91D and M40/ZM6 composites in
the temperature range from 20 to 490 were investigated. The results show that the interfacial species and thermal stress have
significant influence on the thermal expansion behavior of the composites. Simultaneously, the longitudinal coefficient of thermal
expansion of Grf/Mg composites are affected by the thermal stress, interfacial species and yield strength of matrix alloy, it also
decreases with increasing temperature and descending rate of longitudinal coefficient of thermal expansion(CTEs) of Grf/Mg
composites changed in different temperature ranges. In terms of different descending rates, the curve of coefficient of thermal

expansion vs temperature can be divided into three stages. The matrix alloys M40/AZ91D and M40/ZM6 yield at 170 and 155  in

the thermal expansion, respectively.
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1 Introduction

Graphite fibers reinforced lightmass metals (e.g. Al
and Mg) are one of the main metal matrix composites
which have the highest specific strength and specific
stiffness[1]. They have many advantages such as low
density, low coefficient of thermal expansion(CTEs),
high thermal and electrical conductivity and excellent
dimensional stability[2—3]. Compared with conventional
polymer-based composites, Grf/Mg can offer significant
gains in terms of transverse strength, stiffness, thermal
and electrical conductivity besides resistance to radiation,
moisture and fire. Moreover, a zero or near-zero CTEs
over a wide temperature range can be achieved by the
correct selection of fibers volume fraction[4—5].
Therefore, they have been identified as potential candidate
materials for primary structural element applications in
high-precision spacebased systems[6]. Currently, they
are mainly used in the manufacture of large-scale optical
system components, as well as spatial structures of high
precision, such as mirror of space optical systems,
satellite, radar antenna, waveguide and board with
installed instruments in the space station[7—11].

The thermal expansion behavior of continuous
fibers reinforced metal matrix composites is influenced

by many factors, including the properties of the matrix
and fibers, content and arrangement of fibers, interfacial
properties, and thermal stress due to the mismatch of the
CTEs between the fibers and matrix and so on[12—14].
Interface plays important roles in the load transfer and
stress relaxation[15—16]. Attributed to the fall of the
interfacial bonding strength and the increase of thermal
stress along the fibers direction, the interfacial properties
would change with temperature, therefore sliding or
debonding occur between the interfaces. All of these will
affect the restriction of fibers on the matrix, thus lead to
the change of CTEs with temperature[19-20].

In this work a research was carried out on the
thermal expansion behavior of Grf/Mg composites. The
strain changing with temperature and the role of thermal
stress on the matrix were investigated. The influence of
interfaces species on thermal expansion behavior was
also discussed.

2 Experimental

2.1 Materials

Unidirectional M40 fibers (60%, volume fraction)
reinforced magnesium matrix composites were prepared
by squeeze casting method. AZ91D and ZM6 were used
as matrix alloys. The chemical compositions of these
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alloys were as follows. AZ91D: 9% (mass fraction) Al,
1% Zn, 0.2% Mn. ZM6: 2.8% RE, 0.2% Zn, 0.5% Zr.
The basic properties of M40 fiber and matrix alloys are
listed in Table 1.

Table 1 Properties of M40 fiber and matrix alloys

Mateiral (lilg; 51321 v 1?/?13; 105?/ - 10féT/ -
M40 377 10 025 - -1.10 8.00
AZ9ID 45 45 035 160  27.95Y  27.95Y
ZM6 43 43 035 120 27.70Y  27.70Y

1) Experimental values

2.2 Test

The longitudinal thermal expansion behavior in the
temperature range at 20—490 was measured on a DIL
402C dilameter, with a heating rate of 5 /min and a
helium atmosphere flowing rate of 50 mL/min. The
specimens with size of 4.3 mm>4.3 mm><25 mm were
used in this work. The average CTEs at various
temperatures were obtained by the thermal expansion
curves.

The microstructures and interfaces between the
matrix and fibers were observed by a ZEISS-40MAX
optical ~ micrograph(OM) and a  PhilipsCM-12
transmission electron micrograph(TEM).

3 Results and discussion

3.1 Microstructure

The microstructures of the interface Grf/Mg
composites are shown in Fig.1. It should be noted that
the discontinuous needle-shaped precipitate and blocky
precipitate are evident at the interface, which are
indicated to be ALC; and Mgj;Al;, by electron
diffraction, respectively. Mg;,Nd phase forms along the
adjacent fibers in M40/ZM6 composites. In the graphite
fiber reinforced magnesium composites, the fiber and

(a)

Gr

matrix alloy are non-wetting and thus they are bonded by
mechanical bonding, which is a weak type of bonding.
To a certain extent, the interfacial reaction enhances the
interfacial bonding strength and friction of interfacial
slipping. Therefore, with increasing temperature, the
expansion of matrix alloy will be restricted by fibers and
lead to longitudinal strain of Grf/Mg composites.

3.2 Nonlinear temperature characteristic of thermal
expansion behaviors

The thermal expansion curves and CTEs of matrix
alloys and Gr¢/Mg composites are shown in Figs.2 and 3,
respectively. As shown in Figs.2 and 3 that the strain of
composites and matrix alloys appear to have different
variation laws with temperature. By comparing the strain
response shown in Fig.3(a), it is apparent that the knee
occurs at 250 in Fig.3(a) and at a lower temperature
(200 ) in Fig.3(b).

The coordination of fiber and matrix strain during
the thermal expansion are realized by interface sliding
[11,15], which results in fibers protruding significantly
from the matrix, as shown in Fig.4. In order to further
verify the function of interface to thermal expansion
behaviors of the composites, the same tests were took a
second time, using the same samples in the first test. All
the results in Fig.4 show why the thermal expansion
curves change remarkably compared with these in the
first test. The strains of both kinds of composite
increases with the elevation of temperature and the knees
of thermal strain curves of two kinds composites are
short. It is believed that high temperature reduces the
restriction of graphite fibers on the matrix after the first
thermal expansion test. This is why the thermal
expansion increases as temperature rises during the
second test.

3.3 CTEs of Grf/Mg composites
According to Figs.2 and 3, the mean values of CTEs
in different temperature ranges are calculated. The CTEs

000

Fig.1 Microstructures of interface of Grf/Mg composites: (a) M40/AZ91D; (b) M40/ZM6
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Fig.2 Thermal expansion curves and CTEs of matrix alloys: (a) AZ91D; (b) ZM6
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Fig.3 Thermal expansion curves and CTEs of Grf/Mg: (a) M40/AZ91D; (b) M40/ZM6

Fig.4 SEM micrographs of composites after thermal expansion test: (a) M40/AZ91D; (b) M40/ZM6

of Grf/Mg composites are much lower than these of the
magnesium matrix alloy. Compared to that of the
magnesium matrix alloy, the change tendencies of the
two kinds of composites with temperature are different.
The longitudinal CTEs of Grf/Mg composites decrease
with increasing temperature and it even falls to negative
value when the temperature is above 400 (the
average CTEs in the range of 0—400 are —0.03><10°
°C™"). Furthermore, the descending rate of CTEs of

Grf/Mg composites changes in the range of different
temperature. According to the different descending rate
of CTEs, the CTE—temperature curve is divided into
three stages: slow decline, rapid decline and slow decline
again, i.e. and stages in shown Fig.3.

As we know that the CTEs of Grf/Mg composites
are affected by the thermal stress and interfaces between
the matrix and fibers. When the temperature varies, the
thermal stress would be distributed on the graphite fibers



SONG Mei-hui, et al/Trans. Nonferrous Met. Soc. China 19(2009) s382—s386 s385

that produced by the mismatch of CTEs between the
graphite fibers and matrix. So, the thermal stress
paralleling to the fibers can be expressed as [17]

dO-f

F=Ef(0!r—0!f) (1

where or is stress of the fiber; of and Ey are coefficients of
thermal expansion and elastic modulus of the fiber,
respectively.

When the temperature increases from 7, (293 K) to
T, the axial tensile stress of fibers can be obtained
through integral transformation of Eq.(1):

[ 4@ =0 (D)=0p(Ty) = [, Elar —arXT @)

Then, the thermal stress acting on the fibers is given
by

o1 (1)= 0y (Ty)+ [, Er(ate —ay)dT 3)

As the residual thermal stress caused in fabricate
process has been relieved in annealing, o(7,) in Eq.(3)
can be negligible. Subsequently, the axial tensile stress of
the fibers is then expressed as

T
or(T) =, Er(a; —ap)dT “)

If no plastic deformation in the matrix is found, the
inner stress is balanceable, that is[11]:

T T
V| . ade+ijTo o dT =0 (5)

where V is the volume fraction. The properties of the
fiber and matrix are denoted by f and m subscripts,
respectively.

Thus the thermal stress acting on matrix alloy can
be expressed as

T
, ijT odT
[ owdT =0 (1) =0, (Ty) =————=
7 V.,
Ve ¢T
‘ﬁ T{]Ef(aT —ap)dT (6)

where ar is the CTE of composites when temperature is
T; a;is the CTE of fibers; V is the volume fraction.

Since the o,(7)) approximates to zero, the
compressive stress acted on the matrix alloy during the
expansion process of composites can be calculated
according to Eq.(6). The results show that the
compressive stress acted on matrix alloy gradually
increases with increasing temperature. The thermal stress
reaches the yield strength[18—20] of matrix alloy

(AZ91D, 160 MPa; ZM6, 120 MPa, respectively) when
the temperatures are 170 (M40/AZ91D) and 155
(M40/ZM6). This is similar to the division temperatures
in stages  and in Fig.3.

When the temperature increases, the yield strength
of matrix alloy and interfacial bonding strength between
the fibers and matrix alloys reduce[11, 16]. Therefore,
the variation of CTEs with temperature in Fig.3 can be
explained as shown in Fig.5. In the first stage, when the
thermal stress is smaller than the yield strength of the
matrix alloy, the CTEs of composites reduced slowly
confined by the positive expansion of matrix alloy. In the
second stage, when the thermal stress is more than the
yield strength of matrix alloy, the plastic deformation of
matrix alloy occurs and leads to the stress relaxation.
Then, the CTEs of composites are mainly controlled by
fibers. Due to negative expansion, the descending rate of
CTEs increases. Finally, in the third stage, the restriction
of interface on the matrix alloy declines with increasing
temperature. The CTEs of composites controlled by
matrix alloy lead to the slow descending rate again.

Stress

Thermal

Temperature

Fig.5 Thermal stress model of GryMg composites
4 Conclusions

1) Thermal expansion behavior compared to
magnesium alloy is different in the Grf/Mg composites
fabricated by squeeze casting technology. The thermal
expansion is apparent and the knee occurs at a lower
temperature for Grf/Mg composites.

2) The longitudinal CTEs of Grf/Mg composites are
much lower than these of matrix alloy, as these are
affected by thermal stress and species of interfaces in the
composites, and decrease nonlinearly with increasing
temperature. In terms of different descending rate, the
CTE-temperature curve can be divided into three stages.

3) The calculation result of thermal stress acted on
matrix alloy shows that the thermal stress increases with
temperature during the thermal expansion process of
Grf/Mg composites. The matrix alloys M40/AZ91D and
M40/ZM6 yield at 170 and 155 | respectively.
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