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Abstract

Magnesium matrix composites reinforced with 8 wt% TiC was in situ synthesized using remelting and dilution technique. X-ray dif-
fraction analysis revealed the presence of TiC phase in sintered block and magnesium matrix composites. Uniform distribution of fine
TiC particulates in matrix material was obtained through microstructure characterization. The results of damping characterization
revealed that damping capacity of materials is independent of frequency, but dependent on strain and temperature. There were damping
peak in damping–strain curve, which is due to the foul and tangle of dislocations. There were two damping peaks at damping–temper-
ature curve under respective temperature of 130 �C and 240 �C. The former damping peak of magnesium matrix composites is due to
dislocation motion, and the latter is due to interface and grain boundary sliding. Generally, damping capacity of magnesium matrix com-
posites is higher than that of AZ91 magnesium alloy, which is due to the addition of TiC particulates.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well established that mechanical vibration causes
much damage in automotive industry, architectural indus-
try, bridge construction, machine housings and aerospace.
What’s more, noise is also accepted as pollution nuisance
which damages human health. So it is important to seek
for high damping capacity materials to eliminate or allevi-
ate such damage. Pure magnesium is known to exhibit a
very high damping capacity, but its ultimate tensile
strength (UTS) is too low to be used widely [1,2]. There-
fore, magnesium matrix composites (Mg-MMCs) rein-
forced with high strength reinforcements are a good
candidate for realizing high damping: magnesium matrix
being responsible for the high damping and reinforcements
being responsible for the high-mechanical strength. So
many researches have placed a showy emphasis on the
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damping capacity of Mg-MMCs. Schaller [3] studies the
damping capacity of magnesium alloy and Mg-MMCs.
His observations results revealed that the way of achieving
high damping capacity and mechanical properties materials
is the use of two-phase composites, in which each phase
plays a specific role: damping or strengthening. And among
the internal friction mechanisms, energy dissipation by dis-
location movement is important. The research of Srikanth
et al. [4] focuses on the relationship between the damping
capabilities of the composite with the weight percentage
of copper added to the matrix. Results of this study show
that addition of copper increases the overall damping
capacity of the AZ91 matrix. The study confirmed that
the increase in damping is due to the increase in dislocation
density and presence of plastic zone at the matrix–particu-
late interface. Trojanová et al. [5] investigated the internal
stresses in AZ91 and WE54 magnesium alloys. Their
results revealed that possible changes in the internal stres-
ses and in the mobile dislocation density are considered
to be responsible for the post-relaxation effect. A stress

mailto:740215@sjtu.edu.cn


Z. Xiuqing et al. / Composites Science and Technology 67 (2007) 720–727 721
increment after stress relaxation in the temperature interval
from 22 to150 �C indicates dynamic strain ageing. The
observed anomalies are caused by the change in the con-
centration of solute atoms on dislocations with strain rate
and temperature. Those results are advantageous to com-
prehend the damping characterization and mechanism. In
order to more comprehend it, the damping of in situ Mg-
MMCs would be investigated.

Generally, Mg-MMCs are synthesized using powder
metallurgy, stir casting, pressure infiltration, etc. [6–8]. In
situ synthesis is a new technique to prepare composites
owing to many advantages, e.g. fine reinforcements, clean
interface between matrix and reinforcement and good
mechanical characterization [9,10]. Remelting and dilution
is one of the in situ synthesis methods, and this method is
made up of two steps. Firstly, sintered block consisting of
reinforcements was prepared; secondly, sintered block was
diluted into metal matrix melt to synthesize metal matrix
composites. It is reckoned that remelting and dilution tech-
nique can be controlled easily, and its hoped to be applied
in industry field widely. It is also important to select appro-
priate reinforcement that is wettable to metal matrix. As
far as reinforcement concerned presently, TiC is good rein-
forcement because of its fine wetting property with magne-
sium matrix.

Accordingly, the primary aim of the present work was to
in situ synthesize Mg-MMCs containing TiC ceramics par-
ticulate by using remelting and dilution technique. So the
synthesized materials were examined for phase, microstruc-
tural and damping characterization.

2. Experimental procedures

The composite based on Mg–8 wt% TiC was prepared
with the process of remelting and dilution (RD) technique.
The process was composed of three steps which are to syn-
thesize activated powder, to sinter the activated powder
and to dilute and remelt the sintered block in molten
magnesium.

In the experiment, the powder of Al, Ti and C whose
purity degree is up to 99.5% and size is less than 75 lm
were used at first. The composition of Al, Ti and C pow-
der with mixture proportion of 50 wt%, 36.2 wt% and
14.8 wt% was milled. During the process the ratio of
the ball and the powder was 5:1, and the milling time
was 5 h.

The mixed powder was pressed into block with 30 mm
diameter and 50 mm high under 15 MPa pressure. The rel-
ative density of un-sintered block was about 60–75%. Then,
the block reacted at 1200 �C for 20 min in Ar gas atmo-
sphere protection.

Magnesium ingot was superheated to 750 �C under the
protection of SF6 + CO2 gas atmosphere in an iron cruci-
ble. The sintered block was added into the molten metal
and then stirred at a speed about 250 rpm in order to dilute
them to produce Mg-8 wt% TiC composites. Finally, the
molten metal was poured into an iron sample mould. The
composite was heat treated to T4 condition (14 h at
420 �C).

In order to identify the reaction products of the sintered
block and the phase of Mg-MMCs, X-ray diffraction
(XRD) analyses were carried out. With S-52 scanning elec-
tron microscope (SEM), the size and the amount of rein-
forcement were determined.

Damping capacity denotes the anti-vibration ability of
materials. Generally speaking, damping capacity is
described by the loss angle (u), the loss factor (g), the reci-
procal of quality factor (Q�1). When the tan (u) is lower
than 0.1, these can interrelated by the equation:
u = tanu = g = Q�1. Damping capacity measurements
were performed on both composite and magnesium alloy
specimens, adopting the three-point bending mode. The
apparatus used was Mark IV dynamic mechanical thermal
analyzer. The measurement conditions were frequency of
approximately 0.1–20 Hz, maximum strain amplitude of
approximately 0.01, temperature range between 288 and
523 K for magnesium alloy and Mg-MMCs specimens,
and the heating rate was 2 K/min. The size of machined
specimens was the 40 mm · 5 mm · 1.5 mm.

3. Experimental results

3.1. Phase analysis

Corresponding to the Mg-MMCs and the sintered block
samples, the XRD results are shown in Fig. 1. The results
revealed the presence of TiC phase in sintered block and
Mg-MMCs sample. Alumina was also discovered in the
sintered block. So the final phases in sintered block were
Al, TiC and Al2O3 (see Fig. 1(a)). Compared to the sintered
block, there was no Al2O3 phase in Mg-MMCs. The phases
in Mg-MMCs were Mg, TiC and Mg17Al12.

3.2. Microstructure analysis

The results of microstructural characterization studies
on sintered block and Mg-MMCs samples were discussed
in terms of size and distribution of TiC particulates. The
results of scanning electron micrographs revealed a uni-
form distribution of reinforcements in Mg-MMCs (see
Fig. 2). The size of TiC particulates was about 0.2–
1.0 lm. Microstructural characterization of sintered block
consisted of white aluminum piece, white reinforcement
spots and grey structure mixed with aluminum and rein-
forcement particles. Macrovoids were observed in the
microstructure of sintered block. The presence of white
banding Mg17Al12 phase was observed through scanning
electron micrographs (see Fig. 2(b)). The microstructural
characterization of composite material also revealed the
formation of near defect free interface between reinforce-
ments and matrix.

EDX analysis of Mg-MMCs is conducted on the area
shown in Fig. 2(b). The results of EDX analysis revealed
that element titanium is 8.67 wt%, and element aluminum
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Fig. 1. X-ray diffraction patterns of samples: (a) prefabricated and (b) magnesium-based composite.

Fig. 2. SEM micrograph shows microstructure of: (a) sintered block and (b) Mg-MMCs.
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is 6.91 wt% in Mg-MMCs (see Fig. 3). It can be calculated
that there is 11.15 wt% reinforcement particulates in the
Mg-MMCs because element titanium is being by mean of
TiC in Mg-MMCs mainly. It can be calculated that the vol-
ume percent of reinforcement particulates in Mg-MMCs is
about 4.24%. The weight present of aluminum in Mg-
MMCs is according with the standard content of AZ91
magnesium alloy.

3.3. Damping capacity

Damping capacity of AZ91 magnesium alloy and Mg-
MMCs was found to be independent of vibration fre-
quency under lower stresses (0.01 MPa) and lower temper-
ature (15 �C) (see Fig. 4(a)). Damping capacity of AZ91
magnesium alloy and Mg-MMCs increased when strain
increased on low strain amplitude standard, but there
was a damping peak in damping capacity curve of them
when strain amplitude was about 3.0219 · 10�4 (see Figs.
4(b) and 5). And damping capacity of Mg-MMCs was
higher than that of AZ91 magnesium alloy. Damping
capacity of Mg-MMCs increased after heat treating (see
Fig. 5).

Damping capacity of Mg-MMCs was found to be inten-
sively dependent on the testing temperature, and it
increased at different vibration frequency with increasing
temperature. Moreover, it is observed that damping capac-
ity of Mg-MMCs decreased when the vibration frequency
increased, and the appearance of damping peak around
130 �C or 240 �C, respectively, at different vibration fre-
quency such as 0.1 Hz, 0.5Hz, 1.0Hz and 2.0 Hz. The fas-
ter the vibration frequency was, the earlier the former
damping peak formed (see Fig. 6).
4. Discussion

4.1. XRD analysis

During the sintering process, the mixed powder such as
Al–Ti–C reacted. The reaction equation and its standard
reacting free energy at 1400 K temperature are listed as fol-
lows [11,12]:

3Alþ Ti! TiAl3 DG ¼ �3:724 kJ=mol ð1Þ
TiAl3 þ C! 3Alþ TiC DG ¼ �74:02 kJ=mol ð2Þ

where the DG is the reacting free energy at 1400 K temper-
ature. According to the reacting equation, aluminum acts
as a reacting intermedium to facilitate the reaction between
titanium and graphite. So the mixed powder reacts accord-



Fig. 3. EDX analyses of Mg-MMCs.
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ing to the following reaction equation: Al + Ti + C = Al +
TiC at 1400 K. The final products of sintered block are TiC
and Al. The results of XRD confirm the presence of TiC
and Al in sintered block.

Alumina is discovered in the sintered block because alu-
minum is oxidized during mixing and sintering process (see
Fig. 1(a)). For its poor wettability to magnesium matrix, it
cannot be observed in Mg-MMCs. Alumina deposits
on the crucible bottom with fusing agent and impurity
because the density of alumina is larger than that of mag-
nesium. The presence of TiC in Mg-MMCs can be attrib-
uted to the good wettability between TiC and magnesium
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[13]. Aluminum being in sintered block diffuses into magne-
sium melt, and reacts with magnesium to turn into
Mg17Al12 phase during solidification. The presence of
Mg17Al12 phase in the composites sample is identified using
XRD analysis (see Fig. 1(b)).

4.2. Microstructure analysis

Aluminum powder acts as an intermedium to accelerate
the reaction of titanium and graphite during sintering pro-
cess. The uniform distribution of TiC in sintered block can
be attributed to: (i) uniform bending due to efficient ball
milling and (ii) the hindrance function of aluminum to rein-
forcements. Microstructural characterization of sintered
block reveal some macrovoids (see Fig. 2(a)), which is
due to the low relative density of un-sintered block that
is about 60–75%.

In the present study, the uniform distribution of TiC
particulates in Mg-MMCs can be attributed to minimal
agglomeration of reinforcements, when it melted into mag-
nesium matrix. It can also be attributed to judicious selec-
tion of stirring parameters, which ensured uniform
incorporation of reinforcements particulates in magnesium
matrix melt. Microstructural characterization of the com-
posite reveal a near defect free interface formed between
reinforcements and matrix (see Fig. 2(b)), which is assessed
in terms of interfacial debonding and microvoids at the
particulate–matrix interface. The presence of minimal
porosity in the composite (see Fig. 2(b)) can be attributed
to: (i) good compatibility between magnesium–TiC ceramic
system and (ii) the good casting properties of the AZ91
magnesium alloy.

Microstructural characterization revealed that the aver-
age size of TiC particulates is 0.2–1.0 lm (see Fig. 2), and
this can be attributed to the efficient ball milling and the
severe reaction between Ti and C.

4.3. Damping characterization

At low temperatures, for many metallic materials two
damping mechanisms are usually considered. The first the
dynamic damping, is frequency dependent but independent
of strain amplitude; the second, the break-away damping,
was found to depend on the strain amplitude. The damping
capacity of materials can be expressed as follows [14,15]:

Q�1 ¼ Q�1
f þ Q�1

a ð3Þ

Q�1
f ¼

C1qf 2

b2
ð4Þ

Q�1
a ¼ C2

qb2

e0

exp �C3

e0

� �
ð5Þ

where Q�1
f is the strain amplitude independent component.

The component Q�1
a depends on the strain amplitude and it

is determined usually by dislocation vibrations. C1, C2, C3

are numerical factors, q the dislocation density, b the Bur-
gers vector, e0 the strain amplitude, and f the vibration fre-
quency. In our research, the materials belong to static state
anelasticity under low stress [14], so the damping capacity
of the composites and magnesium alloy is independent of
frequency (see Fig. 4(a)).

We put the emphasis on the break-away damping. In
metal matrix, dislocation is pinned by the strong pinning
points such as TiC particulates and the weak pinning
points such as solution atoms (see Fig. 9). So the disloca-
tion behaves like an elastic vibration string. At low strain
amplitude, dislocation string Li (L1, L2 and L3) vibrates
to and fro to dissipate energy (see Fig. 9(b)–(c)). In the
region, the damping capacity of these composites is only
weakly dependent on strain amplitude. It improves slowly
when strain amplitude increase (see Figs. 4, 5). With the
increasing of applied stress, dislocation string breaks away
the weak pinning, and the unpinning of dislocation occurs
(see Fig. 9(d)–(f)). So the break-away damping capacity
generates. In our research, the applied stress load is too
low to unpin the dislocation, so damping capacity of these
materials increases slowly at the all strain amplitude. But
the unpinning process of dislocations also generates when
testing temperature increase. So the presence of the damp-
ing peak at about 130 �C is contributed to the avalanche
effect of anchoring of dislocation.

Simultaneously, dislocation moves and then crossing
and interaction of dislocation occur, which leads to the
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tangle of dislocations. So some dislocations cannot move
again, and the effective length of chord sympathetic vibra-
tion dislocations becomes shorter than that of the former.
Correspondingly, damping capacity of materials decrease
after strain amplitude increases to a special value, so there
is a strain peak in damping–strain curve of AZ91 magne-
sium alloy and Mg-MMCs at about 3.0219 · 10�4 (see
Figs. 4, 5). This result is the same as that of study on Al–
17Si–xLa alloys [4,16].

Metal matrix composites reinforced by particulates will
cause high residual stresses around the particulates because
of the distant discrepancy of thermal expansion coefficient
between magnesium and reinforcements, which are respon-
sible for the generation of high dislocation density in
matrix [17,18] (see Fig. 7). The increase in the dislocation
density is given as follows [16]:

q ¼ 9:6DaDTV p

bd
ð6Þ

where Da is the difference of thermal expansion coefficient
between matrix alloy and reinforcements, DT is difference
between working temperature and final temperature, b is
the Burger vector, Vp is the volume fractions, and d is the
diameter of reinforcements. In our study, Da is 20.5 ·
10�6 K�1, DT is 280 K, b is 0.32094 nm, d is average
0.6 lm, and Vp is 3.1%. So the dislocation density of com-
posites is 8.87 · 1010 mm�2 corresponding to 8 wt%TiC/
AZ91 composites. With the increasing of TiC particulates,
the dislocation densities of composites increase (see Fig. 7).
According to Eq. (5), damping capacity of Mg-MMCs is
Fig. 7. The dislocation arrangement in materials: (a) AZ91
higher than that of AZ91 magnesium alloy (see Figs. 4
and 5).

Heat treated as T4, the dislocation density of Mg-
MMCs becomes low, but these processes may also result
in an increase in the effective length of the shorter disloca-
tion segments, and the number of movable dislocation is
larger (see Fig. 8). According to Eq. (5), the damping
capacity of Mg-MMCs increases after heat-treatment (see
Fig. 5) [19,20].

It has been suggested that the grain boundary and the
interface between the reinforcement and matrix may play
an important role in the damping behavior of composite
materials. As the stress is applied, the interface and grain
boundary sliding to dissipate energy (see Fig. 10). The
energy dissipated in the boundaries is mainly dependent
on the temperature, the shear stress, and the anelastic shear
strain [21,22]. With the temperature increasing, besides
energy dissipating due to chord sympathetic vibration of
dislocations, which results in the damping peak at about
130 �C, much energy was dissipated between the movable
interfaces of the composites. So the damping capacity
was greatly improved. The presence of damping peak
around 240 �C would were observed at damping–tempera-
ture curve under several vibration frequencies (see Fig. 6).
The damping peak at 240 �C is contributed to the movable
interfaces between magnesium matrix and TiC ceramic.
Interfaces may affect the damping behavior of the materials
because they are two-dimensional defects, where the crystal
structure is distorted locally. A theory regarding the contri-
bution of the reinforcements–matrix interface to damping
magnesium alloy; (b–d) 8 wt%TiC/AZ91 composites.
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has been offered by Schoeck [23,24]. Assuming a viscous
boundary to exist at the interface at high temperature,
the contribution to damping is approximately given by:

Q�1 � ½4:5ð1� cÞV f �=½p2ð2� cÞ� ð7Þ
where c is Poisson’s ratio and Vf is volume fraction of rein-
forcements particulates. In our research, c is 0.35, so the
Q�1 is about 5.57 · 10�3. This value is consistent with the
observed increase in damping at elevated temperatures.

The interface damping can be explained by elastic ther-
modynamic damping mechanism. The elastic thermody-
namic damping mechanism was proposed by Zener [25]
based on the fact that energy is dissipated by the irrevers-
ible heat flow within a material caused by stress induced
thermal gradients. Whenever a material is stressed in a
reversible adiabatic process (constant entropy), there is
always a change in temperature, which may be very small.
This phenomenon is the well-known thermoelastic effect.
Heat conducts from the high temperature region to low
temperature region and as a consequence of second law
of thermodynamics entropy is produced which is mani-
fested as a conversion of useful mechanical energy into
heat. The contribution to damping due to thermoelastic
effect is given by [25]:

Tanu ¼ Eua2T 0xs
Crð1þ x2s2Þ ð8Þ

where s = a2Cr/p2Kth, Eu is the unrelaxed elastic modulus,
a is the coefficient of thermal expansion, T0 is the absolute
temperature, Cr is the specific heat/unit volume, x is the
angular frequency, s is the relaxation time, a is the beam
thickness, and Kth is the thermal conductivity. The de-
scribed thermoelastic contribution to damping capacity at
certain temperatures is shown as Fig. 6.
5. Conclusion

1. Remelting and dilution technique can be used to in situ
synthesize TiC particulates reinforced Mg-MMCs
successfully.

2. Final products of sintered block are TiC, Al2O3 and Al,
the size of the in situ synthesis TiC particulates is about
0.2–1.0 lm. The results of XRD confirm the presence of
TiC in sintered blocks and Mg-MMCs.

3. Microstructural characterization reveals the uniform
distribution of TiC ceramic particulates in magnesium
matrix, which can be attributed to: (i) minimal agglom-
eration of reinforcements, (ii) good wettability between
TiC and magnesium and (iii) judicious selection of stir-
ring parameters.

4. Under low applied stress load, damping capacity of
materials is independent of vibration frequency but
dependent on strain. It increases as strain amplitude
rising, and there is a strain peak in damping–strain
curve, which was due to the motion and tangle of
dislocations.
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5. Damping capacity of Mg-MMCs increases after heat-
treating because of the increasing of the effective length
of vibration dislocations, and the increasing of the num-
ber of mobile dislocations.

6. Damping capacity of Mg-MMCs was higher than that
of AZ91 magnesium alloy, which is due to the high dis-
location density in Mg-MMCs caused by the addition of
TiC particulates.

7. Damping capacity of Mg-MMCs is dependent on tem-
perature intensively, and they increase as temperature
ascending. Under different vibration frequency, there
are respective temperature peak at damping–tempera-
ture curve around 130 �C and 240 �C. The former tem-
perature peak is due to dislocation motion, and the
later is due to interface sliding.
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