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(ABSRACT) 

 
Metal matrix composites offer unique opportunities for achieving multi-

functionality in materials. In an attempt to investigate the possibility of enhancing 

damping characteristics of structural metals, copper was reinforced with tetragonal 

ferroelectric BaTiO3 particulates (Cu-BaTiO3 composites) using powder metallurgy 

techniques. The effect of particulate size and three processing conditions, sintering 

atmosphere, cooling rate and, uniaxial compaction pressure on the tetragonality and 

hence the ferroelectric properties of barium titanate powder were investigated using 

differential scanning calorimetry (DSC) and x-ray diffraction (XRD). The results show 

that sintering atmosphere and cooling rates have little effect on the tetragonality of 

barium titanate powder. Tetragonality of barium titanate powder decreased gradually 

with decreasing particle size. The decrease in tetragonality with decreasing particle size, 

however, was only severe in the very fine powders. Although no direct relationship was 

found between uniaxial compaction pressure and tetragonality, uniaxial pressure may 

also decrease the tetragonality of barium titanate. 

 Three Cu-BaTiO3 composites, D1, D2 and D3 reinforced with 40vol% barium 

titanate particles of average sizes 209µm, 66µm and 2µm were respectively fabricated. 

The retention of the ferroelectric tetragonal phase of barium titanate after composite 

processing was confirmed by DSC. Composite microstructures observed using optical 

and scanning electron microscopy revealed uniform dispersions of barium titanate 

particles in D1 and D2. In D3, the barium titanate formed a chain-like structure because 

of extensive agglomeration of the fine reinforcement particles. Damping characteristics 

of the composites were evaluated between 25oC and 165oC at a frequency of 1Hz using 

dynamic mechanical analysis (DMA). The relative damping capacities (tanδ) in the 

composites were higher than the unreinforced metal. The damping capacity of composites 



D1 and D2 was also found to be dependent on temperature. Damping capacity was high 

from room temperature up to the Curie point of barium titanate, after which there was a 

slight drop in damping values probably due to a loss in ferroelectric properties. The small 

drop in damping values recorded in excess of the Curie temperature is an indication that 

ferroelectricity contributes little to the overall damping capacity of the Cu-BaTiO3 

composites. This results from either a reduced ferroelectric damping in barium titanate 

particles or, poor stress transfer from matrix to reinforcement because of the weak and 

porous copper-barium titanate interface. 
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1 CHAPTER ONE - GENERAL INTRODUCTION 
 
 

Structural materials that exhibit high damping capacities are desirable for 

mechanical vibration suppression and acoustic noise attenuation. Mechanical vibrations 

often affect the proper functioning of equipment. For instance, fatigue failure is common 

in structures exposed to uncontrolled vibrations[1, 2]. There are also health concerns to 

humans from the excessive noise being transmitted from such sources[1, 2]. Damping 

capacity, a material’s ability to absorb and dissipate mechanical vibrations, is usually low 

in structural metals. As a result, vibration attenuation is normally achieved by using 

external devices to absorb and transmit vibrations from structures. Metal matrix 

compositing technology, however, offers the possibility of enhancing damping 

characteristics of structural metals by incorporating high damping materials as 

reinforcements.  

Particulate reinforced metal matrix composites (PMMC) are currently being used 

as structural components in many aerospace and automotive applications. The increasing 

demand for PMMCs is due to unique mechanical properties achieved in the metal when 

ceramic particulates are used as reinforcement phases. PMMCs combine the ductility and 

toughness of the metal matrix with the high strength and stiffness of the ceramic 

reinforcement to achieve properties unattainable in either of the starting materials. 

PMMCs often have high strength to weight ratios, an important consideration in weight 

sensitive applications. Other distinctive properties of PMMCs can include good thermal 

stability and excellent wear resistance. 

 Dispersing small particulates(less than 1µm) in a metal increases its strength, 

typically by Orowan type strengthening mechanisms. Traditionally, high modulus 

ceramic particulates such as silicon carbide (SiC) and alumina (Al2O3) have been used as 

reinforcements purposely for stiffness enhancement, plus strengthening. It is, however, 

known that other property benefits can be achieved by carefully controlling the matrix 

properties, the reinforcement properties, and the interface formed between them. For 

example, although bulk Al2O3 and SiC by themselves exhibit low damping capacities, 
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available data on PMMCs using Al2O3[3] and SiC[4, 5] as reinforcements show slight 

improvements in damping behavior when compared to the unreinforced metal.  

Internal friction studies on ferroelectric barium titanate (BaTiO3) by Cheng[6] 

revealed a high damping capacity in the ceramic. This is in contrast to the low damping 

capacities recorded in typical ceramic materials. Computer modeling results obtained by 

Goff on metallic matrices reinforced with barium titanate particulates also predict 

increased damping[7]. It is therefore expected that incorporation of small barium titanate 

particulates in a structural metal could serve the dual purpose of matrix strengthening and 

passive damping enhancement. 

 Ideally, small reinforcement sizes are desirable for matrix strengthening. 

However, the tetragonal ferroelectric phase responsible for high damping in BaTiO3 is 

destabilized in the fine grained material as well as in small particulates. Composite 

processing conditions, if not controlled carefully, can also decrease the tetragonality of 

barium titanate particles.  

In this study, barium titanate (BaTiO3) particulates will be used to reinforce a 

copper matrix using powder metallurgy techniques. The main objectives of this thesis 

are: 

(1) fabricate copper matrix composites reinforced with tetragonal barium titanate 

particulates, 

(2) investigate the effect of reinforcement size and processing conditions on the 

tetragonal phase of BaTiO3  powder and, 

(3) investigate the damping behavior of Cu-BaTiO3 composites. 

 

The rest of the thesis is organized as follows: 

 

Chapter two reviews vibration damping and damping mechanisms in particulate 

reinforced metal matrix composites. The concept of piezoelectricity, atomic structure and 

properties of BaTiO3 are also introduced in this chapter.  

Chapter three describes experimental procedures used for composite fabrication, 

damping capacity testing and, the various characterization methods used for confirming 

the crystalline phase of barium titanate. Chapter four is a discussion of results obtained 
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from Chapter three. Finally, conclusions drawn from this study and the future directions 

of this project are summarized in Chapter five. 
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2 CHAPTER TWO - LITERATURE REVIEW 
 
 

2.1 Introduction 
 

This chapter is divided into three sections. The first section explains vibration 

damping and the quantities used to represent and rank the damping capacity of materials. 

This is followed by a review on particulate reinforced metal matrix composites. Here, 

some of the key damping mechanisms in this class of materials are discussed. 

Piezoelectricity and the crystalline structure of barium titanate are introduced in the third 

section. Damping mechanisms in barium titanate and the effect of particulate size and 

grain size on the room temperature crystal structure of barium titanate are also discussed. 

Finally some previous works on metal matrices reinforced with barium titanate 

particulates are briefly reviewed. 

 

 

2.2 Vibration damping   
 

Vibration damping is the conversion of mechanical vibration energy to thermal 

energy, and subsequent dissipation of the thermal energy through the volume of the 

material or structure. Hence, damping decreases resonance structural instability and 

excessive noise set up by vibrating bodies. Naturally, all materials show some inherent 

damping capabilities. The presence of an internal resistive force in the material ensures 

vibration amplitude decays with time. This resistive force is a function of atomic 

structure, microstructure, stress, temperature and frequency. Damping capacities 

therefore differ significantly from one material to the other because of the dependence of 

the internal resistive force on atomic characteristics and microstructure.  

Vibration damping can be categorized as either material damping or structural 

damping. Material damping refers to vibration dissipation that occurs within the volume 

of a material through atomic level interactions such as elastic stretching of atomic bonds, 

vacancy diffusion, dislocation motion and grain boundary motion. Included in this 

definition is vibrational energy dissipated as a result of special material characteristics 
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such as piezoelectricity[8-10], ferroelectricity[6, 11, 12], magnetostriction[13] and phase 

transitions [14]. Structural damping refers to the energy dissipation resulting from the 

friction at joints, interfaces and fasteners. Energy dissipated by fluid media surrounding 

structures is also considered as part of structural damping. 

Materials with high damping capabilities are desired from the viewpoint of 

vibration suppression in structures. Their inherent passive damping capabilities assist in 

stabilizing the structure when it vibrates. In many materials however, an increase in 

damping often results in a corresponding decrease in mechanical properties, notably 

ductility and mechanical strength. Structural metals tend to have very low damping 

capacities. Hence, to protect metallic structures from unwanted vibrations, passive or 

active damping techniques are widely used[1, 2, 15]. Passive damping involves the use of 

add-on materials with high damping capacities for vibration absorption and dissipation. 

High damping viscoelastic materials for example, are often incorporated during 

fabrication of many structures for the purpose of vibration control. Active damping, on 

the other, hand relies on external devices such as actuators and sensors for vibration 

detection and control. 

Although viscoelastic materials have proved useful in structural vibration control, 

their low stiffness, low mechanical strength, low toughness and relatively low glass 

transition and melting temperatures limit their usefulness in demanding applications. 

They also add to the overall weight of the structure, a disadvantage in weight-critical 

applications. Therefore, metals that combine lightweight, excellent mechanical properties 

and some passive damping capabilities can be extremely important for many structural 

purposes. Such materials are rare. Metal matrix compositing techniques, however, may 

provide a means of improving damping capacities of structural metals without sacrificing 

mechanical properties.  
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2.2.1 Quantifying Damping  
 

Several definitions exist for describing damping capacities of materials. Very 

often, the use of a particular damping quantity depends on the researcher, and on the type 

of instrument available for measurement.  

A number of instruments have been developed to measure damping capacity. 

Although the instruments may differ in design and construction, the underlying principle 

is the use of either free or forced vibration techniques to measure damping capacities of 

materials. In experiments involving free vibrations (free decay), the material is allowed to 

vibrate at its natural frequency after an initial exciting force is removed. The torsion 

pendulum, developed by Ke[16], is an example of an instrument based on free decay. In 

forced vibrations, a periodic exciting forced is applied for determination of resonant 

frequencies from which the damping capacity of the material can be determined. 

Examples of instruments based on forced vibration techniques include, free-free beam 

and the piezoelectric ultrasonic composite oscillator, PUCOT.  

 When a material is subjected to an oscillatory stress σ, below the elastic limit, it 

deforms elastically and produces deformation or strain response ε, which is also 

oscillatory in nature. The strain response lags behind the applied stress by a phase angle 

δ. Equations for the applied stress and strain response may be written as 

 

(b)            
iwt

eεε

(a)                  iwteσσ

max

max

⎟
⎠
⎞⎜

⎝
⎛ −

=

=

δ
 [1]

 

σmax and εmax are the stress and strain amplitudes respectively. The angular frequency ω is 

equal to 2πf, where f, is the frequency of vibration in Hz. Figure 2-1 is a representation of 

the strain and stress curves. The time difference ∆t, is directly related to δ through the 

relation ∆t = δ /2πf.  
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∆t

stress σ

strain  ε

time

stress σ

strain  ε

Amplitude
= δ/2πf

σmax

εmax

 
 

Figure 2-1:   Stress and strain vs. time of a material subjected to oscillatory vibrations.   

 

The value of δ (or the tangent of δ), is a measure of the damping capacity of a 

material and represents the ability of a material to absorb and dissipate mechanical 

vibrations. The differences in damping capacities of various materials can be explained 

on the basis of the strain response when an oscillatory stress is applied. For perfect elastic 

materials, the strain response is instantaneous such that both stress and strain are in phase. 

Hence, the phase angle δ, is zero. Consequently, damping capacity for a perfect elastic 

material is zero. Theoretically, in perfectly viscous materials, the strain response is out of 

phase with the stress by an angle of π/2. This represents a situation of complete 

absorption and dissipation of vibration energy within the volume of the material. For 

most materials, however, phase angle values lie between 0 and π/2. The exact value of δ, 

will depend on the internal structural arrangements of the material. 

Expressing δ in terms of material properties yields useful expressions from which 

damping capacities of materials can be determined. Using Equation 1, the complex 

modulus Ec of a material subjected to an oscillatory stress can be expressed as the ratio 

between the stress and strain, Equations 2a to 2c.  
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[2]

 

Equation 2c is represented graphically in Figure 2.2. E" and E' are the real and imaginary 

components of equation 2c. E'' and E' are material properties known as the storage 

modulus and loss modulus respectively.  The storage modulus represents the amount of 

mechanical energy stored during deformation, while the energy lost as heat during the 

same deformation process is known as the loss modulus. From Figure 2-2, tanδ is 

expressed as 

 

|E|sinδ = E''

|E|

δ

|E|Cos δ= E'  

Figure 2-2:   Vectorial representation of the storage and loss moduli 

 

 

 '

''

E
Etan =δ  [3]
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Other commonly used damping factors include the specific damping capacity (ψ), 

log decrement (τ), and quality factor (Q-1). The specific damping capacity is defined as 

the ratio of the total energy dissipated per cycle of vibration, ∆W, to the maximum 

energy stored per cycle of vibration, W. The relation between ∆W and W and E'' are E' 

are given as  

 

2
o

''
ω
2π

0

επEσdε ∆W ∫ ==         (a) 

2
εEεdεE W 

2
o

'ε

0

'
o

∫ ==          (b) 

[4]

 

 Form Equation 4, the specific damping capacity, Ψ, is defined as 

 

 δtan2π
E
E2π

W
∆Wψ '

''

===  [5]

 

The log decrement τ, represents the rate of vibration decay with time. τ is 

obtained from free vibrations such as that shown in shown in Figure 2-3. 

 

Amplitude

Ao

An

time

 

Figure 2-3:   Amplitude vs. time curve of a material undergoing free vibrations. 
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From Figure 2-3, the log decrement is defined as  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

+no

o

A
Aln

n
1lnτ  [6]

 

Where Ao and An are vibration amplitudes located n cycles from each other. 

The inverse quality factor Q-1 is obtained from the resonance response peak of a 

material subjected to forced vibrations. An example of a material’s resonance response to 

forced vibrations is shown in Figure 2-4.  

ω1 ωr ω2

Amplitude

Amax/√2

Amax

ω

 

Figure 2-4:   Resonance response of a material under forced vibrations. 

 

 

Q-1 is defined as 

 
r

211

ω
ωωQ −

=−  [7]

 

ωr, is the resonance frequency. ω1 and ω2 are the frequencies on either side of ωr where 

the amplitude is 1/√2 of the resonance amplitude. 
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For small levels of damping (i.e. tanδ <<1) which is usually the case in structural 

metals, and assuming linear elasticity, the various damping factors are related by 

Equation 8[17].  

 
2π
ψ

π
Qtan 1 ===≅ − τδδ  [8]

 

Generally, damping capacity is small in metallic and ceramic materials, moderate 

in materials such as wood and high in many polymeric materials.  

 

 

2.2.2 Dynamic Mechanical Analysis (DMA) 
 

Dynamic mechanical analyzers are versatile instruments capable of 

simultaneously measuring many dynamic mechanical properties of a material. For 

example, tanδ, phase transition temperatures, and dynamic elastic modulus of a material 

can be obtained from a single DMA scan. The test is simple and compared to other 

damping instruments, it offers the flexibility of testing relatively small samples. DMAs 

have long been used for characterizing polymeric materials. A look at the available 

literature, however, indicates its usage in metallic systems is only recent. Notable 

applications of DMAs to metal matrix composites include damping measurements 

performed by Sastry [3] on aluminite particulate reinforced zinc-aluminum metal matrix 

composites, and Lavernia et al [4]  on aluminum alloy reinforced with graphite, SiC and 

Al2O3 particulates. 

Shown schematically in Figure 2-5 is most essential component of the DMA, an 

oscillator for applying cyclic forces to the test specimen. The specimen is mounted on a 

platform which is enclosed in the furnace. Several sample platforms are available for 

various testing modes. For instance, the Perkin Elmer DMA 7 used in this study is 

equipped with a three-point bending platform as well as a platform for performing 

cantilever type experiments.  
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Figure 2-5:   Sketch of  dynamic mechanical analyzer 

  

In a typical DMA damping experiment, a sinusoidal input force from the 

oscillator deforms the test specimen. The phase lag of the sinusoidal strain response is 

calculated using Fourier analysis. Damping results computed by a computer program is 

presented in the form of tanδ as a function of temperature or frequency. Operational 

frequencies of DMAs are usually between 0.001Hz and 100Hz. DMAs can go as high as 

1000oC, as well as operate at sub-zero temperatures (down to -170oC) when a suitable 

cooling fluid such as liquid nitrogen is used.  

 

 

2.3  Overview of Particulate Reinforced Metal Matrix Composites 
 

Metal matrix composites (MMCs) are essentially metallic materials reinforced 

with a second phase. Even though any material can practically be used as the second 

phase, ceramic oxides, nitrides and carbides are most common. This class of material 

attempts to combine the ductility and toughness of the metal matrix with the high 
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modulus, wear resistance, and thermal stability of the ceramics to achieve attractive 

features superior to the unreinforced metal. The shape of the reinforcement phase plays a 

very important role in the final properties of the composite. The reinforcement shape also 

serves as a basis for classifying MMCs. When whiskers (also called short fibers) or 

particulates are used as reinforcements, the term discontinuous MMC is used. Metallic 

matrices reinforced with long fiber reinforcements are described as continuous MMCs. 

Advancement in MMC technology over the years has been fueled primarily by the 

need for materials with high specific strength for applications in aerospace[18-21] and 

some automotive industries[20, 22, 23]. When light-weight structural metals such as 

aluminum, titanium, and magnesium are reinforced with ceramic fibers, whiskers, or 

particulates, this requirement is usually achieved. Metal matrix compositing is not limited 

to aerospace and automotive applications, but are also applied in electronics[24, 25], and  

materials for thermal management applications[26, 27]. For structural purposes, the 

highest strength and stiffness values are realized in composites containing high aspect 

ratio fibers which are strongly bonded to the matrix. Compared to particulates however, 

ceramic fibers are expensive and difficult to process. Hence, continuous reinforced metal 

matrix composites are usually used for specialized applications in aerospace and defense. 

For many commercial purposes, particulate/whisker reinforced metal matrix composites 

make more economic sense. Ceramic particulates are cheaper, and since procedures 

similar to conventional metal forming techniques are used to process PMMCs, they are 

significantly less expensive compared to continuous fiber reinforced composites. 

Moreover, the random dispersion of particulates in the metallic matrix usually results in 

materials with isotropic properties. 

 

 

2.3.1 Processing Techniques for Particulate Reinforced Metal Matrix Composites 
 

The desire to manufacture composites with reproducible microstructures and 

predictable properties has led to the development of a variety of PMMC processing 

techniques. A review of fabrication methods for PMMCs have been covered by 

Ibrahim[28] and Wu[29]. Important considerations in materials selection are the 
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characteristics of the matrix, the reinforcement, and the interface formed between them.

 Although the final use of the composite dictates the choice of matrix, density, 

ductility, thermal conductivity, and fracture toughness are generally considered. For the 

reinforcement, thermal stability, tensile strength, coefficient of thermal expansion, 

chemical compatibility with the matrix, modulus, density, and cost are some of the 

significant considerations. 

The metal-reinforcement interface is perhaps the most difficult to control. Ideally, 

the two materials must be chemically compatible for a clean and a strongly bonded 

interface. Since ceramic particles are only partially wetted by molten metals, surface 

treatments must be used to enhance bonding of the two dissimilar materials. Coating of 

ceramics powders with thin metallic films have been used successfully in many instances 

to improve bonding between matrix and reinforcement  materials[30-32].  

Processing of particulate reinforced composites is performed by a variety of 

techniques but can generally be group into solid state and liquid metal processing. 

Powder metallurgy is the most common solid state processing technique. It involves 

blending metallic and reinforcement powders according to required weight fractions and 

then consolidating the blended powders into semi-finished or finished products. Usually 

the matrix alloy is in pre-alloyed form rather than elemental powders. Some initial pre-

blending steps such as sieving and de-agglomeration of powders are usually essential to 

obtain a uniform distribution of powders.  Heat treatment of some metallic powders may, 

however, be necessary to reduce oxide layers metallic surfaces. Due to differences in 

densities of the metal and ceramic materials, segregation of the powders can occur during 

blending. High energy ball milling also known mechanical alloying originally developed 

for oxide dispersion strengthening of nickel  based alloys[33], may be employed at the 

blending stage to enhance dispersion of fine reinforcement particles in the metal matrix. 

Mechanical alloying also enhances mechanical bonding between the matrix and 

reinforcement. Consolidation procedures for blended composite powders include uniaxial 

pressing followed by sintering (effective for small samples), cold isostatic pressing 

followed by sintering, hot isostatic pressing and, hot extrusion. 

In liquid state processing, reinforcing particulates are directly incorporated in the 

molten metal. Examples of liquid state processing techniques are melt infiltration [29, 
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34], slurry casting, and spray deposition. Successful industrial liquid state processing 

techniques include the Dural* , and the Lanxide† processes. 

 
 

2.3.2 Damping in Particulate Reinforced Metal Matrix Composites 
 

PMMCs are often synthesized primarily for other mechanical properties (for 

example strength and stiffness) rather than for damping purposes. Reported data on 

damping capacities in PMMCs are therefore few and often contradictory. The apparent 

differences in reported damping capacities may be attributed to varied microstructures 

obtained from different composite fabrication techniques. Inconsistent environmental 

conditions and measuring instruments may also account for some of the disparities in 

measured values. 

In a PMMC, damping is attributed to two sources, material damping of individual 

constituents and, damping at the matrix-reinforcement interface. Interface damping 

results from a damping mechanism created by the presence of the metal-reinforcement 

boundary. Some of the key damping mechanisms in PMMCs are presented below. 

 

 

2.3.2.1 Point defect damping 
Vacancies, self interstitial atoms, substitutional or interstitial foreign atoms are all 

examples of point defects localized over a few atomic sites in a crystal. Point defects 

form elastic dipoles which re-orient in preferred directions in response to mechanical 

vibrations[35]. This elastic dipole reorientation leads to anelastic relaxation and 

mechanical loss or damping. The configuration and orientation of a point defect 

determines its ability to undergo anelastic relaxation. A useful criterion for describing the 

ability of a point defect to undergo anelastic relaxation is its symmetry. For anelastic 

relaxation to occur, the point defect symmetry must be lower than the symmetry of the 
                                                 
* Patented (Dural Aluminum Composites) process for the commercial production of silicon carbide 
particulate reinforced metal matrix composites. 
 
† Ceramic composite consisting of an aluminum oxide network with pores filled with aluminum 
manufactured by DuPont Lanxide Composites Inc. 
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perfect crystal[35, 36]. Consequently, low symmetry defects such as vacancy-impurity 

pairs and divacancies contribute to damping while single vacancies, which have the same 

symmetry as the crystal, do not. In metallic systems, Zener and Snoek relaxations[36] are 

important examples of point defect damping. Equations describing point defect 

relaxations have been detailed by Nowick and Berry[37]. 

 

2.3.2.2 Dislocation Damping 
Dislocation motion has been used extensively to explain damping in metallic 

systems at ambient temperatures. This mechanism is based on the principle of dislocation 

motion lagging behind applied stress. A mathematical model describing dislocation 

damping was developed by Granato and Lücke[38, 39]. In this model, dislocations are 

perceived as vibrating strings with ends pinned by defects in the crystal. At low vibration 

frequencies, the movement of a segment of dislocation is modeled after the equation of 

motion of a vibrating string.  An expression for this low frequency damping for 

dislocations with average pinning length, l[36], is expressed as in Equation 9 [40].  

 2

4

36Gb
ωΛBtan l

=δ  [9]

 

 B is a viscous drag coefficient, and Λ is the dislocation density. G and b are the shear 

modulus and Burgers vector respectively.  

The scenario is slightly different at high vibration frequencies. Dislocations break 

away from weak pinning points over a critical stress and sweep bigger areas. This motion 

leads to increased energy dissipation. The amount of damping predicted by this 

mechanism[36] is equal to, 
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C1 and C2 are material constants which depend on anisotropy of the materials’ elastic 

constants, the orientation of specimen with respect to applied stress, the size of pining 

solute atoms, the lattice parameter of specimen and the dislocation density. 
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Dislocation damping is expected to be high in PMMCs because of increased 

dislocation density at the matrix-reinforcement interface. Due to the big difference in 

coefficient of thermal expansion (CTE) between the matrix and reinforcement, 

dislocations are sometimes generated when composite cools from high processing 

temperature to accommodate high residual mismatch strains.  

 

2.3.2.3 Grain Boundary Damping 
Grain boundaries are disordered regions separating different grains in 

polycrystalline materials. Grain boundaries are known to show viscous-like properties 

especially at elevated temperatures. Internal friction studies on polycrystalline aluminum 

by Zener[41] and later confirmed by Kê[16], revealed damping peaks at 285oC at  

vibration frequency of 0.8Hz. This peak was completely absent in single crystalline 

aluminum. This led the investigators to attribute this high damping at elevated 

temperatures to viscous sliding of adjacent grains under shear stresses.  Several grain 

boundary damping peaks have been observed in both metallic and ceramic systems. 

Noteworthy examples include copper (99.999% purity) at 250oC, pure iron at 490oC, and 

Ni-Cr alloy at 817oC. 

 

2.3.2.4 Thermoelastic Damping 
In this mechanism, energy is dissipated through irreversible flow of heat within a 

material. Heat flow in the material due to stress induced thermal gradients. The 

thermoelastic effect may become apparent during heterogeneous deformation of materials 

such as bending in beams, where dissipation of energy occurs through heat flow from 

compressive regions to areas to the colder sections in tension. In PMMCs, the existence 

of high stress concentrations around reinforcing particles may lead to heterogeneous 

deformations during vibration. The extent of thermoelastic damping in particulate 

reinforced aluminum composites was studied by Bishop and Kinra[42]. Their results 

show thermoelastic damping is only significant when materials are tested above a 

vibration frequency of 100Hz.  
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2.3.2.5 Interfacial Damping 
  The interface formed between a metal matrix and the reinforcement phase has 

been a topic of much discussion. This is because many composite properties are 

influenced by the nature of the interface. In a PMMC, two kinds of interfaces, strongly 

bonded interface and weakly bonded interface can be identified. For a strongly bonded 

interface, it is assumed that bonding between metal and ceramic is strong and there is no 

sliding between the matrix and reinforcement. When the interface is weakly bonded, 

sliding at the interface is more likely to occur.  

Interfaces between different phases in multicomponent material systems may 

offer many possibilities for vibration energy dissipation. Poorly bonded interfaces are 

generally expected to increase damping through frictional or columbic sliding 

mechanisms, while strongly bonded interfaces dissipate energy through dislocation 

damping arising from high dislocation density around reinforcing particulates.   

 

Other damping mechanisms in PMMCs worth mentioning are those arising from 

special material properties such as, magnetostriction, martensitic transformations, 

ferroelasticity, ferroelectricity and piezoelectricity. 

 

 

2.4 Piezoelectricity 
 
 

2.4.1 The Piezoelectric Effect 
 

For most materials, application of stress within the elastic range produces 

deformation or strain which is directly proportional to the stress. In some materials 

however, there is additional generation of electrical charges proportional to the applied 

stress.  This phenomenon, known as direct piezoelectricity was first discovered by J. and 

P. Curie in 1880 when they measured surface charges generated by application of stress 

on certain crystals [43]. The converse, indirect piezoelectricity, is also true. Application 

of electric field to a piezoelectric material will result in a strain response directly 
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proportional to the electric field. For a material to exhibit piezoelectric properties, it must 

have a permanent dipole and lack a center of symmetry on the atomic scale. Examples of 

piezoelectric materials include tourmaline, quartz, lead titanate, lead zirconate titanate 

and barium titanate.  

 

 

2.4.2 Piezoelectric Equations 
 

Equations 11(a) and 11(b) represents the direct and indirect piezoelectric effects 

respectively. 

 (b)                dEε
(a)               dσD

e=
=

 [11]

 

D and Ee are the dielectric displacement vector and electric field strength respectively. 

The piezoelectric constant d, is numerically equal in both equations. The units of 

measurement are however different. For the direct effect, d is measured in 

coulombs/Newton while meters/volt is used for the indirect effect. 

The piezoelectric voltage constant g is also frequently used to describe 

relationship between electric field produced by applying stress to a piezoelectric material. 

g is defined mathematically as in Equation 12[44].  

 gσEe =  [12]

 

Units of g is voltsm/N and it is related to the piezoelectric distortion constant d through 

permittivity ξ of the piezoelectric material by 

 ξ
dg =  [13]

 

 Other rarely used piezoelectric constants are the piezoelectric stress constants e 

and h. e relates the dielectric displacement produced by application of a stress. The 

piezoelectric constant h on the other hand relates electric field to applied stress. 
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The piezoelectric constants are actually represented by third-rank tensors. 

Rigorous definitions of the piezoelectric tensors can be found in reference [45]. 

For practical purposes, the electromechanical coupling factor, k2, perhaps offers 

the best measurement for the strength of a piezoelectric material. The electromechanical 

coupling factor measures the ability of a piezoelectric material to transform mechanical 

energy into electrical energy or transform electrical energy into mechanical energy. 

Mathematically, k2 is defined as 

 

 

energy electricalinput 
energy mechanical  toconvertedenergy  electricalk

or
energy mechanicalinput 

energy electrical  toconvertedenergy  mechanicalk

2

2

=

=

 [14]

 

k2 values of piezoelectric materials depend on purity, microstructure, and on the 

magnitude of electric polarization. Examples of k2 values of some common piezoelectric 

materials are given in Table 2.1. 
 

 

Table 2-1 Electromechanical coupling factors of some piezoelectric materials 

Material k2 

Quartz 0.01 

Barium titanate ceramic 0.16 

Lead zirconate titantate ceramic 0.25-0.49 

Rochelle salt 0.81 
Values obtained from Jaffe[43] 
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2.4.2.1 Pyroelectricity and Ferroelectricity 
Pyroelectric crystals are a subclass of piezoelectric crystals. They exhibit a 

spontaneous ionic polarization which changes with temperature. Above a certain 

temperature known as the Curie temperature (Tc), the center of the positive and negative 

ions coincides with each other and cancels out the entire polarization. The material is 

non-polarized, and it is said to be paraelectric. Below the Curie temperature, the positive 

and negative ions are off centered. Hence, the material stays polarized. 

 Ferroelectric crystals are a subclass of pyroelectric crystals. In ferroelectrics, the 

direction of the spontaneous polarization can be changed by application of an external 

electric field. Ferroelectric crystals are constituted of regions where there is uniform 

alignment of electric dipoles. In other regions of the same material, the spontaneous 

polarization may be in a different direction. Such regions of uniform arrangements of 

dipoles form ferroelectric domains. The interface between two domain structures is 

known as the domain wall. Domain structures are complex twinning patterns resulting 

from stress relaxation and different orientations of the dipole moment when the 

ferroelectric materials are cooled through the curie temperature[46-48].  

In a ferroelectric ceramic such as BaTiO3, even though individual domains may 

be highly piezoelectric, the random arrangement of domains in the material usually 

cancels out the piezoelectric effect. In this state, the net polarization is zero. An overall 

polarization can, however, be given to the ceramic by aligning the dipoles along the 

direction of an external electric field. This process called poling enables a ferroelectric 

ceramic with little or no initial net polarization to achieve a high polarization state. 

Consequently a stronger piezoelectric effect is obtained in the material. The poling 

process is illustrated in Figure 2-6. 
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Figure 2-6:   Poling process;(a) non-polar polycrystalline ferroelectric ceramic due to cancellation of 

opposing domains, (b) domains begin to align in the  direction of and  applied external electric field 

(c)fully polarized state (d) remnant polarization 

 

 

2.5 Barium Titanate (BaTiO3) 
 

Barium titanate, the first commercial piezoelectric ceramic, was independently 

discovered by researchers in USA, Japan, and Russia in the early 1940s. Today, it is used 

in manufacturing electronic components for many applications including actuators, 

sensors, and transducers. BaTiO3 is popular not only because of its attractive dielectric, 

ferroelectric, piezoelectric properties, but also because it is mechanically and chemically 

stable. Even more interesting is the amenability of the structure to different compositional 

changes which is useful in tailoring electrical properties of the ceramic. For example, 

substitution of some Ba2+ ions with Ca2+ or Pb2+ leads to stabilization of the abnormally 

high dielectric constant of BaTiO3 at the Curie point[49] . Improved synthesis techniques 

have also enabled production of BaTiO3 powders with high purity and adjustable physical 

and chemical properties.  
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2.5.1 Polymorphs of BaTiO3 
 

BaTiO3 assumes five different crystal structures namely, hexagonal, cubic, 

tetragonal, orthorhombic, and rhombohedral. The hexagonal and cubic structures are 

paraelectric while the tetragonal, orthorhombic and the rhombohedra forms are 

ferroelectric. Above 1460oC, the hexagonal structure is stable. On cooling BaTiO3 below 

1460oC, a reconstructive transformation of the hexagonal phase to the cubic phase occurs. 

Of utmost importance is the ferroelectric-paraelectric transition which occurs at the Curie 

temperature (around 130oC). At this temperature, paraelectric cubic BaTiO3 transforms 

into the ferroelectric tetragonal structure by elongating along an edge. The tetragonal 

phase is stable until 0oC where it transforms into the orthorhombic phase by elongating 

along a phase diagonal. Finally, there is a low temperature transition of the orthorhombic 

phase to the rhombohedral phase at -90oC. Figure 2.8 shows the phase transitions of 

BaTiO3 as it is cooled from high temperatures.  
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Figure 2-7:   Unit-cell distortions in barium titanate polymorphs 

 

 

It must be noted that the transformation temperatures given above are only 

approximations. The transition temperatures are affected by grain size, particle size, and 

chemical composition, among others.  
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2.5.2 Ferroelectric-Paraelectric Transition in BaTiO3 
 

Both the tetragonal and cubic crystal structures are based on the perovskite 

structure. Named after the mineral form of calcium titanate (CaTiO3), the perovskites are 

represented by the general formula ABO3. The structure can be visualized as a simple 

cubic unit cell with A2+ cations occupying the corners, and the relatively smaller B4+ 

cations at the body center position. The oxygen ions (O2-) occupy the face center 

positions. In BaTiO3, as illustrated in Figure 2-8a, barium ions (Ba2+) and titanium ions 

(Ti4+) occupy the A and B positions respectively. 

 Several investigations on the paraelectric-ferroelectric transition have revealed 

that, as barium titanate is cooled through the Curie temperature, the cubic lattice is 

slightly distorted along an edge of the cube, resulting in the formation of the tetragonal 

structure.  This distortion results in the Ti4+ and Ba2+ ions being slightly displaced relative 

to the O2- ions. This creates an ionic dipole in the direction of the edge which elongated. 

Figure 2-8b illustrates ion displacements that occur in the cubic-tetragonal distortion in 

BaTiO3. 

 

Ti4+ Ba2+ O2-

(a) (b)

 
Figure 2-8:   The crystalline structure of barium titanate (a) Perovskite structure above the 

Curie temperature; (b) Tetragonal structure with Ba2+ and Ti4+ ions displaced relative to O2- 

ions. 

 

For a cubic barium titanate crystal transforming into a tetragonal phase, there are 

six possible orientations (that is <100> directions) along which a cubic edge can elongate 

to form the tetragonal structure, Figure 2-9. This results in the formation of ferroelectric 

domains structures which are oriented at right angles to each other. These structures are 

known as 90o and 180o domain. Ferroelectric domain structures in BaTiO3 can be 
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observed by using the birefringence method, powder pattern method, or chemically 

etched samples observed under a microscope [47]. Figure 2.10 shows a scanning electron 

micrograph of the ferroelectric domain structure in polished and etched sample of 

polycrystalline BaTiO3. 
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Figure 2-9:   Possible edge elongations during the 
cubic-tetragonal phase transition as barium titanate is 
cooled through the Curie temperature. 

2µm

Figure 2-10:   Scanning electron microscope image showing 
ferroelectric domain structure of polycrystalline BaTiO3 after 
polishing and chemical etching. 

 

 

2.5.3 Synthesis of BaTiO3 
 

The oldest technique for synthesizing BaTiO3 is the solid state reaction between 

barium carbonate (BaCO3) and titanium oxide (TiO2) above 1200oC in air. Production of 

high purity and technologically important barium titanate ceramic by this process is 

difficult for various reasons. First is the presence of hexagonal BaTiO3 which appears in 

the structure due to the high temperature used in calcinations. Incomplete mixing of 

BaCO3 and TiO2 also introduces Ba2TiO4 and BaTi3O7 in the final product. Moreover, 

contamination is often introduced during the grinding step necessary to reduce size 

agglomerated reaction products. Monitoring and tailoring ceramic properties to meet 

specific demands is also difficult by the solid state reaction. Hence in applications 

requiring high purity barium titanate, various wet processes have been developed to form 
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precipitates yielding barium titanate directly from solution. Wet processing techniques 

provide a means of synthesizing ultra pure BaTiO3 powders with control over powder 

chemistry and physical properties. The oxalate process [50, 51], alkoxide process[52, 53], 

and hydrothermal synthesis[54-56] are examples of wet processing techniques currently 

being used for synthesizing  barium titanate. 

In the oxalate process, barium titanyl oxalate (BaTiO(C2O4)4H2O) is precipitated 

from a mixture of TiOCl2, BaCl2 and oxalic acid(C2O4H2) in hydrochloric acid (HCl). 

Heating BaTiO(C2O4)4H2O at 800oC precipitates fine BaTiO3 powders.  

Barium titanate has also been produced via the alkoxide route. This technique 

involves precipitation of titania alkoxide from a mixture of barium hydroxide (Ba(OH)2) 

and titanium isopropoxide in alkaline solutions. Further heating of the titanium alkoxide 

at 700oC yields BaTiO3 powder. Particulate sizes as small as 50nm can be achieved from 

this process.  

Hydrothermal processing of Ba(OH)2 and TiO2  in water is also used to produce 

high purity barium titanate powder. Under the hydrothermal conditions of temperature 

and pressure ranges between 150oC-300oC and 20atm-500atm, uniformly sized barium 

titanate particles are precipitated. A big advantage of this processing technique is the low 

temperatures required for powder precipitation. To date, the hydrothermal route offers the 

most flexibility in manipulating the ceramic properties during synthesis. 

 

 

2.5.4 Piezoelectric Properties of BaTiO3 
 

In discussing the piezoelectric and ferroelectric properties of barium titanate, it 

must be mentioned here that these properties depend on grain size, particle size, 

composition, temperature, poling strength etc. These factors should therefore be taken 

into consideration when comparing properties of BaTiO3 from different sources. Barium 

titanate is considered a hard ferroelectric ceramic which means the material is 

mechanically hard and water insoluble[57]. In an unpoled barium titanate ceramic, the 

ferroelectric domains are randomly arranged and as a result, the piezoelectric properties 

are minimal. Poling the ceramic as explained earlier, re-orients most of the dipoles along 



 27

a common axis which significantly increases the piezoelectric properties. Heating a poled 

BaTiO3 ceramic above the Curie temperature destroys electric dipole alignment, and 

hence, eliminates the piezoelectric characteristics. 

 

 

2.5.5 Effect of Grain Size and Particulate Size on the Room Temperature Crystal 
Structure of Barium Titanate 
 

Barium titanate is a size-dependent material. This implies some material 

properties are dependent on the particle size and grain size. For example, the room 

temperature dielectric constant for polycrystalline BaTiO3 is highest for grain sizes 

around 1µm[40]. Below or above this grain size, the dielectric constant decreases. 

Piezoelectric and ferroelectric properties of BaTiO3 are also affected by grain and particle 

sizes. Under normal circumstances, the tetragonal structure is the stable room 

temperature phase in barium titanate. Investigations by various researchers, however, 

confirm a general diminishing of room temperature tetragonality as barium titanate 

particle size decreases. At a certain critical particulate size‡ or grain size, barium titanate 

completely assumes the paraelectric cubic structure at room temperature. 

The critical size below which an initially tetragonal particle becomes cubic at 

room temperature is not generally agreed upon. Different values have been reported in 

the literature. Begg et al[58] reported a critical size of 190nm for hydrothermally 

synthesized BaTiO3.  Particles with averages sizes below 100nm were reported as cubic 

by Yamamoto[59]. Uchino [60] obtained a critical value of 120nm. Lu et al [55] obtained 

77nm as the critical. 

The apparent discrepancy in reported values of the critical size is probably due to 

the use of BaTiO3 samples of different compositions. The disagreement in critical size 

can also be attributed to different techniques and instruments used for determining 

BaTiO3 tetragonality.  

                                                 
‡ For barium titanate nanoparticles, particulate size and grain size are interchangeable since these particles 
are usually single crystals. For microparticles however, grain size is different from particle size. 



 28

There are many different theories that have been used to explain stabilization of 

the cubic phase at room temperature in small particulates. Devonshire’s surface-modified 

phenomenological theory[61] postulates that every BaTiO3 particle consists of a cubic 

outer shell of constant thickness surrounding an inner tetragonal core. According to this 

theory, as the particle size decreases, the influence of the tetragonal core decreases while 

that of the outer layer increases until the particle becomes entirely cubic at the critical 

size. Uchino, however, attributed the stabilization of the cubic phase to the suppression of 

the Curie temperature by high surface energies in fine BaTiO3 powders. At the critical 

particle size, it was explained that the surface energy becomes sufficiently high to bring 

down the Curie temperature below room temperature. 

Another explanation which has been advanced in powders produced by 

hydrothermal processes is the presence of residual hydroxyl ions occupying oxygen sites 

in the BaTiO3 lattice. Charge disparities introduced into the structure by the presence of 

hydroxyl ions are supposedly compensated by cation vacancies, which according to 

Lu[55] suppress polarization of barium titanate crystals and make tetragonal particles 

cubic. This claim is, however, disputed. Experimental results obtained by Begg[58] on 

hydrothermally synthesized powders confirmed a tetragonal structure in relatively large 

particulates although they contained excess hydroxyl ions. 

Recently, a mathematical model developed by Shih et al[62] attributed high 

depolarization energy in small barium titanate particles as the cause of room temperature 

cubic phase stabilization. Shih explained that large depolarization energy in fine 

tetragonal powders makes the tetragonal crystal structure unstable. In an effort to lower 

depolarization energy, the tetragonal structure transforms into the non polarized cubic 

phase. In contrast, large crystals are able to decrease the depolarization energy by 

forming multi domains, consequently stabilizing the tetragonal phase. The effect of 

depolarization energy on the crystalline structure of fine BaTiO3 powders was 

demonstrated by Liu et al[63]. The investigators reported that depolarization energy of 

fine barium titanate could be decreased by coating the ceramic with a conductive 

material. The tetragonality of fine powders, quantified by the c/a ratio, increased when 

the particles were coated with a think layer of copper. The c/a ratio, however, decreased 

when the copper coating was removed by oxidation. 
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2.5.6 Damping Mechanisms in BaTiO3 
 

Damping in barium titanate can be categorized depending on whether it is poled 

or unpoled. Below the Curie temperature, damping in an unpoled BaTiO3 is due to 

ferroelectric domain wall motion and interactions of ferroelectric dipoles. 

Postnikov et al[11, 12] proposed domain wall interaction with point defects as 

explanation to the high damping in ferroelectric materials. Two mechanisms were 

considered: (1) interaction of mobile domain walls and mobile point defects and (2) 

interaction of stationary domain walls and mobile point defects. Viscous motion of 

domain walls and domain wall freezing has also been used to explain damping in 

ferroelectric ceramics[64]. 

A detailed study of damping in barium titanate ceramic was undertaken by Cheng 

et al[6]. Cheng studied the correlation between microstructure and damping in 

ferroelectric barium titanate from -150oC to 150oC. Damping values were found to be 

higher in coarse grained samples (~50µm) than in samples with an average grain size of 

about 1µm. This result was attributed to limited ferroelectric domain wall motion in fine 

grained materials. 

Figure 2-11 shows the damping behavior of bulk ferroelectric barium titanate 

ceramic using a dynamic mechanical analyzer. Below the Curie temperature, the damping 

capacity (tanδ) is high. Above the Curie temperature, however, there is a drastic decrease 

in damping capacity due to the loss in ferroelectric properties. Damping properties of 

paraelectric barium titanate are comparable to ordinary ceramics, i.e., low damping 

capacity. 

 When piezoelectric, damping in barium titanate is likely to be achieved through 

the direct piezoelectric effect. When piezoelectric BaTiO3 vibrates, mechanical energy 

from the vibrations is converted into electrical charges which are then dissipated as heat 

through the volume of the material. 
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Figure 2-11:   Tanδ as a function of temperature in bulk  barium titanate ceramic 
Obtained from Virginia Tech 

 

 

2.5.7 Previous Work on Metal Matrices Reinforced with Piezoelectric and 
Ferroelectric Ceramics  
 

Piezoelectric ceramic particulates have been used extensively to reinforce 

polymer matrices. The main aim for fabricating these composites is achieving materials 

with controlled piezoelectric properties for possible applications in vibration control [65, 

66] or for ultrasonic transducers and receivers[67]. Unlike polymer-piezoelectric ceramic 

systems, metallic matrix systems create an inability to pole the ferroelectric ceramic 

particles when embedded in the metallic matrix. 

The idea of reinforcing metal matrices with piezoelectric ceramics for damping 

purposes is only recent. This thesis is a continuation of the pioneering work started by 

Goff[68] and Franklin[69]. Goff developed a mathematical model that describes damping 

in particulate piezoelectric ceramic reinforced metal matrix composites. Figure 2-12 

shows some simulated damping results on metal-BaTiO3 composites obtained by Goff. 
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Figure 2-12:   Predicted joule heating vs. volume fraction BaTiO3 for 1m3 of composite material 

 

 

Of particular interest is the Cu-BaTiO3 system which shows the highest values in 

damping. The only damping mechanism accounted for by this model is energy 

dissipation through the direct piezoelectric effect. However, as stated before, the direct 

piezoelectric effect may only be significant in poled ceramic particles. Hence for metal 

matrices reinforced with unpoled barium titanate particles, ferroelectric domains and 

domain wall interactions are more likely to account for damping contribution from the 

reinforcement.  

Incorporating tetragonal BaTiO3 ceramic particulates in a metal matrix for 

damping purposes is, however, challenging. Apart from the usual problems encountered 

in normal PMMC processing, involving, for example interfacial stability, and particle 

segregation, there is also the unique requirement of maintaining the ferroelectric 

properties of the ceramic after composite fabrication. With a Curie temperature around 

130oC, composite processing conditions must be carefully controlled in order to retain the 
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tetragonal crystal structure of BaTiO3 responsible for damping. Although the 

ferroelectric-paraelectric transformation is reversible, the cubic and hexagonal structure 

are often retained as metastable compounds 

  Two different synthesis techniques were investigated by Franklin and Goff as 

possible routes for producing metallic matrix-BaTiO3 composites. Franklin employed an 

in-situ self-propagating high-temperature technique (SHS) to synthesize Cu-BaTiO3 

composites. The reaction proceeds according to the chemical equation, 

 

 ( ) ( ) 322 BaTiOCux3TiBaOOCuCux1 ++→++++  [15]

 

For this system, powders of Cu, Cu2O, BaO2 and Ti were blended and pressed into 

cylindrical pellets. The pellets were then thermally activated in an induction furnace by 

heat from a graphite susceptor. The system’s exothermic heat of formation then provided 

the needed thermal energy to drive the reaction to completion. The reaction products 

were composite powders containing barium titanate dispersed as an interpenetrating 

structure within a copper matrix. Although quantitative XRD confirmed BaTiO3 as the 

reinforcement phase, the tetragonality of BaTiO3 was inconclusive.  

Goff dispersed barium titanate particulates in Ni-20wt%Cr alloy by using 

mechanical alloying in a high energy ball mill. The milling action produced nano-sized 

BaTiO3 particulates uniformly distributed in the nickel-chrome matrix. Here too, the 

tetragonal phase of BaTiO3 in the composite could not be determined. Further analysis on 

the BaTiO3 powder used by Goff by this author using DSC and XRD revealed that the 

powder was mostly cubic to begin with. 

Recently, copper was reinforced with BaTiO3 by blending copper and BaTiO3 

powders, followed by uniaxial compaction, sintering and finally rolling to decrease 

porosity[70]. The researchers claimed barium titanate particulates increased damping in 

copper. However, no mention was made about the phase of BaTiO3 present after 

composite processing or particulate size used as reinforcement. Furthermore, there was 

no proof damping enhancement in copper was due to the piezoelectric effect or some 

other composite damping mechanisms. 
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It is the aim of this author to investigate processing conditions necessary to 

effectively incorporate tetragonal BaTiO3 particulates in a metal matrix and evaluate the 

damping behavior of Cu-BaTiO3 composites.  
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3 CHAPTER THREE - EXPERIMENTAL PROCEDURE 
 
 

3.1 Introduction 
 

Investigations were done to study the effect of particle size and processing 

conditions on tetragonality of barium titanate powders. Copper-barium titanate 

composites were also fabricated and their damping behavior evaluated using dynamic 

mechanical analysis 

 

 

3.2 Materials Selection 
 

The main purpose in materials selection was to obtain a metal-ferroelectric 

ceramic system that can easily be fabricated, and studied. For the metallic matrix, copper 

was selected because processing copper powder is fairly easy, and well documented. 

Copper is ductile and for small samples, the powder can effectively be consolidated using 

uniaxial pressing followed by sintering. For the reinforcement, three ferroelectric 

ceramics, lead titanate (PbTiO3), lead zirconate titanate (PZT) and barium titanate 

(BaTiO3) were available for consideration. Barium titanate was, however, chosen over 

the rest because of its well-behaved and easily recognizable ferroelectric-paraelectric 

transition that occurs at the Curie temperature. Health concerns associated with the lead 

based compounds, PZT and PbTiO3 was also a factor in deciding on barium titanate. The 

copper-barium titanate system (Cu-BaTiO3) was also predicted by Goff[7] as the most 

promising for damping enhancement compared to other systems he modeled. Cu-BaTiO3 

therefore provided the best system for studying particulate ferroelectric ceramic 

reinforced metal matrix composites. The ultimate goal is to extend the idea of reinforcing 

metal matrices with ferroelectric ceramics to more structurally important alloys, 

especially, alloys of light metals such as aluminum, magnesium and titanium, if the 

process is successful in copper.  
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Three different BaTiO3 samples, A, B and C, and copper powder were obtained 

from vendors. Figures 3-1 to 3-4 are pictures of the as-received samples. 

 

1µm
 

Figure 3-1:  Scanning electron micrograph of BaTiO3 
sample A obtained from Aldrich Chemical Inc. 
Powder consist of agglomerated fine particles. Listed 
as 99.99% pure. 

 

1µm  

Figure 3-2  Scanning electron micrograph of agglomerated 
fine particles of BaTiO3 sample B obtained from Alpha 
Aesar. Listed as 99% pure. 

 

2mm

Figure 3-3:  Image of BaTiO3 sample C obtained 
from Sigma Aldrich. Samples are irregularly shaped 
sintered pieces. Listed as 99.99% pure. 

 

30µm 
 

Figure 3-4:  Scanning electron micrograph of copper 
powder obtained from Atlantic Equipment Engineers. 
Listed as 99.9% pure. 

 

 

 

 

 



 36

3.3 Tetragonal Phase Identification in As-Received BaTiO3 Samples 
 

The tetragonal ferroelectric crystal structure is normally the stable phase in 

barium titanate from 0oC up to the Curie temperature. This not withstanding, the 

hexagonal and especially the cubic crystal structures may exist as metastable phases, 

presumably due to impurities and the small particle and small grain size effect. In this 

study, the ferroelectric phase of barium titanate was required as the reinforcement. 

Hence, identification of the tetragonal phase in the as-received barium titanate samples 

was necessary prior to any further processing. A quick and easy method for determining 

the tetragonality of barium titanate is to observe the tetragonal-cubic phase transition that 

occurs on heating tetragonal barium titanate above the Curie temperature. A variety of 

thermal analyzers, for example, differential thermal analyzer (DTA) and differential 

scanning calorimeter (DSC) are appropriate for this purpose.  

DSC is used to measure the specific heat and heats of transition, as well as to 

detect the temperature of phase changes and melting points of various materials. 

Basically, the DSC measures the difference in heat flow into two small metal pans, one 

containing the test sample and the other, a reference sample, as the pans are subjected to a 

uniform heating or cooling program under controlled atmospheres. At the onset of a first 

order transition, additional heat is added to the system to compensate for the heat 

absorbed during the phase transition. This results in a change in the difference of heat 

flow into the system which is displayed as a peak on a plot of heat flow as a function of 

temperature. The peak height and peak area respectively represent the transition 

temperature and the amount of energy absorbed or released during the transition. For the 

tetragonal phase identification in the as-received samples, a Perkin Elmer DSC 7 running 

on Pyris® software was used. The temperature range for this analyzer is -170oC to 725oC. 

It must however be noted that sub zero temperatures are only reached when coolants such 

as liquid nitrogen is used.  

The tetragonal-cubic transition in BaTiO3 is known to occur between 120oC and 

140oC. Thus, if the barium titanate sample was originally tetragonal, then within this 

temperature range, an endothermic peak corresponding to the tetragonal-cubic 

                                                 
® Pyris is a registered trademark of PerkinElmer Instruments. 
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transformation will be seen. The as-received samples were therefore heated in the DSC 

from 25oC to 180oC at a scan rate of 10oC/min in nitrogen gas atmosphere. Peak height 

and enthalpy change during the transition were determined using the Pyris software.  

Figure 3-5 shows a typical DSC curve for tetragonal barium titanate from 60oC to 180oC. 
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Figure 3-5:   DSC scan of tetragonal BaTiO3 from 60oC to 180oC. 

 
 

3.4 Effect of Particle Size and Processing Conditions on Tetragonality of 
BaTiO3 Powder 

 
The tetragonality of barium titanate, defined as the average c/a value (see Figure 

3-6), is affected by a number of variables including chemical composition, grain size, and 

particle size. Processing conditions typically used in fabricating metal matrix composites 

could also affect tetragonality of barium titanate. For example, the amount of heat, 

pressure, and sintering environments barium titanate is exposed to, may be important 

factors which need attention. Thus, before embedding barium titanate particles in the 
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copper matrix, the effect of particle size, cooling rate, sintering atmosphere and uniaxial 

compaction pressure on the tetragonality of barium titanate was investigated.  

 

a

c

a

 
Figure 3-6:   c/a value defined as the ratio of the lengths of the c and a crystallographic axes in tetragonal 

barium titanate. A high c/a value implies a high tetragonality and vice versa. 

 

3.4.1 Effect of Particulate Size  
 

The effect of particle size on tetragonality of barium titanate powder was 

investigated using DSC and x-ray diffraction (XRD). Barium titanate pieces from sample 

C were crushed in a glass mortar. The crushed sample was mixed with ethanol and wet-

sieved into five different mesh fractions: +50/-120, -120/+200, -200/+325, -325/+500, 

and -500. The sieved fractions were each dried in an oven at 105oC for 24 hours. Particle 

size distribution of each of the sieved powder fractions was determined using a HORIBA 

LA-700 laser scattering particle size distribution analyzer. About 1 gram of barium 

titanate powder was dispersed in 150ml of ethanol and agitated for 5 minutes in an 

ultrasonic bath. Laser scattering was then used to analyze the particle size distribution of 

barium titanate particles. Table 3-1 gives the average particle size determined for each 

sieved fraction. SEM micrographs of the sieved barium titanate powders are shown in 

Figures 3-7 to 3-11. 
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Table 3-1 Average particle size of sieved BaTiO3 samples 

Mesh size of sieve Average particle size, µm 

-50/+120 209.021±30.23 

-120/+200 152.689±28.30 

-200/-325 66.325±16.32 

-325/+500 40.585±20.26 

-500 1.945±18.21 

 

 

 

Figure 3-7:   BaTiO3 powder of average size 209µm. 

 

 
Figure 3-8:   BaTiO3 powder of average size 153µm. 
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Figure 3-9:   BaTiO3 powder of average size 66µm. 

 

 
Figure 3-10:   BaTiO3 powder of average size 41µm. 

 

 
Figure 3-11:   BaTiO3 powder of average size 2µm. 

 

The large variation in particle size distribution of the powder is apparently due to 

the irregular shape and high aspect ratio of most of the barium titanate particles. Sieving 
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of an irregular barium titanate particle is illustrated in Figure 3-12. Depending on the 

particle orientation, it could either go through the sieve or be retained on the sieve. For 

this reason, there is a large variation in particle size distribution of the sieved barium 

titanate powder  

 

(a)

(b)

 
Figure 3-12:   Illustration of sieving high aspect ratio barium titanate particles: (a) orientation is 

such that particle goes through the sieve and (b) same particle retained on the sieve due to a 

different orientation.                                                                                                                            

 

DSC scans were performed on the sieved samples to observe the behavior of the 

tetragonal-cubic phase transition as particulate size decreases. A scan rate of 10oC/min 

was used from 25oC to 180oC.  

The average c/a values were quantitatively determined using x-ray diffraction. 

Investigations were carried out on a SCINTAG XDS2000 polycrystalline powder 

diffractometer which uses a CuK-α radiation source. Initial scans were done at 2θ angles 

from 5o to 90o at rates of 2o/min. A much slower scan rate of 0.02o/min was then used for 

2θ angles between 40o and 50o.  

 

3.4.2 Effect of Sintering Atmosphere  

 
Barium titanate is usually sintered in plentiful supply of oxygen.  This is done to 

prevent non-stoichiometric ceramic compositions resulting from oxygen defects. Copper 
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on the other hand is sintered in an oxygen-free environment to prevent oxidation. The 

atmosphere used in processing barium titanate may therefore play an important role in 

determining its tetragonality. To study the effect of sintering atmosphere on tetragonality 

of barium titanate, three samples taken from sieved powder with average particle size 

209µm were heat treated at 900oC at a heating/cooling rate of 5o/min. One sample was 

heat treated in hydrogen gas atmosphere, another in argon gas atmosphere and the last 

sample treated in air. X-ray data was obtained for each heat treated sample, and the 

average c/a values calculated. 

 

3.4.3 Effect of Cooling Rate  
 

Three barium titanate powder samples each with average particulate size 209µm 

were heat treated at 900oC in air. Cooling rates of 5oC/min, 10oC/min and 15oC/min were 

used to investigate the effect of cooling rate on tetragonality of the powders.  

 

3.4.4 Effect of Uniaxial Compaction Pressure  
 

For the effect of uniaxial compaction pressure on tetragonality of barium titanate, 

three powder samples each with average particle size 209µm were mixed with a binder 

and compacted at pressures of 306MPa, 460MPa and 612MPa. XRD was then used to 

determine the average c/a values.  

 

 

3.5 Fabrication of Cu-BaTiO3 Composites 
 

Three composite discs, D1, D2, and D3 were fabricated for damping (tanδ) 

measurements. A constant composition of 60 volume % copper and 40volume % BaTiO3 

was used in fabricating the composites. A copper disc without any barium titanate 

reinforcement was also sintered to be used as a baseline for damping capacity 



 43

measurements. Table 3-2 gives the composition and particle size of reinforcement used 

for each disc. 

Table 3-2 Composition of composite samples for damping measurements 

Composite Composition Average reinforcement size 

D1 Cu-40 vol% BaTiO3 209 µm 

D2 Cu-40 vol% BaTiO3 66.3 µm 

D3 Cu-40 vol% BaTiO3 1.9µm 

D4 Cu - 

 

Uniaxial pressing followed by sintering was used as the powder consolidation 

technique. Compared to other potentially viable processing techniques such as hot 

isostatic pressing and hot extrusion, uniaxial pressing offered a less expensive means for 

producing small composites samples in a short time period. 

Copper powder was reduced at 200oC for 1 hour and then cooled to room 

temperature in hydrogen gas atmosphere. The reduction process was necessary to remove 

any oxide layers formed on copper powder surfaces due to oxidation. The reduced copper 

and barium titanate powders were measured according to required weight fractions. 

Mechanical alloying was initially tried as a technique for mixing and embedding 

barium titanate particles in copper. Although fine barium titanate particles were 

uniformly distributed in the copper matrix, DSC and x-ray analysis on mechanical 

alloyed powders showed no tetragonal barium titanate phase. Mixing of copper and 

barium titanate powder was therefore achieved by using a roll-mill. 

The mixed copper and barium titanate powders were pressed into green compacts 

in the shape of discs measuring approximately 28mm in diameter and 3mm thick using a 

hydraulic mechanical uniaxial press at 612Mpa. The green compacts were sintered in 

hydrogen gas atmosphere at 900oC in a cylindrical tube furnace for 1 hour at 

heating/cooling rate of 5oC/min. DSC scans were used to confirm the retention or 

otherwise of the tetragonal phase of barium titanate in the processed composites. An 

image of a sintered disc is shown in Figure 3-13. 
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28mm

3mm    

 
Figure 3-13:  Image of a sintered Cu-40vol% BaTiO3 composite disc. 

 

 

3.6 Microstructural Analysis 
 

Test samples machined from composites D1, D2, D3, were prepared for 

microscopy. The samples were mounted on an epoxy mounting media and subjected to a 

wet grinding sequence using silicon carbide papers of grit size 240, 400 and 600. 

Distilled water was used as the coolant. Grinding was followed by a final polishing step 

using 0.05µm colloidal silica.  

Optical microscopy on mounted and polished composite samples was performed 

using an Olympus BH2-UMA microscope equipped with a digital camera for image 

capture. A LEO 155 scanning electron microscope equipped with Robinson backscatter 

detector and energy dispersive spectrometer (EDS) was used to the observe detailed 

microstructure of Cu-BaTiO3 composites. 
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3.7 Determination of Density and Porosity of Composites 
 

Percentage porosity was determined from the skeletal density ρs and bulk density 

ρb of the composites. 

The skeletal density was measured using a Micrometrics AccuPyc 1330 helium 

pycnometer. Because of its small size, helium is able to fill all open spaces in the sample, 

except the smallest micropores open to the atmosphere. Closed porosity in the composite 

impenetrable by helium is also unaccounted for and included in the volume of the 

material. The sample volume is calculated using  

 

 1
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Where Vsample is the sample volume, Vcell , the volume the empty pycnometer cell. P is the 

difference in helium pressure in the sample chamber and at ambient temperature. P2 is the 

difference in helium pressure in the empty chamber and ambient temperature. From the 

sample mass M, the skeletal density ρs is given by 

 
sample

s V
Mρ =  [17]

 

 Bulk densities of the samples were measured using Archimedes principle.  The 

dry weight, Md of composites dried in an oven at 110oC for 25 hours was measured. The 

samples were then suspended in distilled water and the weight in water, Mw, measured. 

Bulk densities of the samples were then calculated using Equation [18] 

 

 o
w
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B ρ
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M

ρ =  [18]

 

Where ρo is density of water at the temperature composites samples were weighed. 

 Using the values of ρs and ρB, porosity, Pr, is calculated using Equation 19[71]. 
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Composite densities were also determined using ASTM standard C 373-88 which is 

based on Archimedes principle. This technique determines the density of a material by 

weighing the dry sample, weighing the sample when suspended in water, and then 

weighing when the sample is sample.  

 

  

3.8 Plating of Barium Titanate Powder 
 
 Plating of barium titanate particles was attempted with the aim of enhancing 

bonding at the metal-ceramic interface. Using copper plated barium titanate particles to 

fabricate the composites will likely result in a well-bonded interface since the brittle Cu-

BaTiO3 interface would be replaced with the more ductile and stronger Cu-Cu interface.  

 Copper plating has been used extensively in coating plastics, zinc die castings and 

automotive bumpers. In the electronic industry, copper is used in coating semiconductor 

substrates for various applications[72, 73].  

An electroless copper deposition technique was used to coat barium titanate 

particles with copper. Unlike an electrochemical deposition process, no power (voltage) 

is required to drive the electroless deposition process. Electrons (e) necessary for copper 

deposition are provided by a reducing agent in a solution containing copper ions (Cu2+). 

To enhance adhesion of copper to the surfaces of the ceramic particles, a chelating agent 

is usually required. 

The recipe for electroless copper plating of barium titanate particles was adopted 

from Lin and Chang[74]. Formalaldehide (HCHO) and ethylenediamine tetra-acetic acid 

(EDTA) were used as the reducing and chelating agents respectively. Barium titanate 

powders with average particulate sizes of 209µm and 66µm were used for plating. 

Ceramic surface preparation is very essential in the electroless plating process, 

and for the barium titanate particles, this was done by going through a cleaning step, a 

sensitizing step and an activation step. 
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In the cleaning step, BaTiO3 powder was rinsed in ethanol for 10mins. This was 

followed by alkaline cleaning for 15min in 1M sodium hydroxide (NaOH) solution at 

65oC. The powders were further cleaned in dilute hydrochloric acid (HCl) for 15mins at 

room temperature. After each cleaning stage, barium titanate powders were rinsed 

thoroughly in de-ionized water. The purpose of cleaning was to remove any organic 

materials on the surfaces of barium titanate particles.  

 The surfaces of the cleaned barium titanate powders were sensitized in an aqueous 

solution containing 25g/l tin chloride (SnCl2.2H2O) and 42ml/l HCl for 15mins. After the 

sensitizing step, the powder surfaces were activated for 25mins at 45oC in an aqueous 

solution consisting of 0.25g/l of palladium chloride (PdCl2) and, 0.5ml/l HCl.  

Palladium(Pd) acts as a catalyst which provides nucleating centers for copper. Thorough 

rinsing of barium titanate particles with de-ionized water was done after the sensitizing 

and activation steps. Activated and rinsed barium titanate powders were then dried at 

105oC for 15 hours before copper plating. 

 Electroless deposition of copper using HCHO as a reducing agent occurs in 

alkaline conditions according to the chemical equation 

 

 22
2 HO2H2HCOOCu4OH2HCHOCu +++→++ −−+  [20]

 

 

The composition of the electroless plating bath is given in Table 3-3 

 

Table 3-3 Electroless copper deposition solution 

C uSO4.5H2O 10g/l 

EDTA.2No 30g/l 

HCHO(37%) 0.3g 

PYRIDINE 0.005ml/l 
NaOH was added to the solution to bring PH to 13.2 

 

The dried barium titanate powders were dispersed in the electroless copper 

deposition solution and stirred continuously as the solution was heated to 65oC. After 
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copper deposition, the powders were rinsed in deionized water and dried again at 105oC 

for 15 hours. SEM, DSC and XRD were used to investigate the properties of plated 

barium titanate powders. A composite disc consisting of copper and plated barium 

titanate particles (Cu-BaTiO3p) was fabricated for comparison to composites fabricated 

using uncoated reinforcement. 

 

 

3.9 Damping Measurements 
 

Damping values (tanδ) were measured on a Perkin Elmer DMA 7 shown in Figure 

3-14. Test specimen measuring 25mm in length, 2mm in width and 2mm in thickness 

were machined from composites D1, D2 and D3. As a baseline sample, a damping 

specimen was obtained from the unreinforced copper disc. Test samples were arranged 

on a three point bending platform, Figure 3.14(b). The platform was then enclosed in a 

furnace containing nitrogen gas atmosphere. Static and cyclic forces were then applied to 

the sample as furnace temperature was uniformly raised at 10oC/min from 25oC to 165oC. 

Testing for each sample was done at 1Hz. Tanδ values were automatically computed and 

processed by Pyris computer software and outputted as a plot of tanδ as a function of 

function of temperature. 
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Test 
sample

 

                                      (a)                                                                                             (b) 

Figure 3-14:   (a) Perkin Elmer DMA 7 and, (b) test sample arranged on a 3 point bending platform. 
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4 CHAPTER FOUR – RESULTS AND DISCUSSION 
 

 

4.1 Tetragonal Phase Identification in As-Received Barium Titanate 
Samples 

 
Figure 4-1 shows results of DSC scans of the as-received barium titanate samples 

between 50oC and 180oC. Out of the three, only sample C, i.e., sintered pellets obtained 

from Aldrich showed a strong tetragonal-cubic transition peak at the Curie temperature. 

The Curie temperature and the enthalpy change for this sample were approximately 

determined to be 127oC and 0.89J/g, respectively.  
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Figure 4-1:   DSC curves for as-received BaTiO3 samples heated from room temperature to 180oC 

   

Looking closely at the DSC curves for samples A and B, there are slight bumps 

between 100oC and 140oC. The initial assumption for this observation was incomplete 

tetragonal- cubic transformation due to inadequate time (fast heating/cooling rates) for 

complete phase transition. Heat treatment using slower scan rates, however, did not 
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improve the peak characteristics. As discussed in section 2.5.5, nanoparticles of barium 

titanate are known to exist in the cubic form at room temperature because of the small 

particle size effect. Since samples A and B are made up of agglomerated nanoparticles, 

the lack of a strong tetragonal-cubic phase transition peaks was attributed to the small 

particle size effect. Further investigations using XRD on samples A and B confirmed that 

the powders were mostly cubic. Hence, samples A and B were discarded and subsequent 

investigations on barium titanate ceramic was done using sample C. 

 

4.2 Effect of Particle size on Tetragonality of Barium Titanate Powder 
 

4.2.1 DSC Results 
 

DSC scans for barium titanate powder with different particle sizes is shown in 

Figure 4-2. Plots of Curie temperature and ∆H as a function of barium titanate particle 

size are also shown in Figures 4-3 and 4-4. 

 

100 110 120 130 140 150 160

21

22

23

24

25

26

27

28

H
ea

t f
lo

w
, m

W

Temperature,oC

 ~500µm
 209µm
 153µm
 66µm
 41µm
 2µm

 
Figure 4-2:   DSC curves for BaTiO3 samples with different particle sizes 
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Figure 4-3:   Curie temperature as a function of barium titanate particle size 
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Figure 4-4:   ∆H as a function of barium titanate particle size 
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4.2.2 X-ray Diffraction Results 
 

The standard Cu-Kα x-ray pattern for tetragonal barium titanate shows a split in 

the peak located at approximately 2θ, 45.3o, Figure 4-5. The split peak, which is absent in 

the cubic barium titanate crystal structure, are reflections of the (002) and (200) planes. 

Thus, a split peak around a 2θ angle of 45o can be used to distinguish between the cubic 

and tetragonal crystal structures in barium titanate. If the angles at which the split occur 

are known, then the tetragonality (c/a values) of the powders can be quantitatively 

determined. 
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Figure 4-5:   Cu-Kα x-ray pattern for tetragonal BaTiO3. Insert shows the split peak that occurs around 44.5o

 

 

4.2.2.1 Average c/a Value Calculations 
Figure 4-6 is an example of x-ray diffraction pattern for tetragonal barium titanate 

powder between 2θ angles of 40o and 50o obtained at a scan rate of 0.2o/min.  
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Figure 4-6:   x-ray pattern for BaTiO3 powder between 40o and 50o 

 

For the c/a calculations, the angles at which the (002) and (002) planer reflections 

occur were determined by fitting Figure 4-6 to a Gaussian function, Figure 4-7 
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Figure 4-7:   Gaussian fit for x-ray pattern of barium titanate powder between 44.2o and 45.8o. 

 

The planer distance dp, was calculated using Braggs diffraction equation 

 

 
2sinθ

nλdp =  [21]
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 λ is equal to 1.540562 and is the principal wavelength of the x-ray radiation source. 

Table 4.3 gives the c/a values for different barium titanate particle sizes. In 

polycrystalline BaTiO3, the planner distances in individual crystals may be different. 

Thus, c/a values reported here are averages of the individual single crystals making up 

the ceramic. A plot of average c/a values as a function of barium titanate particle size is 

shown in Figure 4-8.  

 

Table 4-1 Average c/a values of BaTiO3 powders 

Particle size, µm Average c/a values 

209.021 1.0101± 0.00044 

152.689 1.0098 ± 0.00036 

66.325 1.0085 ± 0.00035 

40.585 1.0079 ± 0.00043 

1.945 1.0012 ± 0.00062 
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Figure 4-8:   Average c/a values as a function of barium titanate particle size 
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4.2.2.2 Discussion on Effect of Particulate Size on Tetragonality of Barium Titanate 
The DSC curves in Figure 4-2 indicate peak broadening and a general decrease in 

peak height as barium titanate particle size decreases. The enthalpy change also decreases 

with decreasing particle size. The enthalpy change during the cubic tetragonal phase 

transition in represents the strength of the transition. Qualitatively, values of the enthalpy 

change can be used to describe the tetragonality of barium titanate powders. Thus in the 

barium titanate powders studied, tetragonality can be said to decrease with decreasing 

particle size. 

The average c/a values, which quantitatively define the tetragonality of barium 

titanate, generally decrease with decreasing particle size, Figure 4.8. However, if the 

margin of error is taken into consideration, there is not much difference in c/a values for 

barium powder with average particle size 209µm, 153µm, 66µm and 41µm. Only in the 

powder samples with average particle size 2µm was there a great reduction c/a value. The 

reason for this is the decreasing tetragonality of barium titanate ceramic with decreasing 

grain size. The grain size of the as-received barium titanate sample C was about 10µm. 

Thus, for powders with average particle size greater than 10µm, it is expected that the c/a 

values should remain close because of similar grain size. This explains why the bigger 

size fractions had comparable c/a values. The slight differences in the c/a values may be 

due to a decrease in grain size of the surface grains during the size reduction step. Since 

the grain size in powder samples with particle size 2µm is less than 10µm, the decrease in 

tetragonality was very large. 

Since the decrease in tetragonality of barium titanate ceramic is truly a 

consequence of decreasing grain size rather than particle size, a probable solution is by 

using small barium titanate particles with less grains, or if possible through the use of 

single crystals.  

A plot of average c/a values as a function of enthalpy of transformation is shown in 

Figure 4-9. The almost linear relationship between c/a and enthalpy change values 

indicates that for comparison purposes, the enthalpy change may be used as an indicator 

of tetragonality. 
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Figure 4-9:   Average c/a values as a function of transformation enthalpy 

 

 

4.3 Effect of Processing Conditions on Tetragonality of Barium Titanate 
Powder 

 
Table 4.3 gives c/a values of barium titanate powder with average particle size 

209µm, investigated using different uniaxial compaction pressures, sintering atmospheres 

and cooling rates.  

 

Table 4-2 c/a values of barium titanate powder subjected to different processing conditions 

Sintering 

Atmosphere 

Average c/a 

Value 

None 1.0101 

Argon 1.0100 

Hydrogen 1.0097 

Air 1.0091 

Cooling 

rate, o/min 

Average c/a 

value 

None 1.0101 

5 1.0093 

10 1.0081 

15 1.0082 
 

Compaction 

pressure, MPa 

Average c/a 

value 

negligible 1.0100 

306 1.0059 

460 10076 

612 1.0068 
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4.3.1 Effect of Sintering Atmosphere and Cooling Rates 
 

The three sintering atmospheres investigated had little effect on the tetragonality 

of barium titanate. There is not much difference in c/a values obtained for powders 

treated in reducing (hydrogen.), neutral (argon), and oxidizing (air) atmospheres. This 

result is for only barium titanate particles. Since the effect of sintering atmosphere on 

tetragonality of barium titanate particles when embedded in a copper matrix was not 

studied, there is no guarantee that of some of the oxygen ions in BaTiO3 will not combine 

with copper ions to form copper oxide when the composite is sintered in an atmosphere 

without plentiful supply of air. 

Cooling rates of 5o/min, 10o/min and 15o/min used in this study were slow enough 

to allow transition of barium titanate powder from the cubic-tetragonal. Thus, the 

tetragonality of the powders stayed constant for all cooling and heating rates investigated. 

 

4.3.2 Effect of Uniaxial Compaction Pressure 
 

The effect of uniaxial pressure on tetragonality of barium titanate has a lot to do 

with the orientation of the individual crystals making up the ceramic. In barium titanate 

single crystal, uniaxial pressure applied in the direction of the c crystallographic axis is 

likely to decrease the c/a value by decreasing the c planer distance. Samara[75] observed 

that the ferroelectric-paraelectric transition in BaTiO3 obeys the Clausius-Clayperon 

equation  

 

 
Q
∆VT

d
dT cc =

p
 [22]

 

where p is the uniaxial pressure. ∆V and Q are the transition volume and latent heat, 

respectively. From Equation 22, an increase in uniaxial compaction pressure will favor 

the smaller cubic volume, thereby stabilizing the cubic phase. 

In polycrystalline barium titanate, however, the individual crystals are randomly 

arranged and their c crystallographic axes may not be necessarily aligned in the same 
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direction as the applied pressure. Consequently, uniaxial pressure may not have a direct 

correlation with tetragonality as Samara suggested. 

Results of c/a values for barium titanate powder pressed at 306MPa, 460MPa and 

612MPa did not show any trend in tetragonality. Compared to the loose powder 

(negligible pressure), however, there was a general decrease in the c/a ratio in all the 

pressed powders. The suspicion here is that the decrease in tetragonality upon pressing 

barium titanate powders may be due to decrease in tetragonality of those crystals with c 

axes orientated in the same direction as the applied pressure. If this assumption is true, 

then the use of hot isostatic pressing or cold isostatic pressing as a technique in 

consolidation metal-BaTiO3 composites may seriously harm tetragonality of barium 

titanate since pressure is applied from all directions. 

 

 

4.4 Identification of Tetragonal Phase in Composites  
 

To confirm the retention of tetragonal barium titanate in the composites after 

sintering, DSC scans were performed on samples machined from composites D1, D2 and 

D3, Figure 4-10. Since the DSC curve for copper does not show any peak within the 

temperature range tested, the peaks observed in D1, D2 and D3 can be ascribed to 

tetragonal barium titanate particles embedded in the copper matrix. ∆H values for the 

composites are considerably smaller when compared to that of barium titanate powder 

alone. This does not necessarily mean a drastic decrease in tetragonality after composite 

processing. This is because, the total mass used in calculating ∆H values in the composite 

that of copper and barium titanate combined. Therefore it is quite normal that ∆H values 

for the composites be less. This is also not to say tetragonality of the powders did not 

decrease during composite processing. Further investigations may be needed to determine 

whether a decrease in tetragonality of the barium titanate reinforcements during 

composites fabrication occurs  
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Figure 4-10:   DSC curves Cu-BaTiO3 composites and copper between 100oC and 150oC 

 

 

4.5 Microstructure of Sintered Composites 
 

Figures 4-11 to 4-13 are optical micrographs showing polished surfaces of 

composites D1, D2 and D3 respectively. In D1 and D2, the barium titanate 

reinforcements exist as single particles which are uniformly distributed in the copper 

matrix. This is not the case for composite D3. Due to the small sizes of barium titanate 

particles, there is extensive agglomeration of the reinforcement particles. Hence instead 

of single reinforcement particles, a chain-like BaTiO3 structure was formed.  
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Figure 4-11:   Optical microscope image of composite D1. 

 

 

100µm

 

Figure 4-12:   Optical microscope image of composite D2. 

 

 

Cu matrix

BaTiO3
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Figure 4-13:   Optical microscope image of composite D3. 
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Figure 4-14 shows a more detailed SEM image of the microstructure of composite 

D1. The dark areas are porosity in the composites. The porosity level is typical in all 

fabricated composites. 

 

BaTiO3

Cu matrix

pores

Figure 4-14 Backscatter SEM micrograph of polished  Cu-BaTiO3composite 

 

The percent porosity and density values determined for the composites and copper 

are given in Table 4-4. The high percentage porosity recorded in the composites is due to 

the porous nature of the barium titanate particles as well as well as pores formed at the 

Cu-BaTiO3 interface. The as-received barium titanate sample was about 75% dense and, 

even though the samples were crushed, there was not much improvement in the density 

of the powders following consolidation. Due to poor copper–barium titanate bonding, 

some of the reinforcement particles were removed during mechanical polishing. Large 
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dark areas on the microstructure correspond to barium titanate particles that were likely 

removed during polishing. 

 

 

 

Table 4-3 Density and percentage porosity of sintered discs 

Sample Archimedes 

density,g/cm3 

Pycnometer density, 

g/cm3 

Average Percent 

porosity 

D1 7.201±0.084 7.233±0.039 15.97 

D2 7.158±0.071 7.277±0.011 15.28 

D3 7.074±0.092 7.178±0.042 19.76 

D4 8.883±0.045 8.851±0.034 1.05 

 
 

4.6 Electroless copper plating of barium titanate powders 
 

Barium titanate powder with average particulate sizes of 209µm and 66µm were 

electroless plated with copper. Figure 4-15 is an optical microscope image showing a 

polished barium titanate particle coated with copper. 

 

Copper layer

5µm

 

Figure 4-15:   Optical microscope image of copper coated  barium titanate particle 
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 Evidence of copper coating on barium titanate particles was provided by EDS 

and XRD. Figures 4.16 and 4.17 are x-ray diffraction patterns of the electroless copper 

plated barium titanate powders. 
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Figure 4-16:   X-ray diffraction pattern of electroless copper plated BaTiO3 powder with average particle 

size of 209µm. 
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Figure 4-17:   X-ray diffraction pattern of electroless copper plated BaTiO3 powder with average particle 

size of 66µm. 

 

The x-ray diffraction pattern for plated barium titanate between 2θ angles of 40o 

and 50o shows two peaks. The split peaks of the (002) and (200) planes around 45o and an 

additional peak at approximately 43.3o. The additional peak, which is absent in the 

diffraction spectrum of uncoated barium titanate, (Figure 4-6) is a copper peak in the 

standard Cu-Kα x-ray diffraction spectrum for copper. This peak, therefore, confirms the 

presence of copper on barium titanate.  
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The EDS spectrum obtained from analysis of a 1µm3 volume of plated barium 

titanate powder also indicates the presence of copper, Figure 4-18. The fact that barium 

(Ba) shows up in the EDS spectrum is an indication that the deposited copper layer was 

less than a micron, or most probably, non-uniform deposition of copper on the barium 

titanate surfaces.  

 

 

 

Figure 4-18:   EDS spectrum of electroless copper plated BaTiO3 particle 

 

 

4.6.1 Surface Morphology of Electroless Plated Barium Titanate Particles 
 

Figures 4-19 to 4-22 are SEM micrographs of barium titanate particles before and 

after plating. A magnified SEM image of barium titanate surface before and after 

electroless plating are also shown in Figures 4-23 and 4-24. Surfaces of copper plated 

powders look smoother than powder without the coating. As shown in Figure 4-25, 

however, not all barium titanate surfaces were covered with copper. Due to the rough 

surface introduced during size reduction, and the many open pores on the surfaces of 

barium titanate particles used for plating, there was non-uniform copper deposition. 

Rough and porous surfaces had little or no coating while relatively smoother surfaces 

were uniformly coated with copper.  
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The problem of non uniform copper deposition can be addressed by allowing a 

thicker layer of copper deposition. The best option, however, is to use barium titanate 

particles which are smoother and have less pores on the surface. Barium titanate particles 

with such characteristics can be produced by employing the wet synthesis routes 

discussed in section 2.5.3.  

 

 

 

 

Figure 4-19:   SEM micrograph of BaTiO3 powder, 
average particle size 209µm, before plating.   

 

 

Figure 4-20:   SEM micrograph of barium titanate 
powder, average particle size 209µm, after plating. 

 

 
Figure 4-21:   SEM micrograph of BaTiO3 powder, 

average particle size 66µm, before plating.   

Figure 4-22:    SEM micrograph of barium titanate 

powder, average particle size 66µm, after plating. 
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Figure 4-23:   Surface morphology of barium titanate particle before electroless plating. 

 

 
Figure 4-24:   Surface morphology of barium titanate particle after electroless plating. 
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Figure 4-25:   Surface of electroless copper plated barium titanate particles showing uniform and non-
uniform copper deposition 

 



 68

4.6.2 Effect of Plating on Tetragonality of Barium Titanate Powders 
 

Barium titanate powder fresh from the plating bath was dark brown in color, 

probably due to oxidation. After heat treatment at 200oC in hydrogen gas atmosphere for 

30mins, the dark brown color changed to the reddish brown color of copper powder. DSC 

and XRD analysis on copper coated powders indicates an increase in tetragonality. An 

increase in tetragonality of barium titanate powders when coated with copper was first 

observed by Liu[63]. The reason for this behavior is the decrease in depolarizing energy 

when barium titanate particles are surrounded by a conductive layer. This result is 

encouraging for metal-barium titanate composites since the presence of a metal matrix 

surrounding barium titanate particles is expected to decrease the depolarizing energy, and 

stabilize the tetragonal phase. Table 4-5 gives c/a values of barium titanate powder before 

and after copper coating.  

 

Table 4-4  c/a values of BaTiO3 powder before and after electroless copper plating 

 
Average particle size, µm c/a value before plating c/a  value  after plating 

209 1.0101 1.0109 

66 1.0085 1.0098 

 
 

4.7 Copper Matrix Composite Fabricated Using Plated Barium Titanate 
Powder 

 
The percentage porosity of the copper-coated Cu-BaTiO3 composite was less than 

that of the composites with uncoated particles. An average percentage porosity of 11.86% 

was obtained for Cu-BaTiO3, containing copper coated reinforcements with average 

particle size of 209µm, an improvement over the 15.97% porosity obtained in the 

composite containing uncoated barium titanate particles. Yet, the 12% porosity is still too 

high for the composites. At this level of porosity, mechanical properties such as tensile 
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strength and ductility will be affected negatively. The use of less porous and coated 

barium titanate will greatly enhance the density of the composites. Reduction in the 

volume fraction of ceramic reinforcement will likely improve the density and hence 

improve mechanical properties. 

 

 

4.8 Damping Behavior of Cu-BaTiO3 Composites 
 

Figure 4-26 shows damping capacity (tanδ) as a function of temperature for Cu-

BaTiO3 composites D1, D2 and, D3 tested between 25oC and 165oC using a frequency of 

1Hz. Also shown on the same plot is tanδ curve for unreinforced copper metal. The 

damping values were taken after the second thermal cycle. The first thermal cycle was 

taken as an annealing step which removed stresses and some imperfections introduced 

during composite fabrication. A thermal cycle involves heating the samples from 25oC to 

165oC and cooling back to 25oC at a heating and cooling rate of 10o/min.  
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Figure 4-26:   Comparison of  damping  capacity at 1Hz for Cu-BaTiO3 composites D1, D2, D3 and 
unreinforced copper metal 
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Within the temperature range and frequency tested, the damping capacities of the 

composites are higher than the unreinforced copper metal. Moreover, damping capacity 

of the composites increases with increasing particle size. The curve for the Cu-BaTiO3 

composites D1 and D2 depicts relatively constant damping values up to the Curie 

temperature of the barium titanate reinforcements, after which there is a drop in damping 

capacity values. For composite D3, there is no significant drop in damping capacity 

values after the Curie temperature. In the unreinforced copper metal, damping capacity 

values stay fairly constant initially, but increase gradually as temperature increases 

The damping behavior of the composites can be explained by considering the 

damping mechanisms operating in the composites before and after the Curie temperature.  

Figure 4-27 is the damping curve for Composite D1 which has been separated into two 

regions by the Curie temperature, Tc. 
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Figure 4-27:  tanδ as a function of temperature in BaTiO3 composite D1 

 

 

4.8.1 Damping Behavior Below the Curie Temperature 
 

In PMMCs, there are several mechanisms that contribute to the overall damping 

capacity. Interfacial mechanisms, point defect interactions, dislocation motion, grain 

boundary relaxations and thermoelasticity are damping mechanisms that can occur in 
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PMMCs. Below the Curie temperature, the barium titanate particles are ferroelectric. 

Hence, ferroelectric damping mechanisms such as domain wall interactions with defects, 

viscous sliding of domain walls and domain wall freezing are likely to be operating in the 

composites.  

Since no distinct peak was seen in the tanδ curve for copper within the 

temperature range tested, grain boundary relaxation can be excluded from the possible 

damping mechanisms occurring in the composites. Moreover, Williams and Leak [76] 

reported a temperature of 250oC and frequency of 1Hz as the conditions for grain 

boundary relaxation in copper. Hence, under the current testing conditions, it is safe to 

assume grain boundary relaxations did not contribute much to the overall damping 

capacity of the composite. Damping by thermoelasticity will also not be significant in the 

composites. This is because thermoelastic damping in particulate reinforced metal matrix 

composites have been shown to be active only at testing frequencies above 

100Hz[37].Therefore, the damping mechanisms operating in the composite below the 

Curie temperature are some combinations of dislocation motion, point defect interactions, 

interfacial damping and, ferroelectric domain interactions.  

 

4.8.2 Damping Behavior Above the Curie Temperature 
 

Above the Curie temperature, the barium titanate reinforcements are entirely cubic. 

As a result, the ferroelectric properties of barium titanate are lost and the reinforcement 

becomes paraelectric. Hence, the main damping mechanisms likely to be operating above 

the Curie temperature in the composites are point defect damping, dislocation damping, 

and interfacial damping. The loss in ferroelectric properties lead to a drop in tanδ values 

of composites D1 and D2 above the Curie temperature. In composite D3 however, the 

tetragonality of the reinforcement particles as determined by x-ray diffraction was small. 

Hence there is likely no ferroelectric damping mechanisms operating in composite D3, 

and this may explain why there was no drop in tanδ values of composite D3 after the 

Curie temperature  

In bulk barium titanate ceramic, the drop in tanδ values after the Curie temperature 

is abrupt, Figure 4-28. From Figure 4-26, however, the difference in composite damping 
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values before and after the Curie temperature is small. It seems ferroelectricity is not 

contributing much to the overall damping capacity of the composite. There are two 

possible explanations for this behavior. First is the decrease in ferroelectric damping 

mechanisms by going from bulk BaTiO3 to small particulates. The second reason may be 

inadequate stress transfer from the matrix to the ferroelectric barium titanate particles due 

to the porosity and an associated weak Cu-BaTiO3 interface.  
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Figure 4-28:   Damping in bulk barium titanate ceramic 
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5 CHAPTER FIVE - CONCLUSIONS AND FUTURE WORK 
 
 

5.1 CONCLUSIONS 
 
 

5.1.1 Tetragonality of Barium Titanate Powder 
 

Tetragonality of barium titanate powder studied was found to decrease slightly as 

particle size decreases. For samples with average particle sizes of 209µm, 153µm, 66µm 

and 41µm, the decrease in tetragonal was minimal. In powders with average particle size 

of 2µm, there was substantial decrease in tetragonality. This is because the larger barium 

titanate powder contained particles with comparable average grain size. Since the 

tetragonality of barium titanate depends on grain size, the bigger barium titanate particles 

are expected to have similar c/a values. The slight differences in the c/a values may be 

due to decreasing grain sizes for grains on the surfaces of the particles from the size 

reduction step. In the small particles (average particle size 2µm), the grains are definitely 

smaller than 10µm and thus, the drastic reduction in c/a values. 

Cooling rates up to 15o/min did not have any effect on tetragonality of barium 

titanate powders. There was also no difference in tetragonality of barium titanate powders 

heat-treated in hydrogen gas, argon gas and, air.  

Uniaxial compaction pressure decreases the tetragonality of barium titanate 

powders. However, a direct relationship between uniaxial compaction pressure and 

tetragonality was not found. 

 

 

5.1.2 Fabrication of Cu-BaTiO3 Composites 
 

Cu-BaTiO3 composites containing tetragonal barium titanate as the reinforcement 

phase were successfully fabricated. Due to high porosity in the barium titanate as well as 

porosity along Cu-BaTiO3 interface, composites fabricated using uncoated barium 

titanate were only about 85% dense. Using copper coated barium titanate particles as 
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reinforcement served to improve the density of the composites. The increase in density is 

attributed to reduction of porosity along the matrix-reinforcement interface. The 13% 

remnant porosity is however still high for a metal matrix composite. Mechanical 

properties such as tensile strength and ductility could suffer from such porosity levels.  

 

 

5.1.3  Damping Behavior or Cu-BaTiO3 Composites 
 

Ferroelectricity did not appear to contribute much to the overall damping capacity 

in the Cu-BaTiO3 composites. For this reason, there was little difference in damping 

values before and after the Curie temperature. Possible explanations may include  

1. decreased ferroelectric damping mechanisms when bulk barium titanate is 

reduced to small particulates. 

2. lack of adequate stress transfer from the matrix to the ferroelectric transfer 

due to porous Cu-BaTiO3 interface.  

 

 

5.2 Proposed Future Work 
 
 

Over the course of this project, several important observations were made which will 

require additional investigation. The following are summaries of the future direction of 

this study. 

 

• There is a need to control chemical composition, grain size, particle size and 

particle size of the barium titanate powder in order to maximize the ferroelectric 

properties. Hence, in the future, barium titanate powder will be synthesized such 

that there will be adequate control over grain size, chemical composition and 

particle size. The wet synthesis techniques described in section 2.5.3 will be 

explored for this purpose. 
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• At present, the 40% volume fraction of barium titanate being used is high and 

may have undesirable effects on mechanical strength and ductility of the 

composites. Therefore, smaller concentrations of BaTiO3 will be considered. 

 

• There is a great possibility of enhancing the damping characteristics of the barium 

titanate by poling to form piezoelectric particles before they are dispersed in the 

metal matrix. Since heating BaTiO3 above the Curie temperature will destroy 

poling and hence, degrade the piezoelectric properties, processing techniques that 

can be used to effectively consolidate the metal and reinforcement powder below 

the Curie temperature must be found. A colleague working on this project is 

currently investigating different low temperature processing techniques for this 

purpose. 

 

• In addition to characterizing damping and mechanical properties, electrical 

properties of the composites such as conduction will be worth examining  

 

• Finally, a computer based model describing damping, mechanical and other 

properties of these composites would be attempted. 
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