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Damping capacity of BaTiOs/Al composites fabricated by hot extrusion
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Abstract: To develop new type of high damping metal matrix composites, large grain size barium titanate (BaTiO;) ceramic was
sintered and added into Al powder to fabricate BaTiOs/Al composites through the powder metallurgy method and hot extrusion. The
damping properties of BaTiO; ceramic, Al matrix and BaTiO;/Al composites were examined by dynamic mechanical analysis in the
temperature range from 273 K to 573 K. The results show that although BaTiO; exhibits high damping (tan 6=0.12) below 400 K, the
damping capacity of 10%BaTiOs/Al (mass fraction) composites below 400 K is not increased as compared to the Al matrix. On the
other hand, the damping capacity above 450 K is greatly enhanced due to the motion of dislocations at the interfaces between
ceramic particles and Al matrix. The failure of exerting the intrinsic damping of BaTiO; particles in the composites is attributed to the
poor interface bonding between the particles and the matrix. The tensile strength of the composite is 42% higher than that of the Al
matrix, which indicates the possibility of obtaining high strength and high damping composites via interface improvement and the

addition of high volume fraction of large grain BaTiO; particles.
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1 Introduction

Material’s damping capacity is the ability to
dissipate vibration energy through the internal motion of
various defects under stress [1]. With the increasing need
for high speed and high precision devices, the developing
of high damping materials becomes more and more
important in the modern world, in order to suppress
noises, and to avoid vibrations in transportation vehicles
and precision machines, etc [2—4].

Aluminum alloys and composites are one of the
most important and widely used engineering materials.
Due to their low density, the damping capacity becomes
an essential parameter that should be considered during
applications. Reinforcing Al with high performance
particles, such as AlLOs;, SiC, can greatly increase its
strength and stiffness. But the damping capacity of these
composites is not satisfying. Since the reinforcements are
stiff and low damping, the damping capacity of
composites mainly comes from the interface damping,
which usually occurs at above 450 K. The damping
capacity of composites between room temperature and

450 K is usually very low, even lower than that of the
matrix due to the strengthening of the matrix [5-7].
Some researchers tried to reinforce Al with the graphite,
which is soft and has high intrinsic damping capacity.
The damping capacity of graphite reinforced composites
did increase efficiently [8], however, the mechanical
strength and stiffness were largely reduced. Thus,
searching for a new kind of reinforcement that could
increase both the damping capacity and mechanical
properties is key issue in developing high damping metal
matrix composites.

Some piezoelectric crystals, such as PZT
[Pb(Zrg5,Tip43)O5] and barium titanate (BaTiO;), have
been considered new kinds of reinforcements for
developing high damping composites and have attracted
attention in recent years [9—13]. YOSHIDA et al [10]
demonstrated the possibility of increasing damping
capacity by reinforcing PZT into Cu matrix. They also
proved that BaTiO; has better damping capacity than
PZT. The damping capacity of BaTiO; ceramic can reach
more than 0.1, about 5 times higher than that of Al alloys,
while the elastic modulus is about 15 times higher than
that of Al [9,14]. Therefore, reinforcing Al with BaTiO;

Foundation item: Project (51001071) supported by the National Natural Science Foundation of China; Projects (2012CB619400, 2012CB619600) supported
by the National Basic Research Program of China; Project (2010DFA52550) supported by the International S&T Cooperation Program of
China; Project (2010047003 1) supported by China Postdoctoral Science Foundation

Corresponding author: ZHANG Di; Tel:+86-21-34202634; Fax: +86-21-34202749; E-mail: zhangdi@sjtu.edu.cn

DOI: 10.1016/S1003-6326(11)61493-3



FAN Gen-lian, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2512-2516 2513

particles could be an efficient way to get Al-based
composites with both high strength and high damping
capacity. In the present study, the feasibility of
fabricating BaTiO;/Al composite by hot extrusion is
firstly examined and the damping capacity and
mechanical properties of the composites are evaluated.

2 Experimental

The fabrication of BaTiO;/Al composite samples
involved three steps. Firstly, BaTiO; raw powder (purity
of 99.5%) was first cold pressed into disc plates
(diameter of 20 mm) and sintered at 1673 K for 10 h in
order to get large grain size ceramic plates. Secondly, the
ceramic plates were broken into small pieces and mixed
with Al powder (average diameter of 45 pum) in a
planetary miller at a speed of 200 r/min for 0.5 h. Finally,
the mixture was cold pressed into rods and hot extruded
at 693 K under an extrusion ratio of 25:1. For a
comparison, Al matrix sample was made by the same
method.

The grain size of high temperature sintered BaTiOs
ceramic was observed with a VHX-1000E digital
microscope. X-ray diffraction (XRD) was conducted to
check the phase of BaTiO; in the composites by using a
Rigaku D/max-2550 instrument (Cu K,). The fracture
surfaces of the composites were analyzed by scanning
electron microscope (SEM, FEI Quanta FEG 250) at 20
kV. To evaluate the tensile strength, the extruded rods
were machined into pieces with 5 mm in diameter in
accordance with ICS 59.100.01. The tensile strength was
measured by a universal testing machine at an initial
strain rate of 5x10* s' at room temperature
(AUTOGRAPH AG-I 50 kN, Shimadzu Co. Ltd., Japan).
Dynamic mechanical analysis (DMA Q800, TA
Instruments) was used to characterize the damping
capacity of different samples. BaTiO; ceramic plate with
the size of 15 mmx2 mmx0.8 mm was tested in three-
point bending mode under a small alternating force
(force amplitude: 1 N) when the temperature was
changed continuously with cooling rate of 3 K/min. The
BaTiO;/Al and Al matrix samples were tested in single
cantilever mode at the constrained vibration amplitude of
30 um. The testing frequency was in the range from 0.2
to 20 Hz.

3 Results and discussion

Figure 1 shows the optical microstructure of BaTiOs
ceramic after sintering at 1673 K for 10 h. High density
BaTiO; ceramics with large grain size have been
obtained. The grain size of BaTiOs is estimated to be
50—100 pm. Figure 2 shows the XRD patterns for the
BaTiO; ceramic and 10%BaTiO;/Al composite (mass

Fig. 1 Optical microstructure of BaTiO; ceramic after sintering
at 1673 Kfor 10 h
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Fig. 2 XRD profiles of BaTiO; ceramic and 10%BaTiOs/Al
composites

fraction) tested at room temperature. The intensity ratio
of peak (002) to peak (200) is 1:2 for BaTiO; sample,
which indicates that the BaTiOs is in tetragonal phase at
room temperature [11,15]. For the composite sample, the
peaks for Al (200) and BaTiO; are overlapped at around
45°. To confirm the state of BaTiO; phase in the
composite, the Al (200) peak is subtracted as a
background peak. After deducting Al (200) peak, the
intensity ratio of peak (002) to peak (200) is close to 1:2.
This proves that the crystal structure of BaTiO; is not
destroyed during the composite preparation process. The
fracture surface of the composite sample is shown in Fig.
3(a). Most BaTiO; particles in the final composite are
1-2 pm, uniformly distributed in Al matrix. Some large
particles with the size of 10 pm can also be found. From
the magnified image in Fig. 3(b), it can be seen that the
edge of these large BaTiO; particles is broken to some
degree and some small particles can be found between
the large particle and matrix. The dimples in Al matrix
indicate it is ductile fracture of Al matrix.

The damping capacity (tan J) and storage modulus
of BaTiO; ceramic sample sintered at 1673 K for
10 h are shown in Fig. 4. Cooling from 450 K, three
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Fig. 3 Morphologies of fracture surfaces of 10%BaTiO;/Al composites
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Fig. 4 Damping capacity (tan J) and storage modulus as function of temperature during cooling (3 K/min) test by DMA for BaTiO;

ceramic sample sintered at 1673 K for 10 h

transitions from cubic to tetragonal, then to orthorhombic,
and finally to rhombohedra phase can be clearly seen
from the sudden increase of tan J and the corresponding
sharp modulus dip at peak temperatures [14,15]. Right
below each transition temperature, broad and frequency
dependent peaks (as indicated by arrows) can be found in
tetragonal phase and orthorhombic phase. These
relaxation-type damping peaks are usually attributed to
the interaction between oxygen vacancies and domain
walls [14,16,17], since they occur right below the
ferroelectric phase transition temperatures, in which high
density domain walls are formed in the material. These
domain walls can move under external stress or electric
fields [18]. The motion of domain walls and its
interaction with point defect (oxygen vacancies) result in
energy dissipation. According to the above damping
mechanism, BaTiO; with large grain size should have
better damping capacity since the domain walls can
move more easily in large grain size samples. From the
tan J curve in Fig. 4, we can see tan ¢ value of BaTiO;
ceramic sample is higher than 0.05 in the whole
temperature below 400 K, 5 times higher than that of Al

matrix. Thus, using BaTiO; particles as reinforcement of
Al matrix shall be expected to improve the damping
capacity at temperatures below 400 K.

Figure 5 shows the damping capacity (tan J) and
storage modulus of 10%BaTiOs/Al composite sample.
The tan ¢ value increases gradually from 273 K to 400 K,
and no obvious peaks or steps can be detected at phase
transition temperature. While above 400 K, the damping
value increases quickly with the temperature rising and
the test frequency decreasing. This is a typical damping
curve that is usually observed in stiff particle reinforced
composites, e.g. SiC/Al composite [5]. The failure of
observing damping trace of BaTiO; ceramic particles in
the composites is probably due to the insufficient BaTiO;
content (volume fraction of 4.7%), and more likely to the
poor interface bonding, since the applied stress can not
be effectively transferred to ceramic particles without
strong interface. Therefore, the domain wall motion in
ceramic particles cannot be triggered, resulting in very
low damping below 400 K. In the temperature range of
350-450 K, the damping value of 10%BaTiO;/Al
composite is even lower than that of the Al matrix, as
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seen from the comparison in Fig. 6. While above 450 K,
the damping capacity is higher than that of the matrix,
due to the increased density of dislocations in the
composites [6], mostly from the mismatch of coefficient
of thermal expansion (CTE) between BaTiO; (16x107°
K™") and Al matrix (23x10°K™).
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Fig. 5 Damping capacity (tan J) and storage modulus as

function of temperature during heating (3 K/min) test by DMA

for 10%BaTiOs/Al composite extruded at 693 K
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Fig. 6 Damping capacity of Al matrix and 10%BaTiOs/Al
composite measured by DMA at vibration amplitude of 30 um
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The tensile test result for 10%BaTiOs/Al composite
and Al matrix is shown in Fig. 7. It can be seen that with
the addition of 10%BaTiO;, the tensile strength increases
to 140.5 MPa, about 42% higher than that of Al matrix
(only 99 MPa). The yield stress also increases from 70 to
120 MPa. Although the elongation at break of the
composite is only half of the matrix, it is still far beyond
the requirement for engineering applications (5%).
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Fig. 7 Tensile properties of Al matrix and 10%BaTiOs/Al
composite

From the above primary experiment result, it can be
seen that the BaTiO; particles are good reinforcements
for Al matrix. To fully exert their damping capacity, two
aspects should be considered. Firstly, the interface
bonding should be improved. ASARE [11] tried to coat a
thin Cu film on the surface of BaTiO; particles in their
BaTiO;/Cu composites, and found that the porosity in the
copper-coated Cu- BaTiO; composite was less than that
of the composites with uncoated particles. Thus, it will
be encouraging to coat a suitable material on the surface
of BaTiO; to improve the interface bonding with Al in
the future studies. Secondly, higher volume fraction of
BaTiO; is favorable for the purpose of achieving high
damping. However, high volume fraction may result in
poor ductility of the composite. One compromised
method is to use larger size particles. The strengthening
effect of large size particles may be not as good as the
small ones, but for the composites with difficulty in
interface matching, large size particles could be an
optimized choice. Future studies shall be carried out
along this direction.

4 Conclusions

1) BaTiO; ceramic with large grain size exhibits
high damping capacity below the Curie temperature, due
to the motion of domain walls or the domain wall-point
defect interaction.

2) Reinforcing Al with BaTiO; ceramic by powder
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metallurgy and hot extrusion route can increase the
tensile strength effectively. The tensile strength of the
10%BaTiOs/Al composite is 42% higher than that of the
Al matrix.

3) The damping capacity of the 10%BaTiO;/Al
composite fabricated by hot extrusion is not obviously
increased below 450 K due to the poor interface bonding
between BaTiO; particle and the matrix, while above 450
K the damping capacity is higher than that of the matrix,
owing to the increased density of dislocations in the
composites.

4) To bring the high damping capacity of BaTiOs
into the composites, future studies should put effort to
improve the interface bonding and the fabrication of
composites with higher volume fraction of BaTiOs.
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