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(ABSTRACT) 

 

 The in-situ synthesis of piezoelectric-reinforced metal matrix composites has been 

attempted with a variety of target matrix and reinforcement materials using reaction 

synthesis and high energy ball milling. Zinc oxide (ZnO) and barium titanate (BaTiO3) 

have been successfully synthesized within copper and iron matrices in a range of volume 

percentages using reaction synthesis. The microstructures of these composites have been 

analyzed and found to partially consist of an interpenetrating microstructure. After 

considering experimental findings and thermodynamic issues involved with synthesis, 

ideal reaction system parameters have been identified that promote the creation of a 

composite with ideal microstructure and formulated composition.  Reactive high energy 

ball milling has been used to create copper matrix composites reinforced with zinc oxide 

and copper matrix composites reinforced with lead titanate (PbTiO3). The microstructures 

and compositions of each volume percentage formulation of the composite powders have 

been analyzed. In this work, several promising piezoelectric-reinforced metal matrix 

composite systems have been identified as having potential to be synthesized in an in-situ 

manner.  
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0. APPLICATIONS AND OBJECTIVES OF RESEARCH 
 

In-situ methods of synthesizing composites composed of a metal matrix 

reinforced with piezoelectric ceramic will be examined. Specifically, the feasibility of 

using reaction synthesis and high energy ball-milling to produce selected piezoelectric-

reinforced metal matrix composites will be investigated. Synthesis parameters that affect 

composite properties will also be considered in successfully synthesized systems. 

The in-situ synthesis of piezoelectric-reinforced metal matrix composites is being 

studied because it is proposed that a dispersion of piezoelectric ceramic crystals can serve 

to provide passive acoustic damping through the conversion of elastic strain to current to 

heat via idealized "shorting" of the piezoelectric at the particle/matrix interface1. As a 

reinforcing particle, the piezoelectric can further act to impart strength to the structurally-

capable metallic matrix. A schematic is shown in Figure 1 that illustrates the potential 

multifuctionality of such a material in an application. It must be emphasized that this 

concept is theory only and has not yet been proven experimentally.  

The ability of a piezoelectric-reinforced composite to provide passive damping is 

not covered in the scope of this work, but if these composites are proven to provide 

passive damping capability it will be beneficial to have the ability to create them using 

in-situ techniques. In-situ techniques offer advantages evident not only in composite 

properties, but also in composite processing.  These advantages include strong 

matrix/reinforcement interfaces, pure composite products, unique microstructures and 

fast and cost-efficient processing. It is important to characterize the in-situ synthesis of 

feasible piezoelectric-reinforced metal matrix composites in order to potentially use in-

situ methods of production.  

Some of the importance of this work also lies in the fact that reaction synthesis of 

oxide-reinforced metal matrix composites has not been examined much before. Some of 

the piezoelectric ceramics selected in this study are oxides, so this will work will act to 

increase the reaction synthesis knowledge base by exploring more composite systems that 

can be created in this manner.  

Keeping the above concepts in mind, the specific goals of  this work include: 
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• Selection of feasible matrix/piezoelectric combinations to synthesize by high 

energy ball milling and/or reaction synthesis, 

• Attempted synthesis of selected composite systems with varying volume fractions 

of reinforcement phase to determine if anticipated composite products can be 

formed,  

• Characterization of the microstructure of succesfully-synthesized composite 

systems in terms of morphology of the reinforcement phase, 

• Changing synthesis parameters in successfully-synthesized composite systems to 

determine the effect on composite synthesis and microstructure, 

• Explaining results and microstructural observations in terms of reaction 

mechanisms, thermodynamics and process theory. 

 

 

Figure 1. Possible application of a piezoelectric-reinforced metal matrix composite if 
found to provide passive damping capability. 
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1. CLASSIFICATION OF METAL MATRIX COMPOSITES 
 

The purpose of creating a composite material is to achieve an enhanced 

combination of properties by combining at least two different material phases with 

different properties. Compositing makes it possible to create materials with properties 

unattainable in conventional monolithic materials. Metal matrix composites (MMCs) 

usually combine the properties of the metal matrix (ductility and toughness) with a high 

strength, high modulus reinforcing phase which is usually a ceramic, although a 

refractory metal is sometimes preferred. Using this definition, a precipitation-hardened 

metal could be classified as a composite, but the distinction lies in the fact that true 

composite reinforcements are thermodynamically stable. They don’t dissolve or go into 

solution with temperature fluctuation, which is what occurs in precipitation-hardened 

metals. MMCs have been given an increasing amount of attention and use in recent years 

partly due to developments in processing methods, but also because of an increasing 

understanding of various structure-property relationships2.  

Composite properties can vary depending on composite microstructure, which can 

be subdivided into four basic categories according to whether the reinforcement is in the 

form of continuous fibers, short fibers, particles, or a more complex interpenetrating 

geometry and are described as follows: 

(a) Fiber reinforced composites are those in which the reinforcing phase consists of 

long continuous fibers or filaments. Diameters of the reinforcing fibers average 

about 10 to 100 µm and volume fractions of up to 70% are used. The reinforcing 

fibers have large aspect ratios (length/diameter). The properties in these 

composites are anisotropic, or vary with direction. 

(b) Short fiber or whisker reinforced composites are those in which the reinforcing 

phase consists of chopped fibers or whiskers. The properties of the composite 

vary with aspect ratio and size of the whisker whether they are aligned or 

randomly oriented. Properties are isotropic in randomly oriented whisker-

reinforced composites and anisotropic in the composites with an aligned structure. 
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(c) Particulate reinforced composites are those in which the reinforcing phase 

consists of dispersed particulates or platelets with low aspect ratios. The 

properties in this type of composite are isotropic, or independent of direction. 

(d) Interpenetrating phase composites are composites in which each phase is 

topologically interconnected throughout the microstructure3. These are a 

relatively new class of composites made possible because of novel processing 

techniques developed over the past 15 years. Since the interpenetrating structure 

is three-dimensional in nature, properties in this type of composite are isotropic. A 

schematic illustrating the difference between a particulate reinforced composite 

and an interpenetrating composite is shown in Figure 2. 

 

 

Figure 2. Schematic of (a) a particulate composite and (b) an interpenetrating two-phase 
composite5. 

 

Various characteristics including composite properties, processing methods, 

fabrication cost and application are associated with each class of composite described 

above. The reinforcement types can be further divided into two categories, continuous 

and discontinuous. 
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1.1 CONTINUOUS REINFORCEMENT OF METAL MATRIX COMPOSITES 
 

Early studies on the development and behavior of fiber reinforced MMCs focused 

on the improvement of materials used in the aerospace and defense industries and were 

therefore based on aluminum and titanium matrices4. There were significant advances 

made in this area, including the development of continuous carbon and boron fibers, but 

the high cost of the fibers combined with highly labor intensive manufacturing processes 

limited extensive industrial application of these composites. The development of new 

lower cost fibers has expanded the use of continuous fiber reinforced composites into 

non-aerospace industries in recent years. New rapid and simple production methods have 

also aided in the expansion of applications in which continuous fiber reinforced 

composites have become economically feasible.  

In continuous fiber reinforced composites, the primary role of the matrix is to 

transmit and distribute the applied load to the fibers. The efficiency of the load transfer 

depends on the strength of the matrix/reinforcement bond, which may sometimes be 

diminished by fiber/matrix reactions that may occur during processing. High volume 

fractions of fiber (~40-80%) are typically employed and consequently matrix 

microstructure and strength are of secondary importance2.  The matrix also acts to hold 

the fibers together, align them in a desired stress direction, protect them from damage, 

and provide protection against corrosion and oxidation. 

Continuous fiber reinforced composites have excellent axial strength for uniaxial 

load applications, but there are disadvantages associated with the fabrication including 

the interfacial interactions mentioned earlier, along with fiber damage, microstructural 

non-uniformity and fiber to fiber contact4. These composites are also anisotropic unless 

complex multilayered configurations are employed which may increase the degree of 

isotropy, but also increases the already high fabrication costs.  

Interpenetrating phase composites are relatively new class of composite materials 

realized because of novel processing techniques developed in the last 15 years. They are 

defined as multiphase composites in which each phase is topologically interconnected 

throughout the microstructure. This results in a material with multifunctional 

characteristics, each phase contributing its properties to macroscopic properties of the 
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composite. Processing methods that have been used to create these materials include 

infiltration of porous preforms, chemical vapor infiltration, directed metal oxidation and 

colloidal methods3. In-situ solid state displacement reaction processing has also been 

shown to create interpenetrating MMCs6-8. Figure 3 shows an SEM image of a polished 

cross-section of an interpenetrating NiAl-Al2O3 composite processed using a solid state 

displacement reaction between NiO and NiAl powders. Being a relatively new 

development, interpenetrating composites have not found their way to industrial use and 

are still in the research and development stage, but are promising because of certain 

advantages they can have over discontinuous phase composites including stability against 

microstructural coarsening and enhanced fracture resistance3,5.  

 

Figure 3. An SEM image of a polished cross-section of an interpenetrating NiAl-Al2O3 
composite. NiAl is the lighter phase, Al2O3 the darker phase6. 

 

1.2 DISCONTINUOUS REINFORCEMENT OF METAL MATRIX COMPOSITES 
 

Short fibers, whiskers, particulates and platelets make up the family of 

discontinuous reinforcements. Properties of the composite can be varied by changing 

size, aspect ratio, orientation or volume fraction of the reinforcement and therefore can be 

tailored to be isotropic or anisotropic. In contrast to continuous reinforced composites, 

both matrix and reinforcement bear significant portions of the load in discontinuously 
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reinforced composites, so matrix strength plays a significant role in the overall strength of 

the composite. This generally gives them inferior mechanical properties comparatively, 

but there are many advantages to using discontinuous reinforcement that have made these 

composites the most commercially attractive system for many applications2. While 

discontinuous reinforced MMCs have shown significant increases in performance over 

the unreinforced matrix material, they additionally have good transverse properties and 

can be processed at a much lower cost than their continuously reinforced counterparts9. 

Discontinuous MMCs can be processed using conventional metallurgical processes such 

as casting, extrusion, forging, swaging and rolling to shape them into their final product 

form. This is the main factor keeping fabrication costs below those of continuously 

reinforced MMCs, because conventional metallurgical processes are limited for use with 

continuous fibers and interpenetrating phases. Most of them would cause the disruption 

of the desired microstructure. 

 
1.3 STRENGTHENING IN DISCONTINUOUSLY-REINFORCED METAL MATRIX 
COMPOSITES 
 

For discontinuously reinforced composites, both load transfer from matrix to 

reinforcement and the effect of the presence of the reinforcement on the properties of the 

matrix need to be considered in order to explain observed strengthening behavior2.  

Several mechanisms have been proposed to try to explain the increases in yield strength 

of discontinuously reinforced composites with equiaxed particles in the range 0.5-5 µm in 

diameter. These include continuum models, dislocation density effect mechanisms, 

Orowan strengthening models and Hall-Petch relationship models10.  

When considering all the possible mechanisms explaining the strengthening 

behavior in discontinuously reinforced composites, there are certain properties that show 

up in one or more instance that contribute to strengthening. These include size, shape and 

distribution of reinforcing phase, the strength, ductility and strain behavior of the matrix 

and the interfacial energy and bonding between phases. In general, the strongest 

discontinuously-reinforced metal matrix composite would consist of large volume 
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fractions of closely-spaced, small-diameter, high aspect ratio, aligned, high-strength 

particles strongly bonded to and well-distributed in a strong, work-hardening matrix. 

 
1.4 SUMMARY 
 

As more processing technologies and new and lower cost reinforcements are 

developed, metal matrix composites become a more attractive material for advanced 

industrial applications. The combination of properties that may be achieved with 

composite materials may not be achieved with monolithic materials and can be varied 

with amount and type of reinforcement. Continuously reinforced composites include 

continuous fiber or filament reinforced composites and interpenetrating phase 

composites. Discontinuous reinforcements include whiskers, platelets and particles. 

Strengthening in discontinuously reinforced metal matrix composites depends on the 

properties of the matrix metal, strength of the particle-matrix interface and the size and 

spacing of the reinforcement.  It is therefore very important to understand how processing 

affects these properties.  
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2. IN-SITU PROCESSING OF COMPOSITES 
 

2.1 INTRODUCTION 
 

 In-situ composites are composites in which the reinforcement phase is formed 

directly within the matrix during the processing and fabrication of the materials. The 

variety of in-situ processing techniques available offer great advantages in contrast to the 

difficulties associated conventional composite processing11. Where conventional 

mechanical mixing can often produce thermodynamically unstable composites, in-situ 

processing often produces a naturally thermodynamically stable mixture of phases. 

Because many in-situ reinforcements are produced by exothermic reactions when they 

nucleate and grow within the matrix phase, the products or desired composite phases are 

usually in their most compositionally stable form with respect to free energies.  The 

thermodynamically stable formation of reinforcement also results in composites which 

are essentially free of any detrimental chemical reactions between the matrix and 

reinforcement resulting in strong matrix-reinforcement interfaces12. It must be noted that 

although in-situ composites are oftern compositionally thermodynamically stable, 

microstructural coarsening of the reinforcement phase can occur so they are not in a state 

of total thermodynamic stabilty. 

In addition to being compositionally thermodynamically stable, in-situ composites 

have other advantages in terms of composite microstructure. Discontinuously reinforced 

composites produced from mechanical mixing of constituents may have a non-uniform 

distribution of the reinforcement phase which can be deleterious it terms of mechanical 

properties whereas in-situ processed composites have a more well-distributed 

microstructure10,11. Another advantage to in-situ processing is larger volume fractions of 

reinforcement phase can be incorporated into the matrix phase as compared to the 20 or 

30 volume percent reinforcement maximum when whiskers or particles are mechanically 

mixed with the matrix phase. In addition to amount of reinforcement phase, there is also 

more flexibility in terms of size of reinforcement. Significantly finer particles can be 

formed with in-situ processing without any of the health risks associated with handling 

fine particles or whiskers12. Also, other more complicated interpenetrating 
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microstructures are able to be formed in-situ that would very difficult if not impossible to 

form synthetically6.  

In addition to all the advantages resulting in more mechanically capable 

composite, there is also the potential for much lower fabrication costs with in-situ 

processing. Not all in-situ processing techniques share all the above mentioned 

advantages, but there are a variety of techniques to choose from that may have useful 

features depending on the composite requirements. These processes include variations of 

solid state displacement reactions, oxidation-reduction reactions, phase changes, 

nucleation and recrystallization, compound formation, and decomposition reactions11. In-

situ processing strategies can be divided into two broad categories: constitutional 

strategies and morphological strategies. 

 

2.1.1 CONSTITUTIONAL STRATEGIES  
 

 In constitutional in-situ processing, the chemistry of the constituents is used to 

create the reinforcement phase within the matrix using methods where its precipitation 

and growth can be carefully and creatively controlled. Since the reinforcements in these 

methods are formed by reaction, feasible matrix-reinforcement combinations are limited 

by the thermodynamics of the system. Examples of constitutional strategies include: 

 (a) Liquid-gas reactions. This technique involves the injection of a gas into a 

reactive liquid metal resulting in the formation of the reinforcement as a product of the 

gas-liquid reaction (Figure 4). A rapid reaction occurs between solute alloying elements 

and the gas introduced and produces a fine dispersion of the reinforcement in particle or 

platelet form. This process can produce particles from 0.5 to 5 µm in size and can 

incorporate up to 40 volume percent reinforcement depending on melt viscosity13. It has 

been used to form carbides and nitrides in aluminum, copper and nickel intermetallic 

matrix composites12. One major advantage is that this technique can be used to form near 

net shape parts.  

 (b) Solid-liquid-gas reactions. This technique utilizes the high thermal energies of 

plasma to create reactive species in the presence of a heated vapor, liquid and/or solid. 

Solids precipitate from the gas. Reinforcement particles sizes from 0.005 to 5 µm have 
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been formed with this process. Oxides, carbides and nitrides have been formed in 

aluminum, titanium and nickel metals and intermetallics with this technique.  

 

Figure 4. A schematic illustration of the liquid-gas in-situ reaction process12. 

 

(c) Liquid-solid processing (reaction synthesis). This strategy is exemplified by 

the XDTM process developed by Martin Marietta Corporation which is used to process in-

situ ceramic particle reinforced metal matrix composites. Powders of the elemental 

components of the reinforcing phase are mixed into the metallic or intermetallic matrix 

material and the mixture is heated to a point where the elemental constituents react 

exothermically to completion by way of a self-sustaining reaction. The matrix phase acts 

as a solvent that facilitates the diffusion of the reacting components leading to the 

formation of a dispersion of reinforcing particles in the matrix (Figure 5). The product of 

the process is highly porous, so conventional metallurgical processing is used to obtain 

full density and/or required shape. High reinforcement volume fractions can be achieved 

and the size of reinforcing particles can vary from 0.1 to 3 µm. The process has been used 

to create various carbide, boride, silicide and nitride-reinforced metal matrix 

composites12,14.  

 

Figure 5. Schematic of process for making XDTM composite materials14. 
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 (d) Liquid-liquid processing. Sutek Corporation developed the Mixalloy process 

for forming in-situ ceramic reinforced metal matrix composites. The process involves a 

reaction between two or more high-speed turbulent molten metal streams to produce the 

second phase. The resulting mixture can then be cast or rapidly solidified. The technique 

has produced copper alloys with extremely fine TiB2 reinforcement, but has not been 

demonstrated for aluminum-based composites12. 

 (e) Solid-solid processing (mechanical alloying or high energy ball milling). This 

process involves a mechanically-activated reaction between two or more solid powders in 

a high-energy ball mill. Mechanical alloying was originally developed by JS Benjamin in 

the 1980’s to create oxide-dispersion-strengthened nickel superalloys. The technique is 

now used to create a variety of composite systems. 

 

2.1.2 MORPHOLOGICAL STRATEGIES 
 

 In morphological in-situ processing, the composite architecture is produced 

through creative processing of an otherwise “conventional” multiphase alloy. Examples 

of morphological strategies include the following: 

 (a) Directional Solidification. This method produces metal matrix composites 

with either a continuous fibrous or lamellar microstructure through the controlled 

unidirectional solidification of a liquid eutectic alloy. These were the first materials 

referred to as in-situ composites and were the focus of much research effort in the 70’s 

and 80’s15. These materials haven’t seen much attention lately because of a few 

disadvantages associated with the technique. There is a lack of versatility in terms of the 

number of eutectic systems capable of producing composite microstructures. There is 

also limited variability in terms of volume fraction of reinforcement that can be produced 

due to the fixed volume percentages of the phases within the eutectic. Also, solidification 

rates are very slow (cm/hr), which pushes up the fabrication costs.   

 (b) Lanxide process. The Lanxide Corporation developed two different processes 

for making metal-ceramic composites by exposing liquid metal alloys to oxidizing 

atmospheres. The final product is a three-dimensional, interconnected, interpenetrating 

co-continuous network of oxide and microchannels of metal alloy. (i) The DIMOX 
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process involves the controlled oxidation of a liquid metal alloy to produce a monolithic 

metal/ceramic matrix with fiber and/or particulate reinforcement. (ii) The PRIMEX 

process involves the spontaneous pressureless infiltration of the molten metal through a 

preform of the reinforcing phase. Very high reinforcement volume fractions are 

attainable. The technique has been used to form composites where aluminum, titanium 

and zirconium are used to toughen their respective oxides. These processes can be used to 

form near net shape parts12,16. 

 (c) Deformation Processing. In this technique, the composite is formed during 

mechanical processing. A primary technique, such as casting or powder processing, must 

first be used to create a multiphase billet that may be rolled extruded, wire drawn or 

swaged. The phases co-deform and the resultant morphology consists of an elongated 

minor phase within the matrix (Figure 6). 

  

 

Figure 6. Extensive cold deformation of a two phase solid can yield a microstructure 
aligned along the deformation direction17. 

 
2.2 REACTION SYNTHESIS OF COMPOSITES  
 

 Reaction synthesis or combustion synthesis is a processing technique that uses a 

reaction’s exothermic heat of reaction to provide the needed thermal energy required to 

spontaneously synthesize compounds from their elemental or compound constituents. 

Reaction synthesis can be conducted in two modes, the self-propagating high temperature 
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synthesis (SHS) mode and the thermal explosion or simultaneous combustion mode. In 

SHS mode, the reaction is started at one end of a compacted sample composed of the 

constituent powders, and self-propagates through the reactants in the form of a 

combustion wave. In the thermal explosion mode, the sample is heated uniformly in a 

controlled manner until the reaction takes place spontaneously throughout the entire 

sample volume.  This mode is used predominantly for weakly exothermic systems that 

require preheating prior to ignition18,19.  

In addition to producing monolithic ceramics and intermetallics, reaction 

synthesis may also be used to in-situ synthesize discontinuously reinforced metal, 

intermetallic and ceramic matrix composites14,18-22. In the solid-solid synthesis of 

ceramic-reinforced metal or intermetallic matrix composites, two starting constituent 

strategies may be considered. The matrix metal source, M, can be elemental and 

combined with elemental or compound constituents of the ceramic reinforcement phase, 

A, B, AC, BC: 

ABMBAM +→++ ,   2ABCMBCACM +→++  

In this case, the matrix (metal) component often melts first and acts as a 

nonstoichiometric liquidous solvent which serves to kinetically facilitate the particulate-

forming exothermic reaction between other reinforcement-forming constituents22. The 

source of the matrix phase can also be a compound powder containing the metal and one 

of the constituents needed to form the reinforcement phase. In this case, a displacement 

reaction reduces the compound to form the matrix metal and create the reinforcement 

phase with the other constituent. Elemental metal may also need to be added in order to 

control the matrix/reinforcement phase proportions.  

ABM)x2(BMAM)x1( ++→+++  

This strategy can be used when one of the reinforcement constituents is not available in 

solid powder form, such as oxygen. The reinforcement-forming mechanisms in these 

reactions become slightly more complicated depending on the melting temperatures of 

the constituents. The thermodynamics of the reaction system need to be analyzed in order 

to determine the state of the reactants during the reinforcement-forming reaction and to 

ultimately explain the mechanisms that control the degree of completion and 

microstructural features of the product composite. 
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2.2.1 REACTION SYSTEM THERMODYNAMICS 
 

In SHS mode, the reactant sample pellet is heated on one end to a temperature, 

Tig, when the exothermic reaction is ignited and releases heat that allows the reaction to 

continue to self-propagate through the pellet. The maximum temperature reached during 

the reaction is the combustion temperature, Tc. Figure 7 shows a schematic temperature-

time plot for a typical reaction. When adiabatic conditions apply and no heat is lost to the 

surroundings during the reaction, the maximum combustion temperature can be assumed 

to be the adiabatic temperature, Tad
19. In actual practice, heat is being lost to the 

environment during the reaction, especially in weakly exothermic systems where wave 

propagation is slow, but Tad provides a useful estimate of the reaction temperature18. It is 

also used as a parameter in assessing the feasibilty to synthesize a given system in self-

propagating mode, and has been empirically suggested that the SHS mode can be 

sustained only if K1800Tad ≥ 18,19.    

 

Figure 7. Schematic representation for a typical combustion synthesis reaction19. 

 

 Enthalpy-temperature plots of the reactants and products can be used to 

graphically determine Tad . Figure 8 shows a schematic representation of a reaction 

enthalpy-temperature plot for reactants and products that undergo no phase changes. 

When the reactant pellet is heated from room temperature, To, to Tig, the initiated reaction 
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generates heat that results in a maximum adiabatic temperature, but some of this heat is 

needed to raise the temperature of the adjacent reaction layer from To to Tig. This amount 

of heat, indicated on Figure 8, is H(R). The difference between the enthalpy of the 

products and that of the reactants at Tig is the total heat of reaction, ∆H(Tig), so the 

amount of heat available to heat the products from Tig to Tad(To) is ∆H(Tig)-H(R), 

designated H(P) on Figure 8. Preheating the reactants above Tig to T1 will decrease H(R), 

increase H(P) and increase the adiabatic temperature to Tad(T1). Increasing the preheat to 

Tig, or putting the system into simultaneous combustion mode, decreases H(R) to zero 

and increases the maximum adiabatic temperature achievable with the reaction system, 

Tad(Tig). As the difference between To and Tig increases, the more the actual recorded 

combustion temperature varies from the theoretical adiabatic temperature because there is 

more opportunity for heat loss from the reaction front. Under simultaneous combustion 

mode of SHS, the combustion temperature should be approximately equal to the 

maximum adiabatic temperature, Tad(Tig)19. Ignition temperature and combustion 

temperature can be affected by changes in reaction parameters, such as reactant powder 

size and reactant compact green density. 

 

Figure 8. Schematic representation of an enthalpy-temperature plot for a combustion 
synthesis reaction that involves no phase changes in reactants or products19. 
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2.2.2 REACTION PARAMETERS THAT AFFECT SYNTHESIS AND COMPOSITE PROPERTIES 
 

In the production of composites and monolithic ceramics and intermetallics, there 

are several processing variables that can be altered to effect changes in the quality of the 

SHS reaction and the product structure. In order to control the process, fully understand 

the mechanisms occuring during composite formation and ultimately produce composites 

with tailored properties, the effect of processing variables must be understood. Reaction 

synthesis variables include reactant particle size and shape, powder mixing, reactant 

compact green density and diameter, stoichiometry(use of inert reactants),ignition 

technique and heating rate18,20,21. These can be split into two categories: reactant green 

compact properties and reaction conditions.  

Once starting constituents are chosen, the materials must be purchased and 

pressed into a reactant pellet. Depending on desired started constituents, reactant powders 

can be purchased in several different size ranges and can be made smaller by methods 

such as high energy ball milling. In the formation of Ni3Al intermetallic by reaction 

synthesis, it was found that the size ratio of the major phase(Ni) to minor phase(Al) 

should be 2.5:1 in order for the reaction to go to completion18
. In this ratio, the minor 

phase can form an interconnected network around the major phase and a more complete 

reaction can take place. Using the same theory, powder mixing of the reactant 

constituents also has an affect on the completion of the reaction. It is very important to 

get good powder mixing so the reacting species are able to come into contact with one 

another when the reaction front comes through21. It has been demonstrated in several 

different monolithic ceramic and intermetallic systems that combustion wave velocity 

and combustion temperature increase and ignition temperature decreases  with decreasing 

reactant particle size18,20-22. Powder shape has also been shown to have an affect on 

ignition. Where spherical powders of Ti and C have been shown to react and propagate to 

form TiC, foil sheets or flakes of Ti and C would not ignite22. The size of the particles 

also has an effect on the particle packing and therefore, on the green density of the 

reactant powder compact. Smaller particles are more difficult to compact because of 

increased agglomeration and interparticle cohesion due to increased surface area. Green 

density has an affect on the thermal conductivity and specific heat of the green compact, 
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so heat transfer at the reaction front is different depending on green density. At very low 

densities, if enough heat is not sufficiently transferred, the reaction is extinguished. At 

very high densities, rapid heat transfer from the combustion may also lead to extinction 

of the reaction. An optimum green density must be obtained. Sample diameter can also 

have an effect. The velocity of the combustion wave has been shown to decrease with 

decreasing sample diameter as a consequence of high radial heat losses20. Anytime there 

are dilutents or non-reactive powders added to the reactant compact, the heat capacity of 

the mixture is increased and the adiabatic temperature is decreased18-25. The lower 

exothermicity of the system also decreases combustion wave propagation and may 

prevent the mixture from igniting at all. Dilution occurs in composite synthesis when 

excess matrix metal is added to the reactant mixture. In composite formation, 

reinforcement size has been shown to increase with a decrease excess metal or increase in 

adiabatic temperature23,24.  

The logistics of igniting the reactant pellet can also effect the combustion 

properties. Many different techniques can be used to ignite an SHS reaction including 

laser radiation, radiant flux, resistance coil heating, microwave heating, induction furnace 

with susceptor, spark, and chemical oven. Each technique has different effects on the 

surrounding environment and ignites the pellet in different places and with different 

surface areas, which may have an effect on wave propagation and combustion 

temperature20. The heating rate to the ignition temperature of the reaction can also effect 

the wave propagation and combustion temperature. If the pellet is heated very quickly to 

the ignition temperature while the rest of the pellet remains at room temperature, when 

the reaction front propagates, more heat is energy is lost by conduction to the unreacted 

part of the pellet. This could lead to an incomplete reaction or extinction of the reaction 

once it starts, similar to the effects of low green density. When heating the pellet slowly, 

the entire pellet can preheat before ignition which increases the adiabatic temperature of 

the system and leads to a more complete reaction because of enhanced diffusion18.   
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 2.2.3 ADVANTAGES OF REACTION-SYNTHESIZING COMPOSITES 
 

 Because reaction synthesis is an in-situ technique for producing discontinuously-

reinforced composites, the product has many advantages that influence both 

processability and composite performance as compared to synthetically synthesized 

composites. One major advantage is the thermodynamic stability and clean nature of the 

matrix/reinforcement interfaces23.  Because the reinforcement forms by reaction during 

processing, the products formed are usually those that are most thermodynamically 

stable. The product should be compositionally stable with temperature, preventing any 

solubility or detrimental side reactions that sometimes occur in mechanically mixed 

composites. This produces strong matrix/reinforcement interfaces that enhance 

mechanical properties. It is also possible to produce very small sub-micron sized 

reinforcements, which enhance mechanical properties and enable the composite product 

to be welded or cast into final structural forms.  

Some beneficial attributes are unique to reaction synthesis. Because high 

temperatures are reached during synthesis, low boiling point impurities can volitize out of 

the reactant pellet, resulting in purer products than those produced by more conventional 

techniques21. Another benefit is the compositional flexibility allowed by the technique. 

Composites with high volume percentages of reinforcement (>60%) can be produced 

while it is difficult to add more than 20-30% reinforcement in conventional processing11. 

On the practical side, the technique is very time-efficient and cost-efficient. Reaction 

rates can be extremely fast and conventional equipment may be used without large 

energy outputs associated with melting and mixing constituents, but there are some 

disadvantages that increase production costs18.  

 

2.2.4 DISADVANTAGES ASSOCIATED WITH REACTION SYNTHESIS 
 

 Gases entrapped in the matrix during processing can lead to a highly porous 

product (~50% of theoretical density)21. Sometimes this can be overcome by synthesis 

with simultaneous application of external pressure, leading to a dense product18. Several 

other conventional powder metallurgy techniques can be used to densify reaction 

synthesis products, such as hot isostatic pressing, forging, swaging or extrusion, but such 
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processing acts to increase the cost of fabrication. Figure 9 shows a processing scheme 

for reaction-synthesized composites to a final composite shape. Another disadvantage is 

the number of feasible matrix/reinforcement combinations is limited by the 

thermodynamics of the reaction system.  The desired matrix and reinforcement phases 

must be the most thermodynamically stable phases when the constituents react in order to 

form the desired composite. Great care must also be taken when working with toxic 

materials, such lead and cadmium, because of the high temperatures achieved during 

synthesis. For worker safety, these materials should not be used in the reaction synthesis 

of materials unless a very good ventilation system is available to divert toxic gases. 

 

Figure 9. Secondary processing scheme for a reaction-synthesized composite 

 

 

2.2.5 COMPOSITE SYSTEMS CREATED WITH REACTION SYNTHESIS 
 

 Since this thesis work focuses on synthesizing metal matrix composites, a short 

summary of the metal and intermetallic matrix composites that have been synthesized 

using reaction synthesis and will be given according to the published work found. 

Because reaction synthesis got its start synthesizing ceramics, much work has been done 

on many ceramic matrix composite systems, but not nearly as many metal matrix 

composites systems have been reported to be synthesized. Table 1 summarizes the 
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systems found in literature to be synthesized using reaction synthesis. Because of their 

importance to the aerospace industry, the most prominent systems found reported in 

literature are Ti and Al-based metals and intermetallics reinforced with carbides or 

borides. It can be noted that the only oxide reinforcement reported on is Al2O3 and 

reinforcement phases are all binary compounds.   

Matrix Reinforcement Reactant Powders Reference 
TiB2 Ni, Al, Ti, B 26, 27 NiAl 
TiC Ni, Al, Ti, C 28 

TiAl TiB2 Ti, Al, B 23, 27 
Al3Ti TiB2 Ti, Al, B 23 

Ti TiC and Al2O3 TiO2, C, Al 19, 29 
TiC and Al2O3 TiO2, C, Al 19 
TiB2 and Al2O3 TiO2, B2O3, Al 19 
ZrB2 and Al2O3 ZrO2, B2O3, Al 19 
B4C and Al2O3 B2O3, C, Al 19 

HfB2 Al, Hf, B 31 

Al 

TiB2 Al, Ti, B 14 
Fe TiC Fe, Ti, C 32, 33, 34 

TiB2 Cu, Ti, B 35 Cu 
TiB2 and TiN Cu, Ti, BN 36 

Table 1. Composite systems found in literature created by reaction synthesis. 

 

2.3 HIGH ENERGY BALL MILLING 
 
 High energy balling is a solid state, low temperature means of producing 

ceramics, intermetallics, solid solutions, amorphous phases and ceramic-, intermetallic- 

and metal-matrix composites. The process is call mechanical alloying when applied to 

mostly metallurgical systems37. High energy ball milling is another technique that may be 

used to synthesize in-situ discontinuously-reinforced composites, whereby the energy 

needed to initiate the solid state synthesis reaction comes from high velocity impacts of 

metallic balls with the precursor powder blend. Solid state reaction rates are in general 

controlled by diffusion of the reacting species through the product material, so the 

reactivity of the solids are dependent on initial contact areas and hence particle size, on 

factors that influence diffusion rates, such as defect densities and local temperatures, and 

on product morphology38. In high energy ball milling, powder particles undergo repeated 

fracture and cold welding during ball-powder-ball and ball-powder-container collisions, 
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bringing atomically clean surfaces into contact and allowing solid state reactions to take 

place across the welded interface39. This repeated fracture and cold welding also acts to 

effectively “knead” the newly-formed reinforcement particles of the composite into the 

matrix to form a well-dispersed microstructure(Figure 10). High defect densities created 

in the powder during attrition enhance diffusion rates and thus play a role in increasing 

reaction rates38.  

a. b.

Figure 10. (a)Representative starting powders and their after-collision characteristics and 
(b)a ball-to-ball collision with the powder mixture showing the flattening of ductile 
components and the envelopment of brittle components to form composite particle 
morphology. 

 

2.3.1 COMPOSITING STRATEGIES IN HIGH ENERGY BALL-MILLING 
 

 Mechanical alloying was developed by Benjamin and coworkers in the 1970’s to 

produce oxide dispersion strengthened superalloys. No chemical change was intended in 

that process. The sole purpose of ball milling was to disperse fine oxide particles in a 

nickel matrix, but theory was presented whereby solid state reactions could also occur39. 

Ball milling is still used to create metal matrix composites by thoroughly solid state 

mixing two or more components47. Fine microstructures can still be produced because the 

brittle nature of the ceramic component allows it to be ground smaller while being mixed 

with the ductile matrix phase(Figure 10). Schaffer and McCormick38 discovered that ball 

milling can induce a combustion reaction between a metal oxide and a more reactive 

metal, producing a composite with the reduced metal as a matrix. Composites may also 

be created using an elemental matrix precursor with elemental or compound 
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reinforcement precursors. When a mixture is reaction milled, it was found that two 

entirely different reaction kinetics can occur, sometimes depending on minor changes of 

the milling conditions: (1)The reaction may extend to a very small volume during each 

collision, resulting in a gradual transformation. Since metals and oxides are generally 

immiscible, a nanocomposite microstructure is formed. (2)A self-propagating combustion 

or mechanically induced self-propagating reaction (MSR)37 may take place resulting in a 

very fast reaction rate and composite formation. The higher temperatures reached may 

result in partial melting of the powder mixture. This is to be avoided if the aim is to 

create a nanocomposite, or composite reinforced with nanosized particles40.  

The gradual or combustive nature of a reaction-milled mixture depends on 

thermodynamic parameters, the microstructure of the reaction mixture, and the way they 

develop during the milling process.  More exothermic reactions are more likely to 

produce a MSR, although reaction parameters may be changed in order to reduce the 

adiabatic temperature of the reacting mixture40. The effects of changes in reaction 

parameters will be discussed in the next section, but another clever strategy to composite 

a normally combustive mixture in a gradual manner is worth discussing. Ying and 

Zhang41 ball milled a mixture of Cu, CuO and Al to produce a Cu-Al2O3 metal matrix 

nanocomposite and found a self-propagating combustion reaction took place, resulting in 

fairly large Al2O3 particles 5-50 µm in size and separated from the Cu phase. In order to 

prevent combustion and create nanosized reinforcement particles, the investigators  

formed a Cu(Al) solid solution via mechanical alloying and then milled this with CuO to 

form the Cu-Al2O3 composite. This prevented combustion and gradually formed 

reinforcement Al2O3 reinforcement less then 200 nm in diameter. It is possible to create 

even smaller reinforcements using high energy ball milling depending on the reaction 

system and reaction parameters.  

 

2.3.2 PARAMETERS THAT AFFECT SYNTHESIS AND COMPOSITE PROPERTIES 
 

In reactive high energy ball milling, powder mixture properties, such as adiabatic 

temperature and ductility have been demonstrated to have an affect on the reaction 

condition. If a reaction system is sufficently exothermic, it will produce a self-
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propagating exothermic combustion reaction. In these reactions, the time until ignition, tig 

is used to gauge the effect of certain reaction parameters. Schaffer and McCormick have 

observed a decrease in tig with an increase in Tad
38. It has also been observed that less 

exothermic reaction systems with  a significantly lower Tad react in a gradual manner. 

Propagation of a thermally-activated self-propagating reaction requires a minimum Tad of 

1800K42. This minimum Tad is reduced to 1300K for mechanically-induced reactions. 

The nature of the reaction also depends on the microstructure of the reacting sytem38. The 

development of the microstructure depends on the mechanical properties of the 

components, especially the ductility. For example, in most oxide-metal composite 

systems, the brittle oxide particles get finely dispersed in the ductile metal matrix. If the 

reducing metal in these systems is also brittle, agglomerates of reactant particles may not 

be able to develop so the reaction may not be able to be initiated40. 

Reactive high energy ball milling variables that can affect the nature of the 

reaction include type of mill used, starting powder size, charge ratio (ball weight: powder 

weight), size, hardness and number of balls, dilutent amount  and use of lubricant while 

milling37. The mill is typically one of three different configurations(Figure 11). One is a 

vertical mill such as a Szegvari attritor, which can be used to produce moderate volumes 

of material in “moderate” times (on the order of tens of hours). The second type is a 

vibratory mill, exemplified by the SPEX shaker mill, which can produce very small 

amounts of reacted powder (<20 grams) in relatively short times (typically, less than an 

hour). In this system, the balls and powder are placed in a small vial which is agitated at a 

high frequency in orthogonal directions.The third type is a conventional horizontal ball 

mill in which large volumes of powder are put in a large drum (>1 m. in diameter) which 

rotates about its cental axis at a speed just below the critical speed that would pin the 

balls to the wall of the drum. Processing times are typically on the order of days or 

more44. Different weights of balls and powder are used in each of these processes, but 

there are general trends in tig and noticed as relevent parameters are changed. In general, 

with other parameters remaining constant, smaller starting powder size, increased charge 

ratio and increased ball mass, size and hardness all act to decrease tig. This is due to either 

an increase in ball collisions per amount of powder or an increased collision energy37,40,45. 

The type of reaction can be changed from abrupt to gradual by the addition of a non-
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reactive species or dilutent which acts to increase Tad by increasing the heat capacity of 

the mix and decrease reaction rate by further separating the reacting species43. The use of 

lubricant, such as toluene, in the reaction mixture during milling may also change a 

reaction from combustive to gradual by acting as a dilutent and preventing cold 

welding38.   

 

a) Attritor Mill39 b) Vibratory Mill44 

 

 

c) Horizontal Ball Mill44 

 

Figure 11. The three ball mill variations that may be used to produce composites39,44. 

 

2.3.3 BENEFITS OF HIGH-ENERGY BALL MILLING COMPOSITES 
 

 Because reinforcements can be created in-situ during the processing of the 

composite microstructure, ball milled composites share many of the same benefits of 

other in-situ composites. The reinforcements are thermodynamically stable and clean, 

strong matrix-reinforcement interfaces are created. There are other benefits unique to 

ball-milling that aren’t shared by other in-situ composites. Nanometer sized 

reinforcements in the range of tens of nanometers are possible with high energy ball 

milling. Reinforcements of this size are definitely not available for synthetically 

fabricated composites and would present a health hazard if they were available. The 

nature of ball milling also promotes a very homogeneous microstructure which is 

beneficial from a mechanical properties standpoint. Another benefit is comes from the 

fact that ball milling is a room temperature synthesis technique. This allows the synthesis 

of systems containing toxic materials, like heavy metals lead and bismuth, without the 

health risks associated with high temperature synthesis. 
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2.3.4 DISADVANTAGES ASSOCIATED WITH HIGH-ENERGY BALL MILLING COMPOSITES 
 

 Like the product of reaction synthesis, secondary processing is needed to get the  

ball milled composite into a final structural form. Conventional powder metallurgy 

processes can be used, but add to the processing costs. Unlike reaction synthesis, ball 

milling is neither time nor energy efficient if large volumes of powders need to be 

produced. Ball mills need to be operated for days and the energy requirement is 

substantial, which adds on to the primary processing costs. Because the composite 

product is in the form of very fine composite particles with high surface area, great care 

has to be taken to prevent oxidation after primary processing which may also cause an 

increase in fabrication cost. Another disadvantage shared with reaction synthesis is the 

limitation on feasible matrix-reinforcement combinations. Because reaction systems with 

low adiabatic temperatures can be synthesized, there are more possible combinations as 

compared to reaction synthesis, but system thermodynamics still dictate stable phases. 

Some combinations still aren’t thermodynamically feasible. Another disadvantage is 

unique to ball milling is possible contamination introduced into the composite structure 

as a result of the high energy ball collisions. Some of the material from the vial and 

milling balls is sometimes found in the product composite, though it is usually a very 

small amount37. 

 

2.3.5 COMPOSITE SYSTEMS CREATED USING HIGH-ENERGY BALL MILLING 
 

 Thermite reactions between aluminum powder and the oxide of a less reactive 

metal were the first solid state combustion reactions, so it isn’t suprising that the most 

widely investigated composite systems involve analogous metal-oxide displacement 

reactions37. Displacement reactions between metal chlorides and a more reactive metal 

have also been successful. Elemental powders have also been milled to form carbide-

reinforced composites. Many metal and intermetallic-matrix composite systems have 

been investigated and some of the successful compositing reactions are listed in Table 2 

along with the reference in which they are discussed. It can be noted that there are a large 

variety of oxides possible as reinforcement phases and that all the reinforcement 

materials are binary compounds. 
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Matrix Reinforcement Precursor Powders Reference 
CaO CuO, Ca 38,46 
NiO CuO, Ni 38, 46 
TiO2 CuO, Ti 38, 46 
Al2O3 CuO, Al 38, 41, 46 

Cu 

Fe3O4 CuO, Fe 38, 42, 46 
MgO ZnO, Mg 46 
CaO ZnO, Ca 46 Zn 
TiO2 ZnO, Ti 46 

Ti MgCl2 TiCl4, Mg 46 
Zr MgCl2 ZrCl4, Mg 46 
Al SiC Si, Al, C 47 

TiAl TiC Ti, Al, C 48 
Al2O3 Fe3O4, Al 42, 43 Fe 
ZnO Fe3O4, Zn 42 

Cr Al2O3 Cr2O3, Al 42, 49 

Table 2. Some composite systems found in literature created by high energy ball milling. 

 

 

2.4 SUMMARY 
 
 The key points pertinent to the present thesis which have been addressed in this 

chapter can be summarized as follows: 

1. Synthesizing composites using in-situ techniques can provide many practical and 

theoretical advantages over conventional synthetic synthesis, including 

thermodynamic stability, clean, strong matrix-reinforcement interfaces and  time 

and energy efficiency. 

2. Several in-situ techniques are available offering useful features that can be taken 

advantage of depending on the composite system to be synthesized. 

3. Reaction synthesis is an in-situ composite synthesis technique that uses a reaction 

system’s exothermic heat of reaction to synthesize composites from their 

elemental or compound precursers. 

4. There are several reaction synthesis process variables that affect the quality and 

completion of the synthesis reaction, including starting powder size, reactant 

pellet green density and powder mixing. 

5. Not many oxide-reinforced composites have been produced with reaction  

synthesis and all reinforcements have been binary compounds. 
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6. High energy ball milling is another technique that may be used to synthesize in-

situ discontinuously-reinforced composites, whereby the energy needed to initiate 

the solid state synthesis reaction comes from high velocity impacts of metallic 

balls with the precursor powder blend. 

7. Reactive milling of the composite microstructure may occur gradually or in a self- 

propagating abrupt combustion. If nanometer-sized reinforcements are desired, 

the reaction must occur gradually.  

8. Milling reaction variables may be changed in some reaction systems in order to 

change a compositing reaction from abrupt to gradual. 
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3. EXPERIMENTAL PROCEDURES 
 

3.1 SELECTION OF SUITABLE MATRIX-REINFORCEMENT COMBINATIONS  
 
 At the beginning of the project, reaction synthesis was chosen as the in-situ 

method to be used to create piezoelectric-reinforced metal-matrix composites. 

Piezoelectric-matrix combinations were chosen knowing the strengths and limitations of 

the reaction synthesis process. A list of piezoelectric ceramics was compiled and is 

shown in Table 3. This is a large list but can be narrowed down to a much smaller list 

when considering the limitations of reaction synthesis processing.   

Health and safety risks were considered first. A large portion of the list is lead-

based compounds, which should be avoided because of health risks associated with 

heating these compounds to the high temperatures achieved during reaction synthesis. 

Bismuth is also a heavy metal that should also be avoided for similar reasons. Cadmium 

and its compounds are also very toxic. Elemental selenium is relatively nontoxic, but 

some of its compounds, such as hydrogen selenide (H2Se), are extremely toxic, so 

selenium compounds were also ruled out. Lithium reacts very violently with water and 

needs to be stored and used in a dry inert environment, which isn’t feasible during 

processing, so lithium compounds were also ruled out.  

Health and safety limitations rule out a good amount of the list, but other factors 

must also be considered, such as thermodynamic feasibility, piezoelectric properties and 

cost of materials. The more complex compounds were ruled out because the creation of 

the reinforcement relies on thermodynamics. The more constituents in the initial powder 

mix, the less likely the desired reinforcement compound will have the lowest free energy 

of formation and be formed. As noted in Chapter 2, past reinforcements created by 

reaction synthesis have been relatively simple binary compounds. From the compounds 

left, some materials were ruled out because they only display piezoelectricity at 

temperatures below room temperature (low Curie temperature). Starting constituent cost 

was also considered. Niobium and its compounds are quite expensive, so compounds 

containing niobium were crossed off the remaining list.  
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AgNbO3 Bi4PbTi4O15 CdTe (Na,Pb)NbO3 
PbTiO3-

Pb(Zn1/3Nb2/3)O3 
AgTaO3 Bi4Pb2Ti5O18 C2H4(NH3)2(C4H4O6) Na0.5Bi4.5TiO15 Pb(Ti,Sn)O3 

AlN Bi2CaNb2O9 (CH2CF2)n NaKC4H4O6-4H2O Pb(Ti,Zr)O3 

BaTiO3 Bi2CaTa2O9 C6H14N2O6 NH4H2PO4 
Pb(Ti,Zr)O3-

Pb(Fe0.5,Nb0.5)O3 

(Ba,Ca)TiO3 Bi4CaTi4O15 Cd2Nb2O7 ND4D2PO4 
Pb(Ti,Zr)O3-

Pb(Mg1/3Nb2/3)O3 

Ba.4Na.2NbO3 Bi2SrNb2O9 CuCl Pb0.925La0.05Zr0.56 
Ti0.44O3 

Pb(Ti,Zr)O3-
Pb(Ni1/3Nb2/3)O3 

BaNb2O6 Bi2SrTa2O9 GaAs (Pb0.58Ba0.42)Nb2O6 Pb(Tr,Zr)O3 
(Ba,Pb)TiO3 Bi4SrTi4O15 K2C4H4O6-0.5H2O (Pb,Ba)(Ti,Sn)O3 Pb(Ti,Zr,Sn)O3 

(Ba,Sr)Nb2O6 Bi4Sr2Ti5O18 KH2PO4 (Pb,Ba)(Ti,Zr)O3 PbZrO3 

(Ba,Sr)TiO3 Bi2BaNb2O9 (K,Na)NbO3 
(Pb0.76Ca0.24) 

[(Co1/2W1/2)0.04Ti0.96]O3+ 
2 mol%MnO 

PbZrO3-BaZrO3 

Ba(Ti,Zr)O3 Bi2BaTa2O9 KNbO3 PbHfO3 Pb(Zr,Sn,Ti)O3 
(Ba0.777Ca0.133 

Pb0.090)TiO3 
Bi3BaTi2NbO12 K(Nb,Ta)O3 

0.65Pb(Mg1/3Nb2/3)O3-
0.35PbTiO3 

g-Se 

BeO Bi4BaTi4O15 LiGaO2 PbNb2O6 a-SiO2 
Bi3TiNbO9 Bi4Ba2Ti5O18 LiNbO3 Pb(Nb,Ta)2O6 SrBi4TiO15 
Bi3TiTaO9 Bi4.5Na0.5Ti4O15 LiTaO3 PbSnO3 Sr2Ta2O7 
Bi4Ti3O12 Bi(Na,K)Ti2O6 LiIO3 (Pb,Sr)Nb2O6 SrTiO3 

Bi5Ti3GaO15 Bi4.5K0.5Ti4O15 
(Na0.5K0.5)NbO3 

(hot pressed) (Pb,Sr)(Ti,Zr)O3 WO3 

Bi5Ti3FeO15 BiFeO3 
(Na,Ca)(Mg,Fe,Al,Li)3Al6-

(BO3)3(Si6O18)(OH,F)4 
PbTiO3 ZnO 

Bi2PbNb2O9 Bi12GeO20 (Na,Cd)NbO3 PbTiO3-BiFeO3 Beta-ZnS 
Bi2PbTa2O9 CdS NaNbO3 PbTiO3-Pb(Fe0.5Nb0.5)O3 ZnSe 

Bi3PbTi2NbO12 CdSe Na(Nb,Ta)O3 PbTiO3-Pb(Mg1/3Nb2/3)O3 ZnTe 

Table 3. List of piezoelectric compounds to be considered for the reinforcement phase. 

 

 Of the small remaining list, tetragonal barium titanate (BaTiO3) and hexagonal 

zinc oxide (ZnO) and zinc sulfide (ZnS) were chosen as candidate reinforcement 

materials to be synthesized using reaction synthesis. Barium titanate is very well known 

and characterized piezoelectric material that is used for a large variety of applications in 

industry because of its strong piezoelectric properties. Monolithic BaTiO3 has also been 

created by Russian scientists using reaction synthesis50. The piezoelectric phase of 

BaTiO3 is tetragonal and only stable at a temperature less than 130˚C. Figure 12 shows 

the temperature ranges of barium titanate’s stable phases. Zinc oxide is also used in 

industry as a piezoelectric material, but doesn’t show as strong of a piezoelectric effect as 

BaTiO3
1. It was also chosen because it is a simple binary compound, which is also why 

ZnS was chosen. ZnS also doesn’t display strong piezoelectric properties when compared 
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to BaTiO3. The piezoelectric phase of both ZnO and ZnS is hexagonal wurtzite (Figure 

13). The hexagonal phase of ZnO is stable over a wide temperature range, but the 

hexagonal phase of ZnS is only stable above 1020˚C. The cubic sphalerite structure is 

stable from room temperature to 1020˚C.  

 

Figure 12. The equilibrium structures of barium titanate. 

 

Figure 13.The hexagonal wurtzite structure, piezoelectric structure of ZnO and ZnS53. 

 

Because lead-based piezoelectric compounds are also very widely used in 

industry and display very strong piezoelectric properties, reactive high energy ball 

milling was employed to attempt to create in-situ composites reinforced with lead titanate 

(PbTiO3). The process is done at room temperature, so lead toxicity isn’t an issue. Lead 

titanate was chosen because it is the simplest lead-based piezoelectric compound and 

because monolithic PbTiO3 has been synthesized by other investigators using reactive 

ball milling51,52. The piezoelectric phase of PbTiO3 is tetragonal and the rest of the phases 

are similar to BaTiO3, though the transformation temperatures are different. For PbTiO3, 
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the cubic to tetragonal transition happens at 490˚C. Reactive high energy ball milling was 

also used to try and synthesize composites reinforced with BaTiO3, ZnO and ZnS.  

 Matrix selection was also made with respect to thermodynamic issues prevalent in 

both reaction synthesis and reactive ball milling. Matrix materials of composites created 

in the past by reaction synthesis have been mainly titanium and aluminum. Because 

titanium and aluminum oxides are very thermodynamically stable, these metals would not 

stay in their reduced state if reacted with oxygen. The oxides would also not be expected 

to react with a less reactive metal, such as zinc, so these metals weren’t considered as 

possible matrix materials in ZnO systems. Copper is a good matrix selection for oxide-

reinforced composites because its oxides are not as thermodynamically stable as ZnO or 

BaTiO3. Iron was also chosen as a possible matrix material for these systems for the same 

reason. Because titanium was used as a constituent of BaTiO3 formation, it was tried as a 

possible matrix for BaTiO3 systems along with a titanium aluminide, Ti-46at%Al. After 

looking at free energy of formation values for all possible products in metal-Zn-S 

systems, copper, iron, titanium and aluminum were all selected as candidate matrix 

materials in synthesized ZnS-reinforced composite systems.  

 

3.2 REACTION SYNTHESIS OF COMPOSITES 
 

After selecting the reaction to be used to create the composite, the following steps 

were taken to reaction synthesize composites: 

1) The reactant powder mixture was formulated according to reaction stoichiometry 

and the volume percent of reinforcement desired in the composite. 

2) The powders were blended to form a homogeneous mixture. 

3) Powder formulations were cold compacted into cylindrical pellets three quarter 

inch in diameter using a steel dye and a uniaxial hydraulic press. 

4) The green pellets were reacted using an induction furnace. The experimental set-

up is shown in Figure 14. One end of the pellet is heated by being placed next to a 

graphite susceptor placed in the induction coils. 

5) In an effort to keep the heating rate constant from sample to sample, the induction 

furnace voltage was initially turned to 100V. If the reaction hadn’t initiated after 

two minutes, the voltage was turned up to 120V. If after another 2 minutes, the 
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reaction still hadn’t started propagating, the voltage was turned up to 140V. If the 

reaction still hadn’t propagated in another four minutes, the induction furnace was 

powered down.   

Figure 14. Experimental set-up for the reaction synthesis of composites. 

 

3.2.1 FORMULATION AND REACTION SYNTHESIS OF ZnO-REINFORCED COMPOSITES 
 

 For thermodynamic reasons, copper and iron were chosen as the matrices to try 

and reinforce with zinc oxide using reaction synthesis. Displacement reactions were used 

to choose and formulate the reactant powder mixtures: 

ZnOCu)x3(ZnOCuCu)x1( 2 ++→+++  

ZnO4Fe)x4(Zn4OFeFe)x1( 43 ++→+++  

Each matrix metal has at least two oxide forms, but the chosen oxides were selected 

because they yielded the most exothermic reaction. The stoichiometry of each reaction 

was used to formulate the starting powder mixtures. Excess elemental matrix metal was 

added to control the amount of each phase present in the composite. Argon was flowed 

through the quartz reaction tube during the reaction. The Cu-ZnO reacted formulations 

are given in Table 4. The Fe-ZnO reacted formulations are given in Table 5. These 

reactions were done with the following powder sizes: -100 mesh Cu, -200 mesh Cu2O -

325 mesh Zn, -325 mesh Fe and 1-5 µm Fe3O4. Each formulation was roll mixed in a 

nalgene bottle for two hours at 60 rotations per minute with no milling media added. 

After being mixed, each formulation was cold pressed at 142-156 kN (32,000-35,000 

lbs.) or pressures of approximately 496-552 MPa (72-80 ksi). A high compaction 
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pressure was required because of the large amount of oxide in each formulation. Because 

the amount of ductile components in each formulation varied, the density of the pellets 

varied. The green density of each formulation was calculated using the dimensions and 

mass of each pellet. These values are given in Tables 4 and 5 along with theoretical 

densities. The adiabatic temperature for each formulation was determined using enthalpy-

temperature plots and assuming the ignition temperature is just above the melting 

temperature of zinc, the first constituent that melts. The enthalpy values for each 

constituent were from Barin54. Adiabatic temperatures are listed in Tables 4 and 5 along 

with where the plots can be found in Appendix A. 

Weight Percentage Density, g/cc Adiabatic 
Temperature Formulation 

Cu2O Zn Cu Green Theoretical Value, K Figure 

Cu+20vol%ZnO 23.78 10.87 65.35 6.78 8.06 1350 46 

Cu+25vol%ZnO 30.34 13.86 55.8 6.57 7.81 1358 47 

Cu+30vol%ZnO 37.18 16.99 45.83 6.09 7.55 1358 48 

Cu+40vol%ZnO 51.76 23.65 24.6 5.73 7.00 1700 49 

Cu+50vol%ZnO 67.67 30.92 1.41 5.31 6.39 2030 50  
Table 4. Reactant pellet formulations, green and theoretical compact densities and 
adiabatic temperatures for the Cu-ZnO composite system. 

 
Weight Percentage Density, g/cc Adiabatic Temperature Formulation 

Fe3O4 Zn Fe Green Theoretical Value, K Figure 

Fe+30vol%ZnO 16.65 18.81 64.54 5.68 7.28 1020 51 

Fe+40vol%ZnO 22.92 25.89 51.2 5.41 7.06 1125 52 

Fe+50vol%ZnO 29.61 33.45 36.94 5.11 6.82 1280 53 

Fe+60vol%ZnO 36.76 41.53 21.71 4.97 6.57 1415 54  
Table 5. Reactant pellet formulations, green and theoretical compact densities and 
adiabatic temperatures for the Fe-ZnO composite system. 

 
 An attempt was also made at creating a Cu-ZnO composite from brass and Cu2O 

starting powders. Since the amount of zinc in the formulation is fixed by the amount of 

brass, only one nominal volume percentage formulation was made. The brass used 

contained 20 weight percent zinc in solid solution with copper. So, the following 

equation was used to create the starting powder mixture: 

ZnO147.Cu853.OCu147.)Zn147(.Cu459. 2 +→+  
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If reacted completely, this formulation of 31 wt.% Cu2O and 69 wt.% brass should have 

yielded a composite with 25.87 volume % ZnO in copper. The brass also contained trace 

amounts of aluminum that could also show up in the reaction product. It was very 

difficult to cold press a pellet of this formulation because the dye that produces one inch 

diameter pellets had to be used. Even using the force limit of the hydraulic press (37,000 

lbs), the pellet still fell to pieces when trying to extract it. Therefore, a small piece of the 

pellet was reacted instead of the entire pellet.   

 

3.2.1.1 Changing reaction parameters in the ZnO composite systems 
 

 In reactions with low adiabatic temperatures, like those in the ZnO systems, there 

may be solid-solid reactions occurring along with solid-liquid reactions. Parameters such 

as reactant powder mixing and starting particle sizes are likely to have an effect on 

reaction completion and product microstructure. Originally, for the ZnO systems, the 

reactant powder mixtures were blended in a nalgene bottle on a rolling mill without any 

mixing media added. The mixtures visually looked homogeneous after being rolled at 60 

rpm for two hours. The particle sizes used initially are given in the previous section. One 

formulation from each system was chosen, Cu-30vol.%ZnO and Fe-40vol%ZnO, and the 

effects of adding milling media and changing particle size in these formulations were 

investigated. In the Cu-ZnO system, Cu and Zn powder sizes were changed and in the Fe-

ZnO system, the Fe3O4 powder size was changed. Table 6 shows the combinations of 

powder sizes compacted and reacted along with the sample name given to each mixture 

and if that mixture was blended with or without milling media. The milling media used 

was 20 grams of 0.635 cm. (¼ inch) in diameter zirconia cylinders. It was attempted to 

keep all other reaction parameters constant, but particle size does affect compaction 

properties of the mixture and therefore affects the green density of the reactant pellet. The 

smaller the particle size, the harder it is to compact. The green densities of the pressed 

pellets are also given Table 6. The theoretical density of each formulation is given in 

Tables 4 and 5. 
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Sample Name Cu Size Zn Size Cu2O Size Media? Green Density(g/cc) 
Cu30ZnOSE1wm -100 mesh -325 mesh -200 mesh Yes 6.11 
Cu30ZnOSE1nm -100 mesh -325 mesh -200 mesh No 6.18 
Cu30ZnOSE2wm -100 mesh 1-5 µm -200 mesh Yes 6.08 
Cu30ZnOSE3wm -325 mesh -200 mesh -200 mesh Yes 5.98 
Cu30ZnOSE4wm -100 mesh -200 mesh -200 mesh Yes 6.25 
Cu30ZnOSE5wm -325 mesh -325 mesh -200 mesh Yes 6.03 
Cu30ZnOSE5nm -325 mesh -325 mesh -200 mesh No 5.94 
Sample Name Fe Size Zn Size Fe3O4 Size Media? Green Density(g/cc) 

Fe40ZnOSE1wm -325 mesh -325 mesh -200 mesh Yes 5.85 
Fe40ZnOSE1nm -325 mesh -325 mesh -200 mesh No 5.94 
Fe40ZnOSE2wm -325 mesh -325 mesh 1-5 µm Yes 5.44 
Fe40ZnOSE2nm -325 mesh -325 mesh 1-5 µm No 5.38 

Table 6. Powder sizes of reaction mixtures of Cu-30vol%ZnO and Fe-40vol%ZnO used 
to determine the effect of starting powder size and degree of mixing on reaction 
completion and product microstructure. 

 

3.2.2 FORMULATION AND REACTION SYNTHESIS OF ZnS-REINFORCED COMPOSITES 
 

 In these formulations, zinc and sulfur powders were blended together with the 

selected matrix metal. No milling media was used to blend, but mixtures looked 

homogeneous after roll milling at 60 rpm for two hours. Formulations of 40 volume % 

ZnS were mixed, pressed and reacted first to determine if the systems would react. Only 

the Cu-ZnS formulation reacted and propagated, so formulations with other volume 

percentages of ZnS were mixed for this system only. The compositions of the pellets 

reacted are given in Table 7. Green densities were not measured for these pellets, but 

compaction pressures varied from 324-372 MPa (47-54 ksi). Argon was flowed through 

the quartz reaction tube during all the reactions. 

 

Weight Percentage 
Matrix Metal Formulated 

Volume% ZnS Matrix Zinc Sulfur 
Ti 40 51.4 32.6 16 
Al 40 50.3 33.4 16.3 
Fe 40 74.8 16.9 8.3 
Cu 40 77.2 15.3 7.5 
Cu 30 84 10.7 5.3 
Cu 20 90 6.7 3.3 

Table 7. Reactant powder compositions of the ZnS-reinforced composite systems. 
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3.2.3 FORMULATION AND REACTION SYNTHESIS OF BaTiO3-REINFORCED COMPOSITES 
 

 According to work published by Komarov and Parkin, monolithic tetragonal 

BaTiO3 may be synthesized by reaction synthesis from BaO2, TiO2 and Ti powders50. 

This formulation was used along with excess matrix metal to try and reaction-synthesize 

BaTiO3-reinforced composites. These type of BaTiO3 formulations were labeled formula 

1 (F1) and were reacted according to the following reaction: 

322 BaTiOxMTi5.0TiO5.0BaOxM +→+++  

Ti, Al, Ti-46at%Al, Ti-6at%Al, Cu and Fe were chosen as the matrix metal, M, to try and 

synthesize BaTiO3 within. Formulations of 40 volume % BaTiO3 were mixed, pressed 

and reacted first to determine if the systems would react and form the desired composite 

phases. The composition of reactant powders for these 40% BaTiO3 formulations are 

given in Table 8 along with the compaction pressure used to press the pellet. If the 

system looked promising, that is, the reaction propagated, the matrix metal stayed 

reduced and some form of BaTiO3 was created, other formulations were mixed and 

reacted. Table 8 indicates if other formulations were reacted, but does not give the 

constituent weights of these formulations. All of these reactions were done in an argon-

rich environment created by flowing argon through the quartz reaction tube during the 

reaction. 

 Another more exothermic reaction was used by Komarov and Parkin to try and 

produce monolithic BaTiO3. They reacted BaO2 and Ti in air and formed hexagonal 

BaTiO3 because of the higher temperatures reached. This reaction had the potential in 

these experiments to create tetragonal BaTiO3 in the composite reactions because the 

matrix metal acts as a dilutent and decreases reaction temperature. The reactions using 

these BaTiO3 precursors were called formula 2(F2) in these experiments and the 

following equation was used to formulate the reactant mixtures:  

322 BaTiOxM)airfrom(O5.0TiBaOxM +→+++  

All of the F2 reactions were done in air, which was used as the oxygen source. The 

composition of reactant powders for these 40 vol.% BaTiO3 formulations are given in 

Table 8 along with the compaction pressure used to press the pellet. Again, Table 8 
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indicates if other formulations were reacted, but does not give the constituent weight 

percentages of these formulations.  

The last reaction used to create BaTiO3-reinforced composites is a displacement 

reaction, so the source of oxygen needed to form BaTiO3 comes from an oxide of the 

matrix metal. These reactions were only tried using Cu and Fe matrices because their 

oxides are less thermodynamically stable than BaTiO3. The following reactions were 

labeled formula 3 (F3) and used to formulate the reactant powders: 

322 BaTiOCu)x3(TiBaOOCuCu)x1( ++→++++  

3243 BaTiO4Fe)x4(Ti4BaO4OFeFe)x1( ++→++++  

The reactions were run in an argon-rich atmosphere. Weight percentages of reactant 

powders for these formulation three 40 vol.% BaTiO3 formulations are given in Table 8 

along with the compaction pressure used to press the pellet and indication if other 

formulations were reacted. For all the formulations -100 mesh Cu, -325 mesh Al, -325 

mesh Fe, 1-5mm Fe3O4, -200 mesh Cu2O, -325 mesh Ti, -200 mesh BaO2 and -325 mesh 

TiO2 was used. 

 Weight Percentages 
Sample Name Al Fe Cu Fe3O4 Cu2O Ti BaO2 TiO2 

Pressure 
(ksi) 

Other 
Vol.% 

Ti40BTF1 X X X X X 58.53 33.55 7.92 72.4 None 
Al40BTF1 41.1 X X X X 2.42 42.75 4.04 74.7 None 

Cu40BTF1 X X 69.85 X X 3.1 21.89 5.16 74.7 20, 30, 
50 

Fe40BTF1 X 67 X X X 3.4 23.9 5.6 74.7 None 
Ti46Al40BTF1 16.3 X X X X 39.1 36.1 8.5 70.2 30 
Ti6Al40BTF1 1.9 X X X X 57.2 33.1 7.8 70.2 30 

Ti40BTF2 X X X X X 65.37 34.63 X 70.2 None 
Al40BTF2 42.8 X X X X 12.6 44.6 X 72.4 None 
Cu40BTF2 X X 71.34 X X 6.31 22.35 X 74.7 None 
Fe40BTF2 X 68.5 X X X 7 24.5 X 74.7 None 

Ti46Al40BTF2 16.9 X X X X 45.7 37.4 X 70.2 30 
Ti6Al40BTF2 1.96 X X X X 63.9 34.14 X 70.2 20,30 
Cu40BTF3 X X 53.4 X 18.5 6.2 21.9 X 79.2 30 
Fe40BTF3 X 61.1 X 4.86 X 6.8 23.9 X 79.2 30 

Table 8. Reactant powder compositions for 40 vol% BaTiO3-formulated composites and 
the pressure at which they were compacted. The other nominal volume percentages 
reacted for each system are also listed. 
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3.3 HIGH ENERGY BALL MILLING OF COMPOSITES  
 
 High energy ball milling was chosen as a second in-situ composite synthesis 

method mainly because it is a room temperature synthesis technique and PbTiO3-

reinforced composites could be attempted safely. A vibratory SPEX shaker mill was used 

with a hardened stainless steel vial and 7/16 inch in diameter hardened stainless steel 

milling balls. For all the mills, a charge ratio of 4:1 was used. A total mass of 20.625 

grams of reactant powder was milled together with 15 milling balls equaling 82.5 grams 

of milling media. The reactant powder was placed into the vial inside an argon-filled 

glove box so the reaction could take place in argon when milled. The reactant powder 

was homogenized in the vial with a spatula until no agglomerates of either component 

were observable visually. For the ball-milling experiments, only copper was used as a 

matrix material. For each first attempt in a composite system, a formulation of 30 volume 

percent reinforcement was attempted and analyzed before moving on to other 

formulations. To check the progress of a reaction, samples were taken out of the vial at 

certain time periods during milling. Approximately 1.5 grams of sample were taken at 

each interval to examine using x-ray diffraction. 

 
 
3.3.1 FORMULATION AND BALL-MILLING OF ZnO, ZnS AND BaTiO3-REINFORCED 
COMPOSITES 
 
 In the Cu-ZnO system, 20, 30 and 40 vol. % ZnO nominal formulations were 

reaction ball milled. The weight percentage compositions of the milled reaction powders 

are the same as those reaction-synthesized and are given in Table 4. A brass-Cu2O 

mixture was also milled in anticipation of forming a Cu-26vol.%ZnO composite. The 

weight percentages of each component used in this mixture are given in section 3.2.1. 

Each mixture formulation was stopped after 3, 6, 12 and 24 hours of milling. A mix of Cu 

and ZnO starting powders were also ball milled in order to form a mix-milled Cu-30 

vol% ZnO composite. Samples taken after 12 and 24 hours of milling were analyzed. In 

the Cu-ZnS system, only the Cu-30vol%ZnS starting mixture was milled and examined at 

3, 6, 12 and 24 hours. The composition of that reactant mixture is given in Table 7. Two 

Cu-30vol.% BaTiO3 formulations were reaction ball milled. Reactant powder mixtures 
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corresponding to formulas 1 and 3 described in section 3.2.3 above were ball milled in 

attempts to form a tetragonal BaTiO3-reinforced Cu-matrix composite.  No other volume 

percentages in this system were attempted. 

 
3.3.2 FORMULATION AND BALL-MILLING OF PbTiO3-REINFORCED COMPOSITES 
 
 Monolithic PbTiO3 has been synthesized by other investigators via ball-milling 

PbO and TiO2 powders together51,52; therefore, these powders were used as starting 

components, along with Cu matrix metal, in an attempt to form PbTiO3-reinforced Cu-

matrix composites. This is formula one (F1) of two starting component formulations used 

in an attempt to synthesize the composite. A displacement reaction was also used(F2): 

F1: 32 PbTiOxCuTiOPbOxCu +→++  

F2: 32 PbTiOCu)x5(TiPbOOCu2Cu)x1( ++→++++  

In an attempt to ascertain how long the 32 PbTiOTiOPbO →+ reaction took by itself, a 

15 gram equimolar mixture of these powders were milled using 11 balls(4:1 charge ratio). 

After PbTiO3 had formed, this mixture was then milled with Cu in correct amounts for 24 

hours at a 4:1 charge ratio in an attempt to mix mill a Cu-30vol%PbTiO3 composite. The 

starting powders of formulation one were also milled all together from the beginning in 

an attempt to form Cu-20, 30 and 40 vol%PbTiO3 composites. The weight percentages of 

powder used for each sample are given in Table 9. The starting powders of formulation 

two were also milled all together at once in an attempt to form Cu-20, 30 and 40 

vol%PbTiO3 composites and weight percentages used in each of those samples are also 

given in Table 9. 

 

Weight Percentages Sample 
Cu PbO TiO2 Ti Cu2O 

Cu20PTF1 81.93 13.3 4.76 X X 
Cu30PTF1 72.6 20.2 7.2 X X 
Cu40PTF1 63 27.3 9.7 X X 
Cu20PTF2 66.8 13.3 X 2.85 17.05 
Cu30PTF2 49.6 20.2 X 4.3 25.9 
Cu40PTF2 31.9 27.3 X 5.9 34.9 

Table 9. Reactant powder compositions of Cu-20, 30 and 40 vol%PbTiO3 composites. 
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3.3.3 ANNEALING OF BALL-MILLED COMPOSITES 
 
 Some annealing was done of the Cu-30vol% PbTiO3 F2 formulation milled for 

twenty-four hours. The annealing was done in a tube furnace with argon flowing through 

the entire length of the anneal. The 24 hour milled sample was annealed for five hours at 

500˚C, two hours at 400˚C and two hours at 300˚C. 

 
 
3.4 CHARACTERIZATION OF AS-SYNTHESIZED COMPOSITES 
 
 
3.4.1 X-RAY DIFFRACTION  
 
 Phase identification of the reaction products synthesized by both methods was 

done using x-ray diffraction. Reaction-synthesized pellets were ground very fine with a 

mortar and pestle before analyzing. The ball-milled powders were analyzed as-is. The x-

ray diffractometer used at Virginia Tech was a Scintag XDS2000 powder diffractometer. 

Cu radiation was used to scan the samples. The diffractometer was equipped with an 

energy sensitive detector which reduced the background arising from X-ray fluorescence 

in iron-rich samples. The patterns were analyzed to determine the phases present with 

DRXWin software and the ICDD(International Center for Diffraction Data) PDF2 

database. The diffractometer used at Virginia Tech provided good enough data for phase 

identification, but wasn’t suitable to provide patterns accurate enough to do quantitative 

x-ray diffraction.  

Quantitative x-ray diffraction needed to be done in order to figure out the actual 

phase proportions in the reaction-synthesized Cu and Fe-ZnO systems. In order to get 

accurate x-ray diffraction data, samples were analyzed using a Scintag PAD V powder 

diffractometer at Oak Ridge National Laboratory. Phase fractions were extracted from the 

diffraction patterns using two different methods. In MDI’s JADE software, multiple 

peaks of each major phase were profile fitted and the reference intensity ratio (RIR) 

method was used (by JADE’s EasyQuant algorithm) to determine phase proportions in 

the sample. Also, the program GSAS was used to do quantitative Rietveld refinement of 

the patterns in order to extract phase proportions. In these experiments, two samples from 

each reacted composite pellet in the ZnO-reinforced reaction-synthesized systems were 



 42

examined. Also, samples from different composite pellets of the same formulated volume 

fraction of reinforcement were analyzed. This was done to determine the consistancy 

within each pellet and between different pellets that are equally formulated. All pellets 

reacted for these experiments had the same reactant powder sizes as those described in 

section 3.2.1 and no milling media was used to mix the powders prior to compaction. 

 

3.4.2 POLISHED SPECIMEN PREPARATION  
 
 Pieces of the reaction-synthesized samples were cleaved off and hot-mounted. In 

order to mount the ball-milled composite powder, mounting media was ground using a 

mortar and pestle and mixed with a small amount of the composite powder. This mixture 

was poured into the mounting press first, followed by the larger amount of mounting 

media needed to make a suitable mounted specimen. All the samples were then ground 

and polished using 0.5 µm colloidal silica solution.  

Some reaction synthesized and ball milled Cu-ZnO samples were etched to better 

examine the ZnO phase. The etchant used was a mixture of 25 mL deionized water, 25 

mL NH4OH and 50 mL H2O2 (3%). The NH4OH and water were mixed before adding the 

H2O2. Each sample was swabbed for 45 seconds.  

 
3.4.3 SCANNING ELECTRON MICROSCOPY 
 
 Scanning electron microscopy (SEM) was used to characterize the microstructure 

of the reaction-synthesized and ball-milled composite products. The scanning electron 

microscope used was equipped with a backscatter detector and energy dispersive 

spectrometer (EDS) system. The backscatter detector shows contrast between phases of 

different average atomic number and allows the same phases to show up as the same 

color. The EDS system can do elemental compositional analysis of a 1µm by 1µm area of 

a sample.    
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4. RESULTS AND DISCUSSION 
 

4.1 REACTION SYNTHESIS 
 

4.1.1 UNSUCCESSFUL REACTION SYSTEMS 
 
 Several of the reaction systems attempted either didn’t produce a propagating 

reaction or reacted but didn’t produce the intended phases. The systems that didn’t 

produce a propagating reaction were still analyzed to determine if any reactions occurred. 

Reactions were considered unsuccessful when either large amounts of an unintended 

phase formed instead of the desired reinforcement phase or the intended matrix phase 

didn’t form or stay in its reduced state. Systems were still considered promising if small 

amounts of an undesired phase formed as long as a larger amount of the intended 

reinforcement phase formed along with desired matrix phase. In the BaTiO3 reaction 

systems, it was expected that phases other than the piezoelectric tetragonal BaTiO3 phase 

might form since the tetragonal phase is only thermodynamically stable below 130˚C. If 

the cubic or hexagonal phases were produced, these systems were also considered 

promising because of the potential for heat treatment to produce the tetragonal phase. 

The unsuccessful reaction systems attempted are listed in Table 24 in Appendix B 

along with the actual reaction products and some observations noted of the reaction and 

reaction products. As expected, many of the titanium and aluminum matrix systems were 

unsuccessful because the metals oxidized instead of staying in their reduced state or 

reacting to form a titanium aluminide. Another source of failure in the BaTiO3 systems 

was the formation of a large amount of Ba2TiO4. This is somewhat expected since this 

phase actually has a more negative free energy of formation than BaTiO3 making it more 

thermodynamically stable. Most of the ZnS systems didn’t work because the sulfur 

sublimed out of the reaction pellet before reacting with the zinc. A reaction did initiate 

and propagate in the copper matrix system, but produced mostly cubic ZnS along with 

ZnO and small amounts of hexagonal ZnS and Cu2S. This system was reacted with argon 

flowing through the reaction tube, but there was obviously some air trapped in the tube 

when the reaction occurred in order to produce ZnO. The excess oxygen present in the 
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reaction tube could also have affected other reaction systems by providing the excess 

oxygen needed to favor the formation of Ba2TiO4. The more promising reaction systems 

are covered in more detail in the following sections. 

 

4.1.2 Cu-ZnO SYSTEM 
 

 Even though the formulations in this system have fairly low adiabatic 

temperatures, propagating reactions occurred in the 30, 40, and 50 vol. % ZnO 

formulated samples. A propagating reaction front was not observed in the 20 and 25 

vol.% samples, but the samples were still left in the induction furnace coils long enough 

for the sample to get glowing red hot. Table 10 below lists for each formulation adiabatic 

temperature, time until the reaction initiated and propagated and some observations noted 

of the reaction and reaction products. The sectioned flaky product structure of the 30, 40, 

and 50 vol. % ZnO products described in Table 10 is shown in Figure 15. All the reacted 

pellets described in this section were composed of -100 mesh Cu, -325 mesh Zn and -200 

mesh Cu2O.  

Composite 
Formulation 

Adiabatic 
Temperature

Time Until Reaction 
Propagation Observations 

Cu-20vol.%ZnO 1350K 
100V-2 min., 120V-2 min, 140V-
2 min., sample became red hot, 

no reaction observed 

Reacted pellet looks similar to 
starting sample, but the reacted 
pellet is darker and seems more 

dense 

Cu-25vol.%ZnO 1358K 
100V-2 min., 120V-2 min, 140V-
2 min., sample became red hot, 

no reaction observed 

Reacted pellet looks similar to 
starting sample, but the reacted 
pellet is darker and seems more 

dense 

Cu-30vol.%ZnO 1358 K 100 V, reacted after 50 sec. 
Pellet expanded while reacting, left 
the product with a sectioned flaky 

structure 

Cu-40vol.%ZnO 1700 K 100 V, reacted after 40 sec. 

Reaction propagated faster than 
30% pellet, pellet also expanded 
while reacting, also leaving flaky 

structure 

Cu-50vol.%ZnO 2030 K 100 V, reacted after 40 sec. 

Reaction propagated faster than 
40% pellet, pellet also expanded 
while reacting, also leaving flaky 

structure 

Table 10. Adiabatic temperatures and observations taken of the reaction and reaction 
products during the Cu-ZnO system reactions. 
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Figure 15.  Before and after reaction pictures of a formulated Cu 40 vol.% ZnO pellet 
exemplifying the sectioned flaky structure also seen in the reaction products of the 30 and 
50 vol.% ZnO formulations. 

 
 
4.1.2.1 Phase identification 
 
 Copper and zinc oxide were the major phases found in every formulation reaction 

product in the Cu-ZnO composite system. Figure 16 shows x-ray diffraction patterns for 

all the formulation reaction products. There are also small amounts of Cu2O and CuO 

present in some of the samples. The red inset in Figure 16 displays an enlarged image of 

the three most intense ZnO peaks along with the marker for the most intense Cu2O peak. 

The samples with more formulated amount of ZnO have more intense ZnO peaks which 

makes sense since the amount of a phase in a sample corresponds to the area under the 

diffraction peak. The 20 and 25% ZnO samples have more Cu2O present as can be seen 

in both red and blue insets in Figure 16. The major Cu2O is very close to the most intense 

ZnO peak, but it can be seen that there is a shift in the 20 and 25% patterns towards that 

Cu2O peak. The blue inset shows the marker for a minor Cu2O peak and it can be seen 

that this peak diminishes with increasing ZnO formulation, suggesting that there is less 

Cu2O in the higher volume percentage samples. This makes sense because the adiabatic 

temperatures are higher in these samples, giving the reaction more energy to go to 

completion. The CuO phase only shows up in the 50% ZnO sample. This is hard to see in 

Figure 16, but can be better observed in Figure 17 when just analyzing the Cu-50 vol.% 

ZnO sample. The peaks are still pretty small, but the dark blue pattern markers definitely 

match up with the small peaks present to the left and right of the major ZnO peak. The 

pattern markers in the Cu-ZnO system diffraction patterns correspond to the following 
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powder diffraction files (PDF) in the ICDD (International Center for Diffraction Data) 

PDF2 database: Cu-040836, ZnO-361451, Cu2O-782076, CuO-450937. 

 The smaller peak in the blue inset in Figure 16 is an artifact of the x-ray machine. 

The electrons in the x-ray generator are produced by a tungsten coil and impinge on a 

copper target to produce characteristic x-rays. Over time, some of the tungsten from the 

coil gets deposited on the copper target and a small amount of tungsten characteristic x-

rays get produced at a different wavelength than the copper characteristic x-rays. This 

phenomenon manifests itself as a small characteristic tungsten peak to the left of the most 

intense peaks of major phases. This explains the existence of the smaller peak in the 

Figure 16 blue inset.  

 It is interesting to note that no elemental zinc shows up in the x-ray analysis. If 

there is copper oxide left in sample, it stands to reason that there should be some zinc 

remaining that didn’t have oxygen with which to react. The zinc may have reacted with 

oxygen from air that was trapped in the reaction chamber like it did in the Cu-ZnS 

samples.    

 

Figure 16. X-ray diffraction patterns of all the formulations in the Cu-ZnO system. 
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Figure 17. X-ray diffraction pattern of the Cu-50%ZnO reaction product. 

 
 The x-ray results of the Cu2O-brass reaction are shown in Figure 18. There are 

large amounts of brass and Cu2O left in the product. This was expected since no reaction 

was observed. Some of the zinc started to come out of the solid solution to form zinc 

oxide, leaving some elemental copper. For this solid-state reaction to go to completion, 

the reactant mixture would probably have to be left at high temperatures for longer 

periods of time to allow diffusion of the reacting species. 

Figure 18. X-ray diffraction results of the Cu-brass reaction intended to form a Cu-
26vol.% ZnO composite. 
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4.1.2.2 Quantitative x-ray diffraction 
 

 Quantitative x-ray diffraction analysis was done to determine if the formulated 

amount of reinforcement phase was actually being formed during reaction synthesis. X-

ray analysis was done on two separate samples from the same reaction pellet for each 

formulation. These samples were labeled 1a and 1b. To determine if phase proportions 

remained the same between different reaction pellets of the same formulation, x-ray 

analysis was also done on one sample from a different reaction pellet for the 30 and 40 

vol.% ZnO formulations. These samples were labeled 2a. Copper and ZnO powder were 

also mixed together in the formulated proportions using a mortar and pestle and analyzed. 

It was intended that these samples be used as standards and they were labeled “mixed”.   

Two different methods were used to extract phase fraction information from x-ray 

diffraction data. They both use the principle that the ratio of peak intensities between two 

different phases is proportional to the ratio of weight fractions of the two phases present 

in the sample. Each method tries to find the proportionality constant that links the two 

ratios, which depends on variables such as mass absorption coefficients and phase 

densities.  

The reference intensity ratio (RIR) method finds the proportionality constant by 

using an intensity ratio of the strongest peak of each phase present in the sample to the 

strongest peak of a common phase, corundum. The ICDD PDF2 powder diffraction files 

of some phases give a 
cI

Iα  value determined by the investigator who developed the file. 

The RIR value is determined from a x-ray pattern of a 1:1 sample of the phase and 

corundum. If this value is known for all the phases in the diffraction pattern being 

analyzed, their ratios can be used to determine the amount of each phase in the sample.  

Because the RIR method uses values determined by other investigators with other x-ray 

diffraction machines, it can have a large amount of error associated with it, but is used in 

this case to compare to values determined by quantitative Rietveld analysis. 

Rietveld analysis involves modeling an entire x-ray diffraction pattern using 

crystal structure data and constants associated with the x-ray machine used to take the 

data. The model is refined using a program called GSAS (General Structural Analysis 

Software). Once the model pattern is refined to fit well with the experimental pattern, 
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densities and mass absorption coefficients can be calculated and used to find the 

proportionality constant needed to identify the phase fractions. This method is less error-

prone than the RIR method because all the information needed is extracted from the 

sample pattern. 

The volume fractions calculated for each phase in each formulation by both 

methods are given in Table 11. Figures 19 and 20 give a graphical view of the volume 

percentages of each phase present in each formulation calculated by each method. The 

values seem to correspond with the initial x-ray diffraction results. CuO was only present 

in the 50 vol.% ZnO sample. More Cu2O was detected in the low volume percent ZnO 

samples, which agrees with experimental observations. A reaction wasn’t observed in the 

20 and 25 vol.% samples, so it stands to reason that these reactions probably wouldn’t go 

to completion. However, in each formulation, more ZnO was present than formulated. 

Because it obviously didn’t react with all the oxygen present in the sample in the lower 

vol. % ZnO samples, the zinc must have reacted with oxygen from the atmosphere in 

which it was reacted.  Since copper oxides were still present, less copper was present in 

the samples than formulated. Even in the 40% samples that weren’t detected to contain 

any copper oxide, the amount of copper detected was less than formulated. Just because it 

wasn’t detected doesn’t mean there wasn’t any Cu2O present in the sample. It just means 

the diffraction peaks were too small to model or profile. There still could be trace 

amounts present, which could be why the amounts of Cu are less than formulated in those 

samples. All the mixed samples also showed higher amounts of ZnO than formulated. 

These were intended to be used as standards, but there could have been more ZnO in 

these samples than intended. The ZnO powder used was 1-5µm, while the Cu was -100 

mesh. The ZnO tended to agglomerate, so the mixture probably didn’t stay mixed very 

well. The mixed samples probably shouldn’t be used strictly as standards. 
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Cu-ZnO Rietveld Vol.% ZnO RIR Method Vol.% ZnO 
Nominal % ZnO 1a 1b 2a Mixed 1a 1b 2a Mixed 

20 21.00 20.40 x 24.31 19.7 18.3 x 22.7 
25 26.14 28.63 x x 25.1 24.7 x x 
30 33.83 33.36 31.96 37.84 33 30.4 31.8 35.2 
40 43.41 44.23 43.77 49.6 43.6 44.8 40.5 47.5 
50 53.51 54.03 x 62.5 52.1 53.2 x 59 

 
Cu-ZnO  Rietveld Vol.% Cu RIR Method Vol.% Cu 

Nominal % ZnO 1a 1b 2a Mixed 1a 1b 2a Mixed 
20 69.73 70.88 x 75.69 76.1 78.6 x 77.3 
25 64.78 63.00 x x 68.2 67.9 x x 
30 62.64 61.05 61.50 62.16 67 66.1 67 64.8 
40 56.59 55.77 56.26 50.4 56.4 55.2 59.5 52.5 
50 40.54 36.82 x 37.5 40.4 38.5 x 41 

 
Cu-ZnO Rietveld Vol.% Cu2O RIR Method Vol.% Cu2O 

Nominal % ZnO 1a 1b 2a 1a 1b 2a 
20 9.26 8.75 x 4.2 3.1 x 
25 9.07 8.37 x 6.6 7.4 x 
30 3.53 5.59 6.55 0 3.5 2.1 
40 0 0 0 0 0 0 
50 .57 .96 x .9 1.2 x 

 
Cu-ZnO Rietveld Vol.% CuO RIR Method Vol.% CuO 

Nominal % ZnO 1a 1b 2a 1a 1b 2a 
20 0 0 x 0 0 x 
25 0 0 x 0 0 x 
30 0 0 0 0 0 0 
40 0 0 0 0 0 0 
50 5.39 8.2 x 6.6 7.1 x 

Table 11. Volume percentages of all phases present in the Cu-ZnO formulations extracted 
from x-ray diffraction patterns using quantitative Rietveld analysis and the RIR method. 

 
 The agreement between samples of the same formulation and between methods 

was fairly good considering the amount of error that could be present. There were no 

outstanding disagreements between values that should be nearly the same. In Figures 19 

and 20, most of the points representing the same phase of the same formulation in 

different samples are right on top of each other. This means that the volume percentages 

remain fairly consistent within a sample pellet and from reaction pellet to reaction pellet. 

This could also lead to the conclusion that the microstructure is fairly well distributed and 

constant.  
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Rietveld Values for Sample Volume Percentages in the 
Cu-ZnO System
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Figure 19. Quantitative Rietveld analysis values for constituent volume percentages in the 
Cu-ZnO composite system. 
 

RIR Method Values for Sample Volume Percentages in the 
Cu-ZnO System

0

10

20

30

40

50

60

70

80

90

15 20 25 30 35 40 45 50 55

Formulated Nominal Volume Percent ZnO

R
IR

 M
et

ho
d 

Va
lu

es
 fo

r V
ol

um
e 

Pe
rc

en
t 

Zn
O

, C
u,

 C
uO

 a
nd

 C
u2

O

Vol.% ZnO 1a

Vol.% ZnO 1b

Vol.% ZnO 2a

Vol.% Cu 1a

Vol.% Cu 1b

Vol.% Cu 2a

Vol.% Cu2O 1a

Vol.% Cu2O 1b

Vol.% Cu2O 2a

Vol.% CuO 1a

Vol.% CuO 1b

Vol.% CuO 2a

 
Figure 20. Quantitative RIR method values for constituent volume percentages in the Cu-
ZnO composite system. 
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4.1.2.3 General microstructural features  
 

 The reactions in the Cu-ZnO system produced a very interesting microstructure in 

the reaction products. For all formulations, the microstructure consists of large copper 

regions with grains of copper oxide and regions of a mixed copper and zinc oxide 

interpenetrating, interwoven structure. Figure 21 shows scanning electron microscope 

images of the microstructures corresponding to the Cu 20, 30, 40 and 50 vol.% ZnO 

reacted etched samples. The images were taken using a backscatter detector, so the 

brighter regions in the images correspond to the phase with the higher average atomic 

number, copper. The darkest regions are zinc oxide and the smooth grains that are a 

shade in between the other two is Cu2O.  

The amount of ZnO seen in the images definitely increases with amount of 

formulated ZnO.  The ZnO appears to be interwoven with the copper in some regions, but 

is hard to see in these images of etched samples. Figure 22 shows a higher magnification 

image of a Cu-30 vol.% ZnO sample that has not been etched. The interwoven nature of 

the structure can better be observed in this image. The ZnO phase also seems to show up 

in the middle of large Cu regions as the amount of formulated ZnO in the sample 

increases. This could be because the higher reaction temperatures allow more of the 

copper to melt and solidify around the ZnO. The morphology of the ZnO also seems to 

change in the Cu-50 vol.% sample from a continuous phase to a particle-type 

microstructure. Figure 23 is a higher magnification image of the Cu-50 vol.% ZnO 

sample. EDS analysis of the phase between the ZnO particles indicates that it is CuO. 

The CuO formation could be due to the higher reaction temperature the sample achieves. 

After all the zinc reacts with oxygen, the high temperature could cause the copper to 

oxidize with the excess oxygen present in the reaction tube.  

The amount of Cu2O in the sample seems to decrease with increasing ZnO 

formulation, which agrees with x-ray diffraction results. The Cu2O grains also seem to 

get smaller with increasing ZnO formulation. They also seem to appear surrounded by 

copper in the higher percentage ZnO samples, which could be due to fact that more 

copper melts in these samples. The copper may wet the oxide providing a barrier to the 

ZnO reaction. The use of smaller Cu2O particles may solve this situation. 



 53

  

  

Figure 21. SEM images of copper reinforced with 20,30,40 and 50vol% ZnO. Lightest 
areas are pure Cu, darkest areas are a mixture of Cu and ZnO and smooth darker gray 
areas are Cu2O. 

 

Figure 22. Higher magnification SEM image of a Cu-30vol.% ZnO sample. 
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Figure 23. Higher magnification SEM image of a Cu-50vol.% ZnO sample. 

 

4.1.2.4 Effect of starting powder size and degree of mixing 
 

 Changing the starting powder size and increasing the degree of mixing in the 

reactant powder mixture is expected to have an effect on the microstructure of the 

samples with low reaction temperatures. If the energy provided to drive the reaction to 

completion is low, the reacting particles must be in close contact. This means the reacting 

particles must be well distributed. Smaller particles also potentially allow more surface 

area to be in contact with other particles. These factors become less important as the 

amount of liquid reactant increases. In this system, the samples with a lower percentage 

of formulated ZnO have lower reactant temperatures. The 20, 25 and 30 vol.% ZnO 

samples all have adiabatic temperatures less than 1400 K. As seen in the adiabatic 

temperature diagrams in Appendix A, this is because energy has to go into melting 

copper which occurs at 1358 K. If these reactions just reach this temperature, there could 

be less copper melting in these samples than in the 40 and 50 vol.% ZnO. The effects of 

reactant particle size and mixing could have a greater effect on these samples. To test this 

theory, reactant size and mixing parameters in the Cu 30 vol.% ZnO formulation were 

varied in reactant mixtures according to Table 6.  
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 The size of the zinc powder seemed to have the most effect on the reaction times. 

All the samples with a zinc size of -325 mesh or 1-5 mm reacted within 45 seconds of 

turning the voltage to 100V. Both samples with -200 mesh zinc took one minute and 30 

seconds to react and propagate after turning the voltage to 100V. The reactions also 

seemed to propagate slower in the -200 mesh zinc samples. This suggests that the 

samples with smaller zinc particle sizes are more energetic. 

Scanning electron microscopy was used to perform microstructural analysis on 

unetched samples. Reactant powder size definitely has an effect on microstructure in the 

Cu-30 vol.% ZnO samples. Figure 24 shows fairly low magnification images of the five 

different powder size combinations reacted. Since the Cu2O size remained constant in all 

the samples, the images are labeled according to the Cu and Zn sizes used. All of the 

samples imaged were the samples that were mixed with media before being pressed and 

reacted. The microstructure definitely varies between samples. The zinc size seems to 

have the greatest effect on the microstructure which corresponds to differences noted in 

reaction times. In the -200 mesh zinc samples, there seems to be larger regions of the 

interpenetrating Cu-ZnO structure. The pure copper regions are also larger in these 

samples, but there are fewer of them. The samples with smaller zinc sizes seem better 

distributed. The copper size doesn’t seem to have much influence on the microstructure. 

 X-ray diffraction analysis was also performed on all the samples to see if the 

composition between all the samples was noticeable different. The results are shown in 

Figure 25. There is not much difference compositionally between all the samples. The red 

inset shows an enlargement of a minor Cu2O peak. There is a difference noticed in terms 

of amount of Cu2O present in the samples. These scans indicate that the samples in which 

the reactant mixture was mixed with milling media prior to compacting have a smaller 

amount or no Cu2O. The exception is the Cu30ZnOSE1wm sample which actually shows 

more Cu2O. More Cu2O grains are actually seen in Figure 24a., which corresponds to the 

Cu30ZnOSE1wm.  This probably doesn’t have anything to do with reactant powder size 

since there are other samples with larger and smaller particle sizes of both types that have 

less Cu2O in them. These are very preliminary conclusions. More work should be done, 

such as quantitative x-ray analysis, to accurately determine if there are really differences 

in composition between samples. 
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Figure 24. SEM images that exhibit the difference in microstructure attained by using 
different sizes of Cu and Zn reactant powder in Cu-30 vol.% ZnO reaction-synthesized 
composites. 

 

a.

e. 

d.c. 

b.

-325 mesh Cu, -325 mesh Zn 

-100 mesh Cu, -200 mesh Zn -325 mesh Cu, -200mesh Zn 

-100 mesh Cu, -325 mesh Zn -100 mesh Cu, 1-5mm Zn 
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Figure 25. X-ray diffraction patterns of all the Cu-30vol.% ZnO samples where reactant 
particle size and mixing were varied. 

 

 

4.1.2.5 Ideal reaction parameters 
 

 After considering all the experiments done in the Cu-ZnO system so far, the ideal 

reaction parameters become fairly clear. Even though the amount of ZnO in the systems 

studied is fairly close to the amounts formulated, a fairly large amount of Cu2O is still 

present in the products of the low volume percent samples. This leaves smaller amounts 

of Cu than formulated. In order to promote a more complete reaction in the lower volume 

percent ZnO samples, smaller precursor powders should be used. All the reactant 

mixtures should also be well mixed with milling media before being compacted. Because 

the 20 and 25 vol.% ZnO samples probably react almost completely in the solid state, 

these samples should probably be reacted in thermal explosion mode in an evacuated 

environment, for example, in a vacuum furnace. The Cu2O-brass reactions should also be 

attempted under these conditions. The evacuated environment would allow the Zn to 

completely react with the Cu2O before reacting with oxygen from air that may be trapped 
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in the reaction tube, promoting a more complete reaction. As for the higher volume 

percentage ZnO samples (≥30%), smaller reactant powders should also be used in order 

to promote reaction completion, but these samples can be reacted in propagating mode. 

These should also be reacted in an evacuated environment in order to ensure that the Zn 

reacts with the oxygen in the Cu2O before oxygen in the air. Another option is to 

formulate the reactant powders with a deficiency of Cu2O and continue to react them in 

an argon-rich environment as done in these studies. 

 There could be difficulties in compacting reactant pellets with very small particle 

size. A large pressure has to be applied in order to press the pellets with larger particle 

sizes, and smaller particle sizes are even harder to cold compact. Small pellets(≤ ½ in. 

long) may be able to be pressed using the ¾ in. dye and hydraulic press used in these 

studies, but larger pellets would be difficult to compact using small particle sizes. 

 

4.1.3 Fe-ZnO SYSTEM 
 

 The adiabatic temperatures for this system are even smaller than those for the Cu-

ZnO system. These were even less likely to react in propagating mode, so only 

formulations of greater than 30 vol.% ZnO were reacted and small particle sizes were 

used in these reactions(-325 mesh Fe, -325 mesh Zn and 1-5 µm Fe3O4). The 30, 40, 50 

and 60 vol.% ZnO samples all exhibited a very slow, stable propagating reaction. The 

propagation speeds were observed to increase as amount of ZnO formulated increased. 

The enthalpy diagrams for these formulations (Appendix A, Figures 51-54) indicate the 

maximum adiabatic temperatures are much lower than the melting temperature of iron 

(1809 K). This means that the only potential liquid phase reactant is the zinc.  Since these 

reactions happened in a more solid-state manner, the pellets didn’t expand as much as the 

Cu-ZnO samples. The product was a much denser pellet, but there seemed to be some 

expansion, perhaps due to a molar volume change. Table 12 below lists for each 

formulation adiabatic temperature, time until the reaction initiated and propagated and 

some observations noted of the reaction and reaction products. 
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Composite 
Formulation 

Adiabatic 
Temperature 

Time Until 
Propagation Observations 

Fe-30vol.%ZnO 1020 K 100 V, reacted after 
~1 min. 50 sec. 

Pellet expanded a little bit during 
reaction. The reacted pellet is darker 

and seems denser. Some white gas let 
off during the reaction. 

Fe-40vol.%ZnO 1125 K 100 V, reacted after 
~1 min. 30 sec. 

Reaction propagated a little faster than 
30% reaction. Pellet also expanded 

and is darker and seems denser than 
reactant pellet. White gas also let off. 

Fe-50vol.%ZnO 1280 K 100 V, reacted after 
~1 min. 30 sec. 

Reaction propagated faster than 40% 
reaction. Pellet also expanded and is 

darker and seems denser than 
reactant pellet. White gas also let off. 

Fe-60vol.%ZnO 1415 K 100 V, reacted after 
~1 min. 

Reaction propagated faster than 50% 
reaction. Pellet also expanded and is 

darker and seems denser than 
reactant pellet. White gas also let off. 

Table 12. Adiabatic temperatures and observations taken of the reaction and reaction 
products during the Fe-ZnO system reactions. 

 

4.1.3.1 Phase identification 
 

 The major phases detected in all the Fe-ZnO formulations were iron and zinc 

oxide. The x-ray diffraction patterns of all the formulations are shown in Figure 26. The 

red inset is an enlargement of the three most intense ZnO peaks. The intensities increase 

with formulation of ZnO in the sample as they should. The blue inset of Figure 26 shows 

proof that there are minor phases present in the samples. These peaks match FeO and Zn 

x-ray patterns. The middle peak in this inset is a tungsten radiation iron peak. The 

tungsten radiation phenomenon is described in section 4.1.2.1. The 30 vol.% ZnO sample 

doesn’t seem to contain any pure Zn, but does contain FeO along with all the other 

samples. None of the reactant mixtures were mixed with media before compacting and 

reacting. This could be the source of the unreacted zinc. After reacting these samples, 

some Zn-rich areas were detected using the SEM’s EDS system. The pattern markers in 

the Fe-ZnO system diffraction patterns correspond to the following powder diffraction 

files (PDF files) in the ICDD (International Center for Diffraction Data) PDF2 database: 

Fe-870722, ZnO-361451, FeO-060615, Zn-870713. 
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Figure 26. X-ray diffraction patterns of all the formulations in the Cu-ZnO system. 

 

4.1.3.2 Quantitative x-ray diffraction 
 

 The same replicate sample naming scheme was applied to the Fe-ZnO system as 

was applied to the Cu-ZnO system (Section 4.1.2.2) for quantitative x-ray diffraction 

analysis. The only differences were 30, 40, 50 and 60 vol.% ZnO samples were tested 

and the 40vol.% ZnO formulation  was the only formulation for which a sample from a 

different reacted pellet was tested (2a sample). The results from the quantitative analysis 

in this system were quite puzzling. The results obtained by both the Rietveld and RIR 

methods are shown below in Table 13 and Figures 27 and 28. It should be noted that a 

PDF file with an RIR value could not be found for FeO, so the phase could not be 

included in the RIR method analysis. The amounts of ZnO in all the formulations were all 

much higher than formulated. The standard mixed samples in these tests should not be 

trusted since they probably didn’t stay mixed well, but the values obtained by this 

analysis were too far off for the analysis to be correct. There could not have been 86 vol. 
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% ZnO in the mixed sample that should have been 50 vol.% ZnO. There could be more 

ZnO present in the samples than formulated, but it is doubtful that there is as much 

excess ZnO as indicated by these results. These quantitative x-ray results should probably 

not be trusted.  

The source of error could be the fact that copper radiation was used to scan these 

samples. Because of the electronic structure of iron, some copper radiation is absorped by 

iron instead of being diffracted. This absorbed radiation is then scattered incoherently, 

raising the background of the x-ray pattern and lowering intensities of the peaks. The 

intensities achieved by the Cu-ZnO scans are much higher than those achieved by the Fe-

ZnO scans. 

Fe-ZnO Rietveld Vol.% ZnO RIR Method Vol.% ZnO 
Nominal%ZnO 1a 1b 2a Mixed 1a 1b 2a Mixed 

30 57.45 57.55 x 74.95 50.1 51.3 x 65.8 
40 64.06 63.40 59.51 79.36 59.1 60.5 60.3 78.9 

50 69.58 68.73 x 86.33 65.6 67.7 x 85.6 
60 73.87 73.16 x 93.33 69.1 71 x 91.8 

 
Fe-ZnO Rietveld Vol.% Fe RIR Method Vol.% Fe 
Nominal%ZnO 1a 1b 2a Mixed 1a 1b 2a Mixed 

30 40.04 39.94 x 25.05 49.9 48.7 x 34.2 
40 31.90 30.89 29.92 20.65 40.9 39.5 39.5 21.1 
50 29.50 31.21 x 13.67 33.6 32.3 x 14.4 

60 26.13 26.84 x 6.66 30.9 29 x 8.2 
 

Fe-ZnO Rietveld Vol.% FeO RIR Method Vol.% FeO 
Nominal%ZnO 1a 1b 2a 1a 1b 2a 

30 2.52 2.52 x 0 0 x 
40 2.88 4.99 9.34 0 0 0 
50 0 0 x 0 0 x 
60 0 0 x 0 0 x 

 
Fe-ZnO Rietveld Vol.% Zn RIR Method Vol.% Zn 
Nominal%ZnO 1a 1b 2a 1a 1b 2a 

30 0 0 x 0 0 x 
40 1.16 0.71 1.24 0 0 0.3 
50 0.92 0 x 0.8 0 x 
60 0 0 x 0 0 x 

Table 13. Volume percentages of all phases present in the Fe-ZnO formulations extracted 
from x-ray diffraction patterns using quantitative Rietveld analysis and the RIR method. 
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Rietveld Values for Sample Volume Percentages in the 
Fe-ZnO System
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Figure 27. Quantitative Rietveld analysis values for constituent volume percentages in the 
Cu-ZnO composite system. 

 

RIR Method Values for Sample Volume Percentages in 
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Figure 28. Quantitative RIR method values for constituent volume percentages in the Fe-
ZnO composite system. 
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4.1.3.3 General microstructural features 
 

The microstructures of the Fe-ZnO composite samples are similar to those of the 

Cu-ZnO samples. There are regions of pure iron and regions of a mixed Fe-ZnO 

microstructure. Iron oxide grains are also present in all the formulations. EDS analysis 

confirms this phase is FeO. SEM images of the unetched samples are shown in Figure 29. 

These images were taken with the backscatter detector, so phases with high average 

atomic number show up brighter. In these images, the brightest phase is iron (ave. at. # = 

26), the darkest phase is FeO(ave. at.# = 17) and the ZnO is a shade in between the other 

two (ave. at. # = 19). EDS analysis confirms the matrix in these microstructures consists 

of a Fe and ZnO. Figure 30 shows a high magnification secondary electron-detected 

image of this microstructure. The shades of gray don’t distinguish phases in this image, 

but analysis of other backscatter images indicate the darker phase in the image is ZnO. 

 

Figure 29. SEM images of reaction-synthesized Fe-30, 40, 50 and 60 nominal vol.% ZnO 
composites. 

Fe30%ZnO Fe40%ZnO 

Fe50%ZnO Fe60%ZnO 
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Figure 30. High magnification secondary electron SEM image of the Fe-ZnO mixed 
structure present in the Fe-ZnO reaction synthesized composites. 

 
There are many more pores present in the Fe-ZnO composites than were present 

in the Cu-ZnO composite system samples. These pores appear to be spherical which 

indicates the escape of gas. There are small (≤ 100nm) spheres present in these pores. 

These could be colloidal silica particles from the polishing solution used to prepare the 

metallographic specimens, but could also be ZnO particles. EDS analysis was 

inconclusive.  

In all the samples, the FeO grains are observed to be surrounded by iron. Since 

the iron probably isn’t melting during synthesis, as indicated by the adiabatic 

temperatures of the reactions, the iron surrounding the oxide must have originally been 

iron oxide. In order for the reaction to occur between the zinc and oxygen, the zinc or 

oxygen must diffuse through the iron, making the reaction diffusion controlled. The 

mixed Fe-ZnO microstructure present in the rest of the composite indicates the zinc 

probably diffuses through the reduced iron to react with the oxygen. If the iron doesn’t 
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melt, this is the only way the ZnO could become mixed with the iron. If the reaction is 

diffusion controlled, reactant particle size and mixing are expected to affect the reaction.  

 
4.1.3.4 Effect of starting powder size and mixing  
 

 In this system, the Fe3O4 reactant powder size was changed from 1-5 µm to -200 

mesh to see what effect it may have on the reaction or product microstructure. The 

addition of milling media to the mixing of reactant powders was also used as a variable in 

experiments to see if it affected the amount of zinc left in the product. The experiments 

were done with the Fe-40vol.% ZnO formulation. These variables were expected to have 

an effect on these reactions since there is potentially only one liquid reactant in these 

systems and they are probably diffusion controlled. The properties of the samples tested 

are described in section 3.2.1.1.  

 The size of the Fe3O4 reactant powder definitely had an effect on the synthesis 

reaction. The samples mixed with 1-5 µm Fe3O4 powder with and without milling media 

reacted 1 minute 30 seconds after turning the voltage to 100V. No reaction was observed 

to initiate or propagate in either of the samples mixed with -200 mesh Fe3O4, but the 

reactant pellets were allowed to get red hot before turning off the induction furnace. 

 All of the reaction products in this experiment were analyzed by x-ray diffraction 

to determine if changing the given parameters affected the products compositionally. The 

samples reacted with -200 mesh Fe3O4 didn’t have much if any ZnO in them, as 

evidenced by their x-ray diffraction patterns shown in Figure 31. More ZnO formed in 

the sample that was more thoroughly mixed, but both samples mostly contained iron, iron 

oxides and Fe3Zn10. In the samples reacted with 1-5 µm Fe3O4, more thorough mixing of 

the reactant powders also had an effect on the product composition. Figure 32 shows that 

the sample produced with reactant powder mixed with milling media had less elemental 

zinc left in the product. Both products look to have about the same amount of FeO. The 

compositional analysis confirms the large effect reactant particle size and mixing has on 

synthesis in this system. Scanning electron microscopy was not performed on these 

samples. 
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Figure 31. X-ray diffraction patterns showing the phases present in the Fe-40vol.% 
samples reacted using -200 mesh Fe3O4. 
 

 
Figure 32. X-ray diffraction patterns of Fe-40vol.% ZnO samples reacted with 1-5 µm 
Fe3O4 showing the effect of mixing reactant powders with milling media. 



 67

4.1.3.5 Ideal reaction parameters 
 

 Evidence suggests that the reactions in the Fe-ZnO system are probably diffusion 

controlled. This makes the ideal reaction parameters pretty clear. The smallest reactant 

powders should be used in order to maximize reactant surface area, but as discussed in 

section 4.1.2.5, making the reactant powders smaller makes cold pressing them together 

more difficult. Reactant powders should also be very thoroughly mixed to ensure that 

reactant powders will be able to come into contact with one another. Even though these 

reactions have low adiabatic temperatures, if small enough reactant powders are used, the 

composite reaction intiates and propagates, creating a product composed of mostly the 

desired phases. The amount of iron oxide in the composite product could probably be 

reduced by reacting the pellets by thermal explosion mode in a vacuum furnace to ensure 

that the zinc reacts with the oxygen in the Fe3O4.  

 

4.1.4 Cu-BaTiO3 F1 SYSTEM 
 

 Of the three Cu-BaTiO3 composite formulas, the only reaction to produce a large 

amount of cubic or tetragonal BaTiO3 in a reduced copper phase was formula 1, which 

involved the reaction of BaO2, TiO2 and Ti to form BaTiO3. Formulations of 20, 30, 40 

and 50 vol.% BaTiO3 were compacted and reacted. Table 14 lists for each formulation 

the time until the reaction started propagated along with some observations noted of the 

reaction and reaction products. The reaction product described for the 50 vol.% BaTiO3 

sample in shown below in Figure 33. Adiabatic temperatures could not be calculated for 

this system, because the products obtained weren’t purely Cu and BaTiO3.   

 

Figure 33. Picture of the Cu-50vol.% BaTiO3 reaction product 
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Composite Formulation Time Until Reaction 
Propagation Observations 

Cu-20vol.% BaTiO3 F1 

100V-2 min., 120V-2 min, 
140V-2 min., sample 
became red hot, no 
reaction observed 

No reaction observed, but pellet got red hot. 
Pellet looked a little darker after reaction 

attempt, but didn't change much other than 
that 

Cu-30vol.% BaTiO3 F1 100 V, reacted after  
1 min. 30 sec. 

Reaction propagated fairly slow, so it didn't 
look very energetic. The pellet did expand a 

little during reaction, but didn't look very 
porous after the reaction 

Cu-40vol.%BaTiO3 F1 100 V for 2 min.,120V 
reacted after 20 sec. 

The reaction was much more energetic than 
the 30% reaction. The reaction front 

propagated much faster. Some of the copper 
started melting out of the sample on the end 

closest to the graphite plug. 

Cu-50vol.% BaTiO3 F1 100 V, reacted after  
1 min. 30 sec. 

Reaction propagated faster than 40% pellet, 
very energetic, reaction melted and 

separated the copper and other constituent 
in the sample. 

Table 14. Observations taken of the reaction and reaction products during the Cu-BaTiO3 
F1 composite system reactions 
 

4.1.4.1 Phase identification 
 

 Some form of BaTiO3 and copper were present in every formulation of the Cu-

BaTiO3 F1 system.  In the patterns with BaTiO3 present, it is hard to distinguish between 

the tetragonal and cubic phase. The two patterns are very similar because the difference 

in crystal structure is only a slight elongation of the c-axis. This difference is manifested 

in the diffraction pattern as a slight split in some of the cubic diffraction peaks.  

X-ray diffraction patterns for the 20 and 30% samples are shown in Figure 34. 

The major phases present in the 20% sample are either cubic or tetragonal BaTiO3 and 

Cu. Because the peaks of the BaTiO3 phase are small, it is even harder to distinguish 

whether the phase is tetragonal or cubic. Other phases present in the 20% sample include 

a small amount of Cu2O, TiO2, and Ba2TiO4. All the same phases, except for Cu2O, are 

also present in the 30% sample, but there is a larger amount of Ba2TiO4. The amount of 

BaTiO3 remains about the same. There is also at least one unknown phase present in both 
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samples because there are peaks that couldn’t be matched with reference patterns. The 

same phases are also present in the 40% sample along with at least one minor 

undetermined phase. The 40% pattern is shown in Figure 35. There is a large amount of 

BaTiO3 in this sample that is almost certainly tetragonal because some of the peaks are 

split. The 50% sample x-ray pattern shows tetragonal BaTiO3 and Cu as the only major 

phases present (Figure 36). Unfortunately, this is also the sample shown in Figure 33. 

Instead of forming within the copper, the reaction got so hot that it melted the copper and 

separated it from the tetragonal BaTiO3 phase.    

 

Figure 34. X-ray diffraction patterns of formulated Cu 20 and 30 vol.% BaTiO3 F1 
reaction–synthesized samples. 
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Figure 35.  X-ray diffraction pattern of the formulated Cu 40 vol.% BaTiO3 F1 reaction–
synthesized sample. 
 

Figure 36. X-ray diffraction pattern of the formulated Cu 50 vol.% BaTiO3 F1 reaction –
synthesized sample. 
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4.1.4.2 Effect of thoroughly mixing reactant powders 
 

 The reactant powders in this system were mixed using milling media, but there 

were a couple powders in the mixture, BaO2 and TiO2, that tended to agglomerate and 

stick the sides of the bottle in which they were mixed. To see if this phenomenon affected 

the synthesis reaction, separate samples were mixed using a mortar and pestle before roll 

mixing them with milling media. This procedure should have provided a better-

homogenized reactant mixture composed of the formulated amounts of reactant powders. 

The reaction behavior for each formulation was similar to that recorded for the 

previous reactions, but the composition of the products was different. For the 20, 30 and 

40% samples, there was much more Ba2TiO4 present and the amount of BaTiO3 went 

way down, especially for the 40% sample (Figure 37). The x-ray pattern of the 50% 

sample (Figure 38) reveals that hexagonal BaTiO3 formed along with either cubic or 

tetragonal BaTiO3. Because most of the hexagonal peaks are where the split peaks of the 

tetragonal phase usually show up, it is difficult to determine whether the cubic or 

tetragonal phase is present.   

 

Figure 37. X-ray diffraction pattern of the formulated Cu 40 vol.% BaTiO3 F1 reaction –
synthesized sample reacted with reactant powder that was more thoroughly mixed. 
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Figure 38. X-ray diffraction pattern of the formulated Cu 50 vol.% BaTiO3 F1 reaction –
synthesized sample reacted with reactant powder that was more thoroughly mixed. 

 

 The hexagonal BaTiO3 phase is thermodynamically stable above 1460˚C, which 

probably means reaction temperature reached this value or higher in this reaction. If the 

previous 50% sample reached these temperatures, hexagonal BaTiO3 should have been 

formed. It stands to reason that thoroughly mixing the reactants allows the reaction to 

reach higher temperatures. This could be why more Ba2TiO4 forms in the 20, 30 and 40% 

samples. The higher reaction temperatures could push the reaction path towards 

formation of the more thermodynamically stable Ba2TiO4 phase, especially in the 

presence of excess oxygen which may be present in the reaction tube during the 

reactions. 

 

4.1.4.3 Comparison with other Cu-BaTiO3 formulas   

 

 Thermodynamics should be considered when trying to figure out why these F1 

reactions produced samples with BaTiO3 as a major phase instead of producing more of 
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the thermodynamically stable phase Ba2TiO4. The first component to melt in all of the 

formulas is BaO2, which melts or decomposes to BaO and O2 at 450˚C or 725 K. This 

temperature could be used as an estimate of the initiation temperature. The enthalpies of 

formation for each of the formulas at 700K for a 30 vol.% BaTiO3 formulation are given 

below in Table 15. Formula 1 is the least exothermic of all the reactions. These are of 

course calculated assuming all the reactants go towards forming BaTiO3, but these values 

give a good relative idea of how energetic each of the reactions are. The F2 and F3 

reactions produce more heat and higher temperatures since they are more exothermic. 

This could be why more Ba2TiO4 forms in these samples. The higher reaction 

temperatures favor a more thermodynamically stable Ba2TiO4 formation. 

 
Reaction Stoichiometry for 30 vol.% BaTiO3 Formulation ∆Hf, kJ/mol product 

F1: 322 BaTiO073.Cu927.Ti0365.TiO0365.BaO073.Cu927. +→+++  -40.57 

F2: 322 BaTiO073.Cu927.O0365.Ti073.BaO073.Cu927. +→+++  -74.706 

F3: 322 BaTiO073.Cu927.Ti073.BaO073.OCu073.Cu781. +→+++  -62.335 

Table 15. Enthalpy of formation values for each Cu-30vol.%BaTiO3 formula at 700K if 
reaction proceeds as intended. 

 

Other reasons for why formula 1 is the only reaction to produce BaTiO3 as a 

major phase should also be considered, such as the presence of excess oxygen. Because 

the formation of Ba2TiO4 requires more oxygen, the presence of excess oxygen could 

push the reaction toward Ba2TiO4 formation. There is definitely excess oxygen present in 

the F2 reactions because they are reacted in air. All these samples should probably be 

reacted in an evacuated atmosphere to promote formation of BaTiO3 instead of Ba2TiO4. 

 

4.1.5 Fe- BaTiO3 F1 AND F3 SYSTEMS 
 

 Both F1 and F3 reactions in this system produced BaTiO3 in some form as a 

major phase in the synthesized composites. The iron phase also stayed reduced in these 

systems. Only a 40vol.% BaTiO3 sample was reacted in the F1 system, while both 30 and 

40 vol.% samples where reacted in the F3 system. Table 16 lists for each formulation the 

time until the reaction started propagated along with some observations noted of the 
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reaction and reaction products. A reaction was observed in the 40% samples of each 

formula, but no reaction was observed in the 30% F2 sample. The sample was allowed to 

get red hot in the induction furnace.  

Composite Formulation Time Until Reaction 
Propagation Observations 

Fe-40vol.% BaTiO3 F1 100V, reacted after 1 min. 
45 sec. 

Reaction propagated slowly and didn't look 
very energetic. The pellet did expand a small 

amount during the reaction, but didn't look 
porous after the reaction, still pretty dense 

Fe-30vol.% BaTiO3 F2 

100V-2 min., 120V-2 min, 
140V-2 min., sample 
became red hot, no 
reaction observed 

No propagation, but whole sample got red 
hot thru conduction, part of the pellet next to 

graphite plug expanded 

Fe-40vol.%BaTiO3 F2 100 V reacted after ~ 2 
min. 

Pellet got red hot about a cm. into the end 
closest to the graphite plug before reacting, 
some of the iron bubbled out of the pellet on 

other end 

Table 16. Observations taken of the reaction and reaction products during the Fe-BaTiO3 
F1 and F3 composite system reactions. 
 

4.1.5.1 Phase identification 
 

 The x-ray pattern of the F1 sample isn’t included here, but it indicates that 

hexagonal BaTiO3 formed along with a cubic or tetragonal BaTiO3 phase and a small 

amount of Ba2TiO4. These same phases were present in the 30 and 40% F2 samples. 

These diffraction patterns are shown in Figures 39 and 40. Again, it is very difficult to 

ascertain whether the tetragonal or cubic phase is present because the hexagonal phase 

covers up the angle range the tetragonal split peak shows up. These systems are fairly 

promising because they are most composed of Cu and BaTiO3. The amount of Ba2TiO4 in 

the samples is pretty small and the hexagonal BaTiO3 phase should be able to be heat 

treated to form tetragonal BaTiO3. The reaction pellets also still remain fairly 

homogeneous, although some of the Fe melted and bubbled out of one end of the 40% F2 

sample. The fact that hexagonal BaTiO3 forms means that the reactions reach 

temperatures greater than 1460˚C. The melting point of iron is 1538˚C, so it is entirely 

possible that the iron could melt out of the sample.  
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Figure 39. X-ray diffraction pattern of the formulated Fe 30 vol.% BaTiO3 F3 reaction –
synthesized sample. 

 
Figure 40. X-ray diffraction pattern of the formulated Fe 40 vol.% BaTiO3 F3 reaction –synthesized 
sample. 
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4.1.5.2 Comparison with other Fe- BaTiO3 formulas 
 

 Because hexagonal BaTiO3 forms in both the formulas and even in a pellet that 

wasn’t observed to react, reaction temperature cannot be blamed for the differences is 

composition between the F2 samples and F1,F3 samples. However, these formulas do 

produce less exothermic reactions. The enthalpies of formation for each of the formulas 

at 700K for a 30 vol.% BaTiO3 formulation are given below in Table 17. This doesn’t 

really correspond to experimental observation. Iron only melted out of the 40% F3 

sample in this system. It would be expected that iron would also melt out of the F2 

sample, but this could have something to due with the fact that no BaTiO3 actually 

formed in that sample. Another difference that could explain the difference in 

composition would be the fact that the F2 sample was reacted in air in the presence of 

excess oxygen. The excess oxygen could induce the reaction to form different 

compounds, like those found in the F2 sample.  

Reaction Stoichiometry for 30 vol.% BaTiO3 Formulation 
∆Hf, kJ/mol 

product 

F1: 322 BaTiO073.0Fe927.0Ti0365.0TiO0365.0BaO073.0Fe927.0 +→+++  -40.57 

F2: 322 BaTiO073.0Fe927.0O0365.0Ti073.0BaO073.0Fe927.0 +→+++  -74.706 

F3: 3243 BaTiO073.0Fe927.0Ti073.0BaO073.0OFe0183.0Fe872..0 +→+++  -54.592 

Table 17. Enthalpy of formation values for each Fe-30vol.%BaTiO3 formula at 700K if 
reaction proceeds as intended. 
 

4.2 HIGH ENERGY BALL MILLING 
 

4.2.1 UNSUCCESSFUL REACTION SYSTEMS  
 

 Of the composite systems attempted to be synthesized by high energy ball 

milling, the BaTiO3 and ZnS attempts were unsuccessful. Table 18 summarizes the 

products that the reactants did produce for each reaction attempted and approximately 

how long it took to form the products. The ZnS reaction was considered unsuccessful 

because a cubic ZnS phase formed instead of the piezoelectric hexagonal phase. The 
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other two reactions were considered unsuccessful because a large amount of Cu2O 

formed a side product. 

Reactant Powders Intended Products Actual Products Time to 
transformation 

Cu, Zn, S Cu, hexagonal ZnS Cu, cubic ZnS < 3 hrs. 

Cu, Ti, TiO2, BaO2 Cu, BaTiO3 
Cu, Cu2O, small 
amount of cubic 

BaTiO3 
8 < x < 24 hrs. 

Cu, Cu2O, BaO2, Ti Cu, BaTiO3 Cu, Cu2O,BaO2, Ti < 6 hrs.  

Table 18. Products of the unsuccessful ball milled reaction systems. 

 

4.2.2 Cu-PbTiO3 SYSTEMS 
 

 The two different reactions used to create PbTiO3-reinforced copper matrix 

composites are very different thermodynamically. Table 19 lists the enthalpy of 

formation values for a 30 vol.% PbTiO3 formulation for each reaction. These were 

calculated assuming the reaction goes to completion at room temperature. The enthalpy 

values used are from Barin54. The reaction probably takes place at a temperature a little 

above room temperature, but these values serve to clarify the large difference in 

exothermicity between the reactions. According to ball milling theory, the less 

exothermic reaction has a better chance of occurring gradually and forming nanometer- 

sized reinforcements. The more exothermic reaction is more likely to produce a 

mechanically induced self-propagating reaction (MSR) that could melt part of the powder 

mixture and/or produce larger reinforcements. Also, as the amount of formulated 

reinforcement goes up in the reaction mixture, the more exothermic the reaction will be 

and the more likely a MSR will occur. 

Reaction Stoichiometry for 30 vol.% PbTiO3 Formulation 
∆Hf, kJ/mol 

product 

F1: 32 PbTiO073.0Cu927.0TiO073.0PbO073.0Cu927.0 +→++  -2.41 

F2: 32 PbTiO073.0Cu927.0PbO073.0Ti073.0OCu0365.0Cu854.0 +→+++  -65.36 

Table 19. Enthalpy of formation values for each Cu-30vol.%PbTiO3 formula at 298K if  
ball milling reaction proceeds as intended. 
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4.2.2.1 PbTiO3 Synthesis and Cu addition 
 

 Before milling the formula 1 reactant powders all together, PbO and TiO2 were 

milled alone to see how long it took them to form PbTiO3. X-ray diffraction analysis of 

the powder milled for six hours indicated the transformation had not yet taken place 

(Appendix C, Figure 55), but after milling the mixture for another three hours, the x-ray 

diffraction results indicated that PbTiO3 had formed(Appendix C, Figure 56). The high 

energy ball milling x-ray patterns referred to from now until the end of section 4.2 will be 

located in Appendix C. Since the PbTiO3 had already been formed, copper was added in 

an amount formulated to form a 30 vol.% PbTiO3 composite. This mixture was milled for 

24 hours. The x-ray pattern obtained from this sample was inconclusive as to what phases 

were present after milling. There was just a large hump where the PbTiO3 peaks should 

have been. To try and determine what phases were present in the sample, it was annealed 

in hydrogen for five hours at 500˚C. The x-ray results indicated that the sample had been 

reduced to lead and copper, indicating that if PbTiO3 had been present, it wasn’t stable 

under these conditions. The x-ray results for the 24-hour milled composite sample before 

and after annealing are shown in Figure 57.  

To further characterize the 24-hour milled composite powder, it was mounted and 

examined with the SEM. The powder was observed to contain well-dispersed 

reinforcement particles less than 300 nm in size(Figure 41)  This was observed to be the 

only phase present other than the copper matrix. The particles showed up as darker than 

the copper when using the backscatter detector. This means the reinforcement phase has a 

smaller average atomic number than copper. Lead titanate has an average atomic number 

of 25.6 while copper’s atomic number is 29. Other phases that could be present, such as  

PbO and Pb both have higher average atomic numbers than Cu. TiO2 has a lower average 

atomic number, but then the Pb would not be accounted for since there only appears to be 

two phases present in composite. It can be concluded that the reinforcement phase is 

probably PbTiO3. 
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Figure 41. SEM image of a composite particle obtained by ball milling Cu with ball-mill-
synthesized PbTiO3 in an attempt to form a Cu-30 vol.% PbTiO3 composite. 

 

4.2.2.2 Cu-20,30,40 vol.%PbTiO3 F1 phase changes with time 
 

 The results of ball-milling Cu-PbTiO3 F1 reactant powders with the intent of 

forming 20, 30 and 40 vol.% PbTiO3 are summarized below in Table 4.9. For each 

formulation, x-ray analysis was performed on powders milled for 3, 6, 12 and 24 hours. 

Table 4.9 gives the figure in Appendix C where the x-ray patterns can be found along 

with observations about the phases that can or can’t be identified. 

Formulation Phase Change Observations Phases Present After  
24 hr. Mill 

XRD 
Figure 

Cu-20%PbTiO3 
F1 

PbO, TiO2 and Cu present in 3, 6 
and 12 hr. samples. Peaks widen 

and reduce in intensity. 

Cu, Pb, TiO2 and maybe PbTiO3. 
Peaks are too broad to be certain. 58 

Cu-30%PbTiO3 
F1 

PbO, TiO2 and Cu present in 3, 6 
and 12 hr. samples. PbO peaks 

widen slightly in 12 hr pattern and 
reduce in intensity. 

No distinct phase peaks other than 
Cu, large broad peak between 25 

and 35 two theta could be PbO, Pb 
or PbTiO3, but results are 

inconclusive 

59 

Cu-40%PbTiO3 
F1 

PbO, TiO2 and Cu present in 3 
and 6 hr. samples. PbO peaks 

widen slightly in 12 hr pattern, but 
a new phase shows up that could 

be either Pb or PbTiO3. 

Cu and Pb for sure, PbO, TiO2 or 
PbTiO3 may also be present but 

peaks are hard to distinguish 
60 

Table 20. Phase change observations in ball milled Cu-PbTiO3 F1 formulations. 
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4.2.2.3 Cu-PbTiO3 F1 microstructural features 
 

 The x-ray diffraction results obtained from this system were inconclusive, so the 

24-hour-milled composite powders were mounted and observed in the SEM. Some of the 

results are shown below in Figure 42. The matrix material in all of the samples is most 

likely Cu, but the bright phase in 40% sample is Pb, as indicated by x-ray diffraction. The 

small particles in the 20% sample could be either TiO2 or PbTiO3 because their average 

atomic numbers are less than Cu’s atomic number. It is unknown why the surface isn’t 

smooth in the 20% sample like the surfaces of the other two samples. None of these 

samples were etched. In the 30% sample, the particles could be PbTiO3 or TiO2, since the 

x-ray analysis was inconclusive. It looks as though there are only two phases present in 

the 30% sample. The only a way to account for all the elements present in the sample 

would be to assume the reinforcement phase is PbTiO3. There are also particles present in 

the 40% sample that could be PbO, PbTiO3 or TiO2. EDS can only give compositional 

analysis of a 1mm by 1mm area, so it wasn’t helpful in trying to distinguish phases in 

these samples. 

 

Figure 42. SEM images of Cu with formulated a) 20%, b)30% and c) 40% PbTiO3 F1 
ball milled 24 hours. 

a. b.

c. 
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4.2.2.4 Cu-20, 30, 40 vol.% PbTiO3 F2 phase changes with time 
 

 The x-ray diffraction results for the Cu-PbTiO3 F2 system were also pretty 

ambiguous. A summary of the phase changes that could be detected for each formulation 

are given below in Table 21. The only formulation that produced a PbTiO3 phase for sure 

during milling was the 30% mixture. In the 40% formulation, lead was definitely 

somehow put in its reduced state during milling. It is uncertain why this occurred since 

lead compounds are more thermodynamically stable. It could be that the heat produced 

by the reaction melted some of the lead since it has a fairly low melting point. 

Formulation Phase Change Observations Phases Present After  
24 hr. Mill 

XRD 
Figure 

Cu-20%PbTiO3 
F2 

Cu2O and PbO peak intensities 
become lower in the 6 and 12 hr 
patterns, but no distinguishable 

phases form 

No distinct phase peaks other than 
Cu, large broad peak between 28 

and 32 two theta could be PbO, Pb 
or PbTiO3, but results are 

inconclusive 

61 

Cu-30%PbTiO3 
F2 

3 hr pattern shows all starting 
phases, Cu2O peak disappears in 6 

hr pattern and intense PbTiO3 
peaks appear, PbTiO3 peaks shrink 
in 12 hr pattern and a little more in 

24 hr pattern 

Cu and PbTiO3 still present, but it 
looks like other indistinguishable 

phases may also be present 
62 

Cu-40%PbTiO3 
F2 

3 hr pattern shows all starting 
phases, Cu2O peak disappears in 6 

hr pattern, but no distinguishable 
phase appear, just a broad peak in 

the 25 to 35 2theta range 

Definitely Cu and Pb present, 
maybe some PbTiO3 and/or TiO2 

63 

Table 21. Phase change observations in ball milled Cu-PbTiO3 F2 formulations. 
 

4.2.2.5 Cu-PbTiO3 F2 microstructural features 
 

 While the x-ray diffraction results for this system seem ambiguous and unclear, 

the SEM unveiled a microstructure that seems very simple. Images of 24-hour milled 

samples of each formulation are shown below in Figure 43. The 20 and 30% samples 

seem to have a two phase microstructure composed of small (< 500nm) reinforcement 

particles dispersed in the copper matrix. Again, the only way to account for all the 

elements present in the sample is to assume this phase is PbTiO3. X-ray results confirm 

the presence of PbTiO3 in the 30% sample. In the 40% sample, a bright phase is 
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interdispersed with the copper and darker reinforcement phase. X-ray diffraction results 

indicate that this phase is lead. It is unclear from x-ray results what the darker particles 

could be, but if it is the only other phase present, it could be either PbTiO3 or TiO2.  

 

Figure 43. SEM images of Cu with formulated a) 20%, b) 30% and c) 40% PbTiO3 F2 
ball milled 24 hours. 

 
4.2.2.6 Annealing of Cu-30vol% PbTiO3 F2 
 

 A few annealing experiments were done to see if the phases present in the Cu-

30vol% PbTiO3 F2 sample milled for 24 hours could be better defined by x-ray 

diffraction. The results of the three anneal experiments done are summarized below in 

Table 22. Unfortunately, even though they were all done with argon flowing through the 

tube furnace, it appears that there was oxygen present in the anneal experiment done at 

400˚C because the copper oxidized. It is interesting that cubic PbTiO3 was also found in 

the 400˚C annealed sample, since the transition temperature from tetragonal to cubic 

should be 490˚C. It is also interesting that PbTiO3 seemed to be unstable at 500˚C, 

because monolithic PbTiO3 is usually made by calcining precursor powders at this 

temperature and above51. Lead was also found in the 300˚C annealed sample which is 

a. 

c. 

b.
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very strange if it wasn’t already present before the anneal. This could be possible, but 

SEM backscatter analysis doesn’t pick up any bright phases in the composite powders 

milled for 24 hours. It is believed that these annealing experiments failed to actually 

identify the components in the sample prior to annealing. 

Anneal 
Temperature (˚C) Time( hrs) Atmosphere Phases Present After 

Anneal 
500 5 Argon Cu, Pb 
400 2 Argon Cu2O, CuO, cubic PbTiO3 

300 2 Argon 
Pb, tetragonal PbTiO3, Cu 
and at least one unknown 

phase 

Table 22. Results summary of annealing experiments done on the Cu-30vol% PbTiO3 F2 
sample milled for 24 hours 
 

4.2.3 Cu-ZnO SYSTEMS 
  

The reactions in the reaction-milled Cu-ZnO system have fairly low adiabatic 

temperature values, so all the formulations in the system have the potential to produce a 

gradual reaction instead of a MSR. The Cu2O-brass reaction has the highest chance of 

reacting gradually since the adiabatic temperature of the system is lowered by the zinc 

being in solid solution. 

 

4.2.3.1 Cu-20, 30, 40 vol.% ZnO phase changes with milling time 
 

In this reaction system, the phase changes occurring during milling of each 

formulation were pretty clear. The end result in all the formulations was a composite 

powder composed of Cu and ZnO. The x-ray diffraction results are summarized below in 

Table 23. The 20% mixture is the only formulation that appears to react gradually. It is 

difficult to know for sure because samples were taken at somewhat large time intervals, 

but the 30 and 40% samples seemed to change in composition abruptly in reaction times 

of less than six hours. There are different mechanisms at work, but this observation 

corresponds to reaction synthesis results in which the 30 and 40% samples were able to 

propagate the reaction, while the 20% formulation was not. 
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Formulation Phase Change Observations Phases Present  
After 24 hr. mill XRD Figure 

Cu-20%ZnO 

ZnO forms gradually and its peaks are 
most intense after milling for 24 hours. 
The main Cu2O peak also gradually 

decreases   

Cu and ZnO 64 

Cu-30%ZnO 

Looks like the change to ZnO happens 
more abrubtly in this sample between 4 
and 6 hrs., indicating a MSR may have 

occurred. 

Cu and ZnO 65 

Cu-40%ZnO  

The reaction also takes place abruptly in 
this sample between 3 and 6 hrs. of 
milling indicating a MSR may have 
occurred. There is an intermediate 

Cu5Zn8 phase present in the 3 and 6 hr. 
samples 

Cu and ZnO 66 

Table 23. Phase change observations in ball milled Cu-ZnO formulations. 
 

4.2.3.2 Cu-ZnO microstructural features 
 

 Even though copper and zinc oxide should be able to be distinguished using the 

backscatter detector on the SEM, as they were in the reaction-synthesized samples, the 

phases were not distinguishable in any of the unetched mounted samples of the 24-hour-

milled formulations. This was strange, but also strange was the fact that the ZnO could 

also not be observed in the unetched mix-milled Cu-30 vol.%ZnO sample or the unetched 

Cu2O-brass sample . X-ray diffraction clearly indicates that it is present in the samples, 

but it could not be imaged.  All the samples were subsequently etched to see if the ZnO 

could be brought out and imaged. The 30% formulation was the only sample that showed 

a large microstructural change after etching. Figure 44 shows two magnifications of the 

30% sample imaged after etching The ZnO could still not be imaged in the 20 and 40% 

samples. The microstructure of the etched 30% sample is somewhat surprising. The ZnO 

particles are oddly shaped and nonuniformly dispersed throughout the microstructure. 

The large size of the particles supports the theory that a MSR occurred during milling. 

This reaction could potentially be controlled by forming a Cu(Zn) solid solution first by 

ball milling and than adding in the Cu2O and milling further to form a Cu-ZnO 

composite. The idea was demonstrated to be possible in this work by milling Cu2O with 

brass.  
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Figure 44. Microstructure of etched 24-hour reaction milled Cu-30vol.%ZnO sample. 

 

4.2.3.3 Cu2O-brass mixture milling 
 

 Cu2O and brass were milled together in an attempt to form a Cu-26 vol.% ZnO 

composite. X-ray diffraction results, shown in Appendix C, Figure 67, confirm that the 

attempt was fairly successful. ZnO starts to form and brass peaks shift right as the Zn 

comes out of solid solution and elemental Cu is left. ZnO is definitely present after 12 

and 24 hours of milling time. Some Zn might still be left in solid solution with the Cu 

after 24 hours of milling because the Cu peaks haven’t quite made it far enough right to 

match up with the reference pattern. Even though x-ray diffraction results show that ZnO 

forms after 24 hours, the particles weren’t able to be imaged in etched or unetched 

composite particles. 

 
4.2.3.4 Mix milled Cu 30 vol.% ZnO composites  
 

 X-ray diffraction results show that Cu and ZnO remain after 12 and 24 hours of 

mix milling them together(Figure 68). There is actually no change in diffraction patterns 

from 12 to 24 hours of milling. The microstructure of the mixture milled for 24 hours was 

unclear before being etched. After the composite particles were etched, the ZnO particles 

still could not be seen clearly. Figure 45 shows a backscatter SEM image of the sample. 

Pits are etched out where ZnO might be, but the particles cannot really be distinguished. 
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Figure 45. Backscatter SEM image of the mix milled Cu 30 vol.% ZnO sample. 
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5. CONCLUSIONS 
 

 The piezoelectric materials chosen to try and produce in-situ by reaction synthesis 

were BaTiO3, ZnO and ZnS. These were chosen from a long list of possibilities after 

considering a number of factors, including safety, price and thermodynamic feasibility. 

Copper and iron were chosen as matrix materials because their oxides are less 

thermodynamically stable than BaTiO3 and ZnO. Titanium and aluminum were also 

investigated as matrix materials, but weren’t expected to stay in their reduced state during 

synthesis. Because PbTiO3 was also considered a viable piezoelectric material and the 

reaction synthesis of lead is a safety risk, high energy ball milling was also employed in 

this work as an in-situ method of creating composites.   

Reaction synthesis was used to successfully create in-situ ZnO-reinforced copper 

matrix composites and iron matrix composites. The displacement reactions used to create 

the composites aren’t extremely exothermic, so as the amount of ZnO in the formulation 

decreased, the reactions had less chance of going to completion. Unreacted metal oxides 

were present in the reaction products of each formulation. As much as 8 volume percent 

oxide was found in the samples formulated to produce 20 and 25 volume percent ZnO. 

Ideal reaction parameters were identified for both the iron and copper matrix systems 

based on experimental observations and thermodynamic considerations. These 

parameters include using small reactant powder size and mixing the reactant powders 

thoroughly before compacting the reactant pellet. Experimental findings suggest there are 

certain reaction conditions not tested in this work that could promote a more complete 

reaction. Reacting the formulations in thermal explosion mode in a vacuum furnace 

would increase reaction temperatures and ensure that zinc only reacts with oxygen of the 

metal oxide.   

The microstructures produced in the Cu-ZnO and Fe-ZnO composite reactions 

could be a result of the low reaction temperatures and mostly solid state nature of the less 

exothermic reactions. In both the Fe and Cu-matrix systems the microstructure consists of 

regions of pure matrix metal with other regions of interpenetrating metal-ZnO structure. 

Interpenetrating phase composites have been produced by other investigators using solid 

state reactions, while other more exothermic reaction synthesis systems, such as the TiAl-
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TiB2 system, have been reported to produce particulate reinforcement. The most 

exothermic formulation of all the ZnO reactions was Cu-50vol.% ZnO. In this system, 

ZnO actually formed in a particulate microstructure rather than an interpenetrating 

structure. Reactant powder size has been shown in these studies to affect product 

composition and microstructure, also as a result of the more solid-state nature of these 

reaction systems.  

Of all the BaTiO3-reinforced reaction systems, only three reactions produced 

some form BaTiO3 as a major phase in a reduced metal matrix; Formula 1 and 3 of the Fe 

matrix reactions and Formula 1 of the Cu matrix reactions were somewhat successful. 

Even in these systems, Ba2TiO4 was produced as a secondary phase in varying amounts. 

It is difficult to prevent this phase from forming because it is more thermodynamically 

stable than BaTiO3. It was observed that more Ba2TiO4 was formed in reactions that most 

likely achieved higher reaction temperatures. In this work, these formulations were 

reacted in an atmosphere that probably had an excess amount of oxygen present. The 

availability of non-stoichiometric oxygen may have swayed the reactions even more 

towards forming Ba2TiO4. The reaction atmosphere for these reactions should be 

completely oxygen-free. The reaction temperatures in these systems should also be kept 

at a minimum because the large amount of heat created in the formation of BaTiO3 has 

been shown in these experiments to be able to melt the matrix metal, resulting in the 

detrimental separation of the matrix and reinforcement phases. 

Promising high-energy ball milling reactions include the Cu-ZnO composite-

forming reaction and the Cu-PbTiO3 composite-forming reactions. Both reaction systems 

have ambiguities that have to be clarified before they can be confidently identified as 

methods to produce the specified in-situ composites. In the Cu-PbTiO3 reaction mills, x-

ray diffraction results for many of the milling times in all the formulations are unclear. 

Diffraction peaks are too broad and potential product phases have x-ray patterns that are 

too similar to be able to distinguish phases. However, SEM analysis using a backscatter 

detector along with x-ray results suggest that PbTiO3 is being formed in the copper 

matrix in some of the PbTiO3 formulations. In the Cu-ZnO formulations, x-ray results 

clearly indicate that ZnO is being formed, but in the SEM images of the 20 and 40 vol.% 

ZnO formulations, the ZnO phase unidentifiable. The microstructure of the 30% ZnO 
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sample indicates that the ZnO phase forms in large (>2µm) irregularly-shaped particles, 

indicating the ZnO forms in the 30% and probably 40 vol.% ZnO samples as the result of 

a mechanically-induced self-propagating reaction (MSR) instead of happening gradually. 

X-ray diffraction results of the 20 vol.% ZnO sample indicate the reaction happens 

gradually, meaning the ZnO phase is potentially nanometer-sized.  

In this work, in-situ piezoelectric-reinforced metal-matrix composites have been 

created using reaction synthesis and high-energy ball milling. By showing that ZnO-

reinforced metal matrix composites can be created using reaction synthesis, other oxide 

systems with low adiabatic temperature can be identified as having potential to be created 

using reaction synthesis. The potential to create in-situ composites reinforced with 

ternary compounds has also been shown. Several promising in-situ piezoelectric-

reinforced composite systems have been identified and can be more thoroughly explored 

if piezoelectric-reinforced composites are proven to have a passive damping capability. 

The thermodynamic stability, strong matrix/reinforcement bonding and time/energy 

efficient synthesis provided by in-situ processing would be advantageous in terms of 

composite properties and potential large-scale production.    

 

 

5.1 FUTURE WORK 
 
 The composites created by reaction synthesis identified in this work as promising 

must be investigated further to be able to create reproducible composites with ideal 

composition and microstructure. The ZnO-reinforced composite-forming reactions should 

be attempted in thermal explosion mode in a vacuum furnace to see whether the amount 

of unreacted oxide in the product can be reduced. The amount of unreacted oxide could 

also be reduced by using smaller reactant powder sizes. Smaller zinc powder sizes should 

be used in the Cu-20 and 25 vol.% ZnO formulations and all the Fe-ZnO formulations. It 

would also be interesting to react these systems by reactive hot pressing in an effort to 

retain the unique interpenetrating microstructure in a dense product. The microstructure 

may provide enhanced strengthening. It will also be interesting to see what the 

microstructure looks like after crushing and densifying the reaction-synthesized product. 
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Like the ZnO-forming reactions, the BaTiO3-forming reactions should also be 

attempted in a completely inert or evacuated environment in an effort to favor BaTiO3 

formation instead of Ba2TiO4 formation. The reaction temperatures in the systems with 

higher amount of formulated BaTiO3 may be reduced by adding some BaTiO3 powder to 

the reactant mixture. This method has been tried in ball-milling reactions to reduce 

reaction temperature and could dilute the BaTiO3-forming reaction enough to lower the 

reaction temperature below the melting temperature of the matrix metal. In some of the 

promising reactions that created BaTiO3, cubic or hexagonal BaTiO3 formed instead of or 

along with piezoelectric tetragonal BaTiO3. These samples need to be heat-treated to 

form the tetragonal phase. Monolithic cubic BaTiO3 has been able to be heat-treated to 

form the tetragonal phase55-57, but most of the temperatures used exceed the melting point 

of copper, which could be a challenge. Longer times at lower temperatures could be used 

instead. A heat treatment scheme to produce tetragonal BaTiO3 should also developed in 

case the secondary processing needed to produce a dense product (HIP, extrusion) 

produces enough heat to convert the tetragonal phase to the cubic or hexagonal phase. 

Of all the promising in-situ composite systems identified, the ball-milled 

composite systems need the most work. The ambiguities in microstructure and 

composition need to be clarified. The PbTiO3 reactions should be redone to see if the 

compositions identified or unidentified by x-ray diffraction can be reproduced. The 

reaction products of the milling done in this work may also be annealed to more clearly 

identify the phases present in the composite samples. As evidenced by the annealing 

attempted on the 30% F2 sample, PbTiO3 might not be stable at 500˚C, so annealing 

should be attempted at lower temperatures in an inert environment for longer times. The 

microstructure of the Cu-ZnO composite samples need to be examined again after trying 

a different etchant or etching for a longer period of time. The ZnO should be big enough 

to image in the 40%ZnO sample, but may be too small to image in the 20% ZnO sample 

and the Cu2O-brass milled sample. These samples may need to be analyzed using 

transmission electron microscopy to identify the ZnO phase. 
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APPENDIX A: ENTHALPY DIAGRAMS FOR THE CU-ZNO AND FE-ZNO  
COMPOSITE REACTIONS 
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Figure 46. Enthalpy diagram for the Cu-20 vol.% ZnO formulation 

 

Figure 47. Enthalpy diagram for the Cu-25 vol.% ZnO formulation 
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Figure 48. Enthalpy diagram for the Cu-30 vol.% ZnO formulation 

 

Figure 49. Enthalpy diagram for the Cu-40 vol.% ZnO formulation 
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Figure 50. Enthalpy diagram for the Cu-50 vol.% ZnO formulation 

 

Figure 51.  Enthalpy diagram for the Fe-30 vol.% ZnO formulation 
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Figure 52. Enthalpy diagram for the Fe-40 vol.% ZnO formulation 

 

 
Figure 53. Enthalpy diagram for the Fe-50 vol.% ZnO formulation 
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Figure 54. Enthalpy diagram for the Fe-60 vol.% ZnO formulation 
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APPENDIX B: EXPERIMENTAL OBSERVATIONS OF UNSUCCESSFUL 
REACTION SYNTHESIS FORMULATIONS 
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Composite Formulation Reaction Products Time Until Reaction Propagation Observations

Cu-20%ZnS Cu, ZnO, Zn, S No propagation Some of the sulfur volatized out of the compact

Cu-30%ZnS Cu, cubic ZnS, hex ZnS, hex. 
ZnO, Cu2S 100V, reacted after ~1 min. Some of the sulfur volatized out of the compact

Cu-40%ZnS Cu, cubic ZnS, hex ZnS, hex. 
ZnO, Cu2S 100V, reacted after ~1 min. 30 sec. Some of the sulfur volatized out of the compact

Al-40%ZnS Al, Zn, S No propagation A lot of sulfur volatized and deposited on sides of 
quartz tube

Fe-40%ZnS Fe, Zn, S No propagation A lot of sulfur volatized and deposited on sides of 
quartz tube

Ti-40%ZnS Ti, Zn, S No propagation A lot of sulfur volatized and deposited on sides of 
quartz tube

Al-40%BaTiO3 F1 Al, orthorhombic Ba2TiO4, 
BaAl2O4 No propagation Some white-gray gas escaped during heating

Ti-40%BaTiO3 F1 Ti3O, monoclinic Ba2TiO4 100V 2min.,120v to 4min.,140V to 5 min. 
& rxn occured Some white-gray gas escaped during heating

Ti-46at.%Al-30%BaTiO3 F1 Ti3O, monoclinic Ba2TiO4, 
TiAl 100V, reacted after ~2 min.

White gas escaped during rxn, pellet black on 
outside, big metal bubbles on outside of misshapen 

pellet

Ti-46at.%Al-40%BaTiO3 F1 Ti3O, monoclinic Ba2TiO4, 
TiAl 100V, reacted after ~1 min. 30 sec. 

Very energetic rxn, black on outside, misshapen, 
looks like burnt marshmellow, with some of the 

metal melted out

Ti-6at.%Al-40%BaTiO3 F1 Ti3O, monoclinic Ba2TiO4, 
Al2O3 100V, reacted after ~1 min. White/yellow residue on outside of the reacted 

pellet

Ti-6at.%Al-30%BaTiO3 F1 Ti3O, monoclinic Ba2TiO4, 
Al2O3 100V, reacted after ~1 min.30 sec. White/yellow residue on outside of the reacted 

pellet

Al-40%BaTiO3 F2 Al2O3, monoclinicic 
Ba2TiO4, BaAl2O4

100V for 2 min., 120V for 2 min., 140V 
for 2 min. , no propagation, but entire 

pellet was red hot
Some white-gray gas escaped during heating

Ti-40%BaTiO3 F2 Ti3O, monoclinic Ba2TiO4 100V 2 min.,120V 2 min.,140V to 1 min. 
& rxn occurred Some white-gray gas escaped during heating

Ti-46at.%Al-40%BaTiO3 F2 Ti3O, monoclinic Ba2TiO4, 
TiAl

100V, reacted after ~1 min. 30 sec. and 
melted sample

Reaction was very energetic and melted out the Ti 
and Al, yellow residue also present

Ti-46at.%Al-30%BaTiO3 F2 Ti3O, monoclinic Ba2TiO4, 
TiAl

100V, reacted after ~1 min. 45 sec. and 
melted sample

Very energetic rxn, some of the pellet melted, 
some yellow/white residue on outside of reacted 

pellet

Ti-6at.%Al-40%BaTiO3 F2 Ti3O, monoclinic Ba2TiO4, 
Al2O3 100V, reacted after ~1 min., 15 sec. White gas escaped during rxn, practically no black 

on outside, energetic, but no melting

Ti-6at.%Al-30%BaTiO3 F2 Ti3O, monoclinic Ba2TiO4, 
Al2O3 100V, reacted after ~1 min., 45 sec. White gas escaped during rxn, all black on 

outside, no yellow.white stuff like F1

Ti-6at.%Al-20%BaTiO3 F2 Ti3O, monoclinic Ba2TiO4, 
Al2O3 100V, reacted after ~1 min., 45 sec. White gas escaped during rxn, some black residue 

on outside

Cu-40%BaTiO3 F2 Cu, orthorhombic Ba2TiO4, 
cubic BaTiO3, Cu2O

100V 2min.,120v 2min.,140V 1 min. & 
rxn occurred

Some Cu melted out in little bubbles out of the 
sample

Fe-40%BaTiO3 F2 Ba2FeO4, Ba2TiO4, BaO2 100V 2min.,120v 2min.,140V 1 min. & 
rxn occurred Some white-gray gas escaped during heating

Cu-30%BaTiO3 F3 Cu, mostly Ba2TiO4, some 
cubic or tetragonal BaTiO3 100V 2 min., 120V, reacted after 1 min. A slow rxn front started moving, then a fast more 

energetic one that melted out some of the Cu

Cu-40%BaTiO3 F3 Cu, mostly Ba2TiO4, some 
cubic or tetragonal BaTiO3

100V 2min.,120v 2 min.,140V 1 min. & 
rxn occurred, melted Cu Reaction was very energetic and melted out the Cu  

Table 24. Experimental observations of unsuccessful reaction synthesis attempts 

 
  
 



 102

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX C: X-RAY DIFFRACTION PATTERNS OF BALL-MILLED SAMPLES 
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Figure 55. PbO-TiO2 mixture ball milled for 6 hours. 

 

Figure 56. PbO-TiO2 mixture ball milled for 9 hours. 
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Figure 57. X-ray diffraction results of milling Cu with ball-mill-synthesized PbTiO3 for 
24 hours before and after annealing. 

 

 
Figure 58. . X-ray diffraction patterns of Cu-20vol.% PbTiO3 F1 formulation milled for 
3, 6, 12 and 24 hours. 
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Figure 59. X-ray diffraction patterns of Cu-30vol.% PbTiO3 F1 formulation milled for 3, 
6, 12 and 24 hours. 

 

Figure 60. X-ray diffraction patterns of Cu-40vol.% PbTiO3 F1 formulation milled for 1, 
3, 6, 12 and 24 hours. 
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Figure 61. X-ray diffraction patterns of Cu-20vol.% PbTiO3 F2 formulation milled for 3, 
6, 12 and 24 hours. 

 

Figure 62. X-ray diffraction patterns of Cu-30vol.% PbTiO3 F2 formulation milled for 3, 
6, 12 and 24 hours. 
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Figure 63. X-ray diffraction pattern of Cu-40vol.% PbTiO3 F2 formulation milled for 24 
hours. 

Figure 64. X-ray diffraction patterns of Cu-20vol.% ZnO formulation reaction ball milled 
for 3, 6, 12 and 24 hours. 
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Figure 65. X-ray diffraction patterns of Cu-30vol.% ZnO formulation reaction ball milled 
for 2, 4, 6, 12 and 24 hours. 

 

Figure 66. X-ray diffraction patterns of Cu-40vol.% ZnO formulation reaction ball milled 
for 1, 3, 6, 12 and 24 hours. 
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Figure 67. X-ray diffraction patterns of the Cu2O-brass formulation reaction ball milled 
for 3, 6, 12 and 24 hours. 

 

Figure 68. X-ray diffraction patterns of the mix milled Cu-30vol.% ZnO formulation milled for 
12 and 24 hours. 
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