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a b s t r a c t

Magnesium matrix composite reinforced by graphite particles was fabricated using stir casting with
graphite particle size of 50 �m and graphite particle volume fraction of 10%. The as-cast composite was
extruded at 250 ◦C, 300 ◦C and 350 ◦C with an extrusion ratio of 12:1. The experimental results reveal that
the extrusion temperature plays an important role on the microstructures and damping capacities. The
vailable online 15 July 2010
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aspect ratio of graphite particles increases as the extrusion temperature rises. Extrusion at 300 ◦C leads
to the highest damping values in low strain region at room temperature. It also demonstrates the highest
damping values at elevated temperatures when the strain is 4 × 10−5. In addition, there are two definite
damping peaks in the damping-temperature curves which occur at about 150 ◦C and 350 ◦C, respectively.
amping capacities
icrostructures

. Introduction

High damping and lightweight materials are drawing strong
ttention for engineering applications in various fields [1–3]. The
amping capacities of a material refer to its ability to convert
echanical vibration energy into thermal energy or other ener-

ies. Materials that possess high damping capacities have several
dvantages, for example, eliminating unwanted noise and vibra-
ion, enhancing vehicle and instrument stability [4,5]. Lightweight
ystems, in which magnesium alloys are involved, are becom-
ng more and more important in mechanical engineering such as
obotics, machine-tools and automotive industry [6,7].

Magnesium matrix composites are good candidates for realiz-
ng high damping and lightweight. Magnesium alloys are widely
mployed in aerospace, electronics and automotive industry due
o low density and high specific strength [8,9]. With the develop-

ent of metal matrix composites technology, it becomes possible
o further improve the damping capacities of magnesium alloys
y adding high damping reinforcements. Magnesium alloys AZ
eries (Mg–Al–Zn) have been widely used in automobile industry

ncompassing parts such as steering wheels, steering column parts,
nstrument panels, seats, gear boxes, air intake system and so on,
ut their damping capacities are relatively low [10–12]. Graphite
articles (Grp) are found to exhibit relatively high damping capac-
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ities when measured in its bulk form [13]. Therefore, the addition
of graphite particles to magnesium alloy AZ91 (Mg–9 wt% Al–1 wt%
Zn) will be quite promising in improving the damping capacities,
and thus extend its application range. Hot extrusion is an increas-
ingly attractive processing route to enhance mechanical properties
including ductility and strength [14–17], but there has been no
attempt made to study the effect of hot extrusion on damping
capacities.

Accordingly, the primary aim of this paper was to study the
effect of extrusion temperature on the damping capacities and
microstructures of Grp/AZ91 composite, fabricated by stir casting.
The relationship between damping capacities and microstructures
was also discussed in light of the experimental results.

2. Experimental

A commercial magnesium alloy AZ91 was selected as the matrix, and flake
graphite particles with an average size of 50 �m were employed as the reinforce-
ment. The Grp/AZ91 composite with graphite particle volume fraction of 10% was
fabricated by stir casting in a protective atmosphere of CO2 and SF6. The as-cast
Grp/AZ91 composite was extruded at 250 ◦C, 300 ◦C and 350 ◦C with an extrusion
ratio of 12:1 (marked as 250R12, 300R12 and 350R12) after T4 treatment (415 ◦C
for 24 h), respectively.

The damping tests were carried out by dynamic mechanical analyzer (DMA)
(Model TA Q800, USA) with single cantilever vibration mode. The damping capaci-
ties were determined by Q−1 = tan �, where � was the lag angle between the applied

strain and the response stress. The dimensions of the damping test specimens
were 35 mm × 8 mm × 1 mm. Measurements were made at various strain ampli-
tudes (ε) from 5.3 × 10−6 to 1.3 × 10−3, the vibration frequency (f) was 1 Hz, and
the test temperature (T) was room temperature. For the measurements of tem-
perature dependent damping capacities, the test conditions were as follows: the
strain amplitude (ε) was 4 × 10−5, the vibration frequency (f) was 1 Hz, the temper-
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Fig. 1. Optical micrographs show grain size of composite

ture range (T) was from room temperature to 400 ◦C and the heating rate (Ṫ) was
◦C/min.

The microstructures of Grp/AZ91 composite were examined under OLYMPUS-
MG3 type optical microscope (OM). In order to investigate the variation of grains
nd graphite particles during hot extrusion, the software Image-Pro Plus was used
o analyse the images from OM.

. Results and discussion

.1. Microstructures of Grp/AZ91 composite

Figs. 1 and 2 show the optical micrographs of Grp/AZ91 compos-
te. According to Fig. 1, the grain size is calculated by the software
mage-Pro Plus, and the result is shown in Fig. 3. From Fig. 3, it
an be seen that the grain size decreases significantly after hot
xtrusion, and extrusion at 250 ◦C leads to the finest grains. This
s because relatively low extrusion temperature can effectively
nhibit the growth of recrystallization grains. According to Fig. 2,
he length, width and aspect ratio of graphite particles are calcu-
ated by the software Image-Pro Plus, and the results are shown
n Figs. 4 and 5. The aspect ratio is the ratio between length and

idth, i.e. aspect ratio = length/width. It can be seen from Fig. 4
hat hot extrusion increases the length of graphite particles, but
ecreases the width. Therefore, as shown in Fig. 5, hot extrusion
an improve the aspect ratio of graphite particles, and the aspect

atio increases as the extrusion temperature rises. This indicates
he aspect ratio of graphite particles is dependent on extrusion
emperature. The increase of extrusion temperature can improve
he mobility of matrix alloy, and thus increase the aspect ratio of
raphite particles.
dition of: (a) as-cast; (b) 250R12; (c) 300R12; (d) 350R12.

3.2. Damping capacities of Grp/AZ91 composite

Strain amplitude dependence of damping capacities in as-
extruded Grp/AZ91 composite and AZ91 alloy are shown in Fig. 6.
The curves can generally be divided into two parts, a strain inde-
pendent part Q−1

0 at low strain and a strain dependent part Q−1
H

at high strain which increases with rising strain amplitude. Hence,
the damping can be expressed by [18]:

Q−1(ε) = Q−1
0 + Q−1

H (ε) (1)

It is noticeable that extrusion at 300 ◦C leads to the highest
damping values in low strain region at room temperature. However,
the damping values are very similar in relatively high strain region.
This indicates the damping values are independent on extrusion
temperature in relatively high strain region. From Fig. 6, it can be
also seen that the damping capacities are improved significantly by
the addition of graphite particles. When the composite and alloy are
extruded at same temperature (300 ◦C), the Q−1

0 is 0.0059 for the
composite and 0.0015 for the alloy, respectively. Compared with
the alloy, the Q−1

0 of Grp/AZ91 composite is increased by nearly
400%.

The Q−1
H is related to dislocations by the following equation

derived from the Granato–Lücke (G–L) model [19,20]:

C1
(

C2
)

Q−1
H =

ε
exp −

ε
(2)

C1 = �FBL3
N

6bEL2
C

(3)
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Fig. 2. Optical micrographs show particle distribution of compo

2 = FB

bELC
(4)

here ε is the strain amplitude; C1 and C2 are the material con-

tants; � is the dislocation density; FB is the binding force between
islocations and weak pinning points; E is the elastic modulus; LC
nd LN are the average dislocation distance between weak pinning
oints and strong pinning points, respectively; b is the Burger′s

ig. 3. Distribution of grain size of Grp/AZ91 composite before and after hot extru-
ion.
condition of: (a) as-cast; (b) 250R12; (c) 300R12; (d) 350R12.

vector. Eq. (2) can be alternated as:

ln(Q−1
H ε) = ln C1 − C2

ε
(5)

It can be noted from Eq. (5) that the G–L plots should be straight
lines, whose intercept and slope are the values of ln C1 and −C2,
respectively. From Fig. 7, it is shown that the as-extruded Grp/AZ91
composite follows the G–L model properly in relatively high strain
region.

According to Granato–Lücke theory [19,20], matrix dislocations
are pinned by the strong pinning points (such as network nodes
of dislocations, grain boundaries, graphite particles, etc.) and the
weak pinning points (such as solution atoms, vacancies, etc.). At low
strain, dislocations can only drag the weak pinning points moving
and thus dissipating energy. Hence, the damping from the dis-
locations is limited. With increasing strain, the stress increases.
Above a certain strain, the unpinning of dislocations from the
weak pinning points occurs in the snowslide-like mode. Disloca-
tion string becomes long and comparatively free between strong
pinning points. Thus the damping from the dislocations increases
significantly. And then the energy dissipated by dislocation motion
would not increase.

Therefore, in as-extruded Grp/AZ91 composite, the possible
dominant damping mechanisms in relatively low strain region are
intrinsic damping of graphite particles, particles/matrix interface
damping, and grain boundary damping; while in relatively high

strain region, matrix dislocation damping is likely to be responsible
for a large portion of the observed damping.

Temperature dependence of damping capacities in as-extruded
Grp/AZ91 composite are shown in Fig. 8. The damping capacities
of as-extruded Grp/AZ91 composite are intensively dependent on
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Fig. 4. Distribution of length and width of graphite particles before and after hot extrusion: (a) length; (b) width.

Fig. 5. Distribution of aspect ratio of graphite particles before and after hot extru-
sion.

Fig. 6. Strain dependent damping capacities of as-extruded Grp/AZ91 composite
and AZ91 alloy at room temperature with f = 1 Hz.

Fig. 7. G–L plots for as-extruded Grp/AZ91 composite at room temperature.

Fig. 8. Temperature dependent damping capacities of as-extruded Grp/AZ91 com-
posite with f = 1 Hz, ε = 4 × 10−5 and Ṫ = 5 ◦C/min.
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ig. 9. Temperature dependent damping capacities of as-extruded Grp/AZ91 com-
osite (300R12) before and after one temperature dependent damping test with
= 1 Hz, ε = 4 × 10−5 and Ṫ = 5 ◦C/min.

esting temperature, and they rise with increasing temperature.
oreover, extrusion at 300 ◦C leads to the highest damping values

t elevated temperatures when the strain is 4 × 10−5. In addition,
here are two definite damping peaks in the damping-temperature
urves which occur at about 150 ◦C and 350 ◦C (marked as P1 and
2), respectively. The damping peak P1 has no noticeable change
ith the increase of extrusion temperature, but damping peak P2

hanges significantly with the increase of extrusion temperature.
he temperature dependent damping capacities of as-extruded
rp/AZ91 composite (300R12) before and after one temperature
ependent damping test are displayed in Fig. 9. It is seen that the
amping peak P1 changes little after test, but the damping peak
2 changes remarkably: the peak height decreases significantly,
nd the peak temperature shifts to higher temperature. Consider-
ng that little previous analytical and experimental work has been
eported on such damping peaks, further information from other
nalyses is needed to clarify their origin.

Among the three extrusion temperatures, extrusion at 300 ◦C
eads to the highest damping values in both damping-strain curves
nd damping-temperature curves, which can be attributed to the
ffect of particles/matrix interfaces and grain boundaries on damp-
ng capacities. Extrusion at 250 ◦C leads to the smallest grains and
spect ratio of graphite particles, i.e. the highest grain boundary
amping and lowest particles/matrix interface damping. Extrusion

t 350 ◦C leads to the biggest grains and aspect ratio of graphite
articles, i.e. the lowest grain boundary damping and highest par-
icles/matrix interface damping. On the other hand, extrusion at
00 ◦C leads to relatively small grains and relatively big aspect
atio of graphite particles, i.e. the composite extruded at 300 ◦C has

[

[
[
[
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relatively high grain boundary damping and particles/matrix inter-
face damping simultaneously. Therefore, the composite extruded
at 300 ◦C has the highest damping values due to the combined
contribution of grain boundary damping and particles/matrix inter-
face damping. Moreover, the improvement of damping capacities
by the addition of graphite particles can be primarily attributed
to the appearance of intrinsic damping of graphite particles and
particles/matrix interface damping in the composite.

4. Conclusions

In the present work, the microstructures and damping capaci-
ties of as-extruded Grp/AZ91 magnesium matrix composite were
investigated. The following results were obtained:

(1) Extrusion at 250 ◦C leads to the finest grains, and the aspect
ratio of graphite particles increases as the extrusion tempera-
ture rises.

(2) In damping-strain curves, extrusion at 300 ◦C leads to the high-
est damping values in low strain region at room temperature.
However, the damping values are very similar in relatively high
strain region.

(3) In damping-temperature curves, extrusion at 300 ◦C leads to
the highest damping values at elevated temperatures when the
strain is 4 × 10−5. In addition, there are two definite damping
peaks which occur at about 150 ◦C and 350 ◦C, respectively.

(4) The damping capacities are improved significantly by the addi-
tion of graphite particles. Compared with AZ91 alloy extruded
at 300 ◦C, the Q−1

0 of Grp/AZ91 composite is increased by nearly
400%.
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