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Abstract

Self-propagating high-temperature synthesis (SHS) is a self-sustaining combustion

reaction of reactant powders typically in the form of compacted pellets to form a desired product

species. The reactants are ignited in one or more locations by several different techniques. After

ignition the reaction travels as a wave through the pellet exothermically converting the reactants

into products as it propagates. In this case the products are formed as discrete ceramic particles

of TiC, Al2O3 and SiC. The goal of this research was to reduce the size of the particles formed by

this technique from a diameter of 1-5μm to less than 100nm with the goal of then incorporating 

these nanoparticles as reinforcements in Al metal matrix composites.

To accomplish this, many different SHS principles were studied and their associated

variables were changed to reduce the combustion temperature of each reacting system. Several of

these systems were investigated and discarded for a number of reasons such as: low ignition or

high combustion temperatures, dangerous reaction conditions, or undesirable product densities

and morphologies. The systems chosen exhibited low material costs, low combustion

temperatures, and a wide range of stabilities when lowering the reaction temperature. The

reacting systems pursued were based around the aluminothermic reduction of TiO2 in the

presence of carbon to form TiC and Al2O3. The combustion temperature of this reaction was

reduced from 2053ºC to less than 1100ºC, which had a corresponding effect on the particle size

of the products, reducing the average diameter of the particles to less than 100nm. This was

accomplished by providing high heating rates, controlling the green density and adding diluents

to the reaction such as Al, TiC, SiC or Al2O3. Cooling experiments were also investigated, but

the cooling rate was found to have no effect on the particle size.
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Chapter 1 INTRODUCTION

Self-propagating High-temperature Synthesis (SHS) is a form of reaction synthesis that

relies on the heat evolved from a localized chemical reaction to propagate the overall combustion

reaction to the rest of the green compact. This exothermic propagation reaction can then be used

to produce many different product phases. Primarily SHS methods are used to produce ceramic

or intermetallic products because of the significant heat developed [1]. The materials produced

can then be utilized as final parts or further processed into composites or sintered using standard

techniques.

1.1 SHS Products

Many different products are possible using SHS [1], [2], [3], [4]. The work presented

herein focuses on the production of ceramic particles. The primary advantage of SHS is in the

potential synthesis of high-strength engineered ceramics at much lower cost than standard

ceramic processing methods [5]. SHS is achieved by mixing reactant powders and subsequently

igniting a reaction between them to form a desired product phase. This process takes far less

equipment and time than standard ceramic powder production methods such as: calcination,

roasting, sol gel and atomization [6]. These production methods take much longer or require

higher-temperature processing than SHS [7]. Another cost-saving aspect of SHS is the minimal

amount of equipment required, consisting of only: a punch and die, a bench top press, reactant

powders, mixing equipment and an ignition source.

The ceramic particles that result from SHS can be utilized in several applications, an

example of which is as a reinforcement in metal matrix composites (MMCs). MMCs consist of a

ductile metallic matrix with a hard ceramic reinforcement distributed throughout. These

materials exhibit properties of both of the component materials, harder but less dutile than the

metal and softer but tougher than the ceramic. Since decreases in the particle size of the

reinforcement phase results in increasing composite strength [8], it is desirable to have control

over the particle size during SHS [8]. The ceramic addition process is typically difficult due to
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the ceramic particles not wetting readily in the molten phase. This limitation is addressed by SHS

through higher temperatures during additions or formation of the MMC during the reaction.

SHS experiments performed and described in this document were developed for the production
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1.1 Particle Size

Particle size in any system is determined by the nucleation and growth kinetics [16] of

the product phase(s). During SHS reactions, the product species form as nuclei which then grow

to a final size based on several factors including diffusion rate [17] and reactant availability.

Typically, as the nucleation density increases or the growth rate decreases the particle size of the

products will decrease [18].

Investigating the nucleation and growth kinetics of SHS reactions should allow further

understanding of the formation of products as the SHS reaction occurs. Because the product

particles that form are typically smaller than the reactant powders [3], it is clear that, during the

transformation from reactants to products, there has to be considerable movement of one or more

of the reactants. Also, due to the high reaction temperatures, it is possible that one or more of the

reactants might melt or vaporize such that transport could occur in the solid, liquid or gaseous

state.

The purpose of the present study was to determine whether the ceramic particle size

produced by SHS can be controlled by controlling the combustion temperature of the reaction.

The formation of TiC by SHS was selected given the significant amount of prior SHS work on

this system and the ability to reduce the combustion temperatures over a rather large range

(hundreds of degrees).

1.1.1 Hypothesis

Increased nucleation density or reduced growth at lower temperatures may have an effect

on the microstructure evolved during an SHS reaction. The hypothesis that drove this study was

that it should be possible to control the product ceramic size by controlling the combustion

temperature of an SHS reaction; i.e., it should be possible to produce particles that are smaller

than those at higher combustion temperatures by reducing the combustion temperature.

Specifically, it should be possible to reduce the particle size of titanium carbide produced by

SHS from 1000nm (1m) to less than 100nm by limiting the reaction temperature and

minimizing the time at high temperatures.
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Chapter 2 LITERATURE REVIEW

Self-propagating high-temperature synthesis or SHS is a method of producing ceramic

products from powder precursors that has been in development over the last century [4]. In the

last 40 years, research has accelerated significantly resulting in several studies that have set the

stage for future applications. When heat is applied to a mixture of reactant powders, the

activation energy for combustion is overcome, triggering a chemical reaction [19]. This

exothermic release of heat provides energy to the adjacent layer of reactants causing a sequence

of reactions that is defined by temperature and velocity. By manipulating the chemistry and

reaction conditions, the system can be tailored to produce desired products. Once the ceramic

product is produced, it has many potential uses, one of which is as an additive to a molten alloy

to produce metal matrix composites (MMCs). Several sources of previous research work have

influenced this study and set the stage to pursue this investigation. For example, Munir laid the

groundwork for SHS research [1]. Feng and Moore [20] developed key theories on SHS and the

role of chemical additions and Garrett along with a research team at the Colorado School of

Mines [21] developed several techniques and methods of producing MMC products using SHS

techniques.

2.1 SHS Development

Self-propagating high-temperature synthesis was first investigated by a Russian scientist

in the 19th century to produce sintered ceramic products at a reduced cost. After the fall of the

Soviet Union, the technology began to grow in the western world at a much faster rate.

Researchers began to study the conditions under which a desired property could be developed.

The 1988 paper by Munir [1] was entitled "Self-propagating exothermic reactions: the synthesis

of high-temperature materials by combustion," and described the basis for SHS reactions [1].

This study provided a comprehensive collection of information about combustion reactions that

set the stage for a considerable amount of subsequent research. Munir reported the effects of

various parameters (i.e., temperature, velocity, density, reactant particle size, combustion

stability) on the final product. The mechanism by which the combustion synthesis takes place

was poorly understood at the time and other groups began to investigate these phenomena [12].
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Since the pioneering work by Munir [1], SHS has been used to produce near-net shape

ceramics which can be used for a variety of applications. Automotive parts, sensors, electric

motors, military parts, soft drink dispensers, optical components, extraterrestrial vehicles,

computers and more rely on ceramic parts to function. Many of these parts could be produced by

SHS if combustion reactions were understood especially in view of the reduced processing time

and cost while manufacturing these parts. Porosity, processing methods and safety concerns have

also inhibited the growth of this field in the past.

Many materials have been produced by the SHS process. Table 2.1 demonstrates the

range of combustion synthesis showing only some of the compounds produced by this method

according to a collection of information from several sources.

2.1 The SHS Reaction

Understanding the variables that control SHS reactions provides insight to an

experimentalist who is then able to manipulate the system to produce a desired final product. A

simple example is that of a combination reaction where two species are combined to form a

single product. When ignited, the combination of the reactants can be highly exothermic

resulting in an evolution of heat during product formation.

It is common to discuss SHS reactions by referring to a series of temperatures

encountered during the process; these are shown schematically in Figure 2.1a and in an actual

experiment (Figure 2.1b). These temperatures include (1) the initial temperature, (2) the ignition

temperature (3) the calculated adiabatic temperature and (4) the combustion temperature. Munir

demonstrated the development of one of these temperatures when he discussed the calculation of

the adiabatic temperature (Tad) [1]. The temperatures associated with the different steps of an

SHS reaction are dependent on several variables including heating rate, green density, diluent,

preheat, activation energy, thermal conductivity, heat capacity, phase transformations and

diffusion rates [14]. With an understanding of the thermodynamics, kinetics and microstructural

evolution during combustion synthesis, it should be possible to identify the primary controllable

variables and their effects on the final products.
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Table 2.1: List of some materials produced by SHS [3, 15, 20, 22, 23]

Borides CrB HfB2 NbB BbB2 TaB2 TiB TiB2 LaB6 MoB MoB2 MoB4 Mo2B
WB W2B5 WB4 ZrB2 VB V3B2 VB2

Carbides TiC ZrC HfC NbC SiC Cr3C2 B4C WC TaC Ta2C VC Al4C Mo2C

Nitrides Mg3N2 BN AlN SiN Si3N4 TiN ZrN HfN VN NbN Ta2N TaN

Silicides TiS3 Ti5Si3 MoSi2 TaSi2 Nb5Si3 NbSi2 WSi2 B5Si3

Aluminides NiAl CoAl NbAl3 TiAl3

Hydrides TiH2 ZrH2 NbH2 CsH2 PrH2 IH2

Intermetallics NiAl FeAl NbGe NbGe2 TiNi CoTi CuAl

Carbonitrides TiC-TiN NbC-NbN TaC-TaN ZrC-ZrN

Cemented Carbides TiC-Ni TiC-(Ni,Mo) WC-Co Cr3C2-(Ni,Mo)

Binary Compounds TiB2-MoB2 TiB2-CrB2 ZrB2-CrB2 TiC-WC TiN-ZrN MoS2-NbS2 Ws2-
NbS2

Chalcogenides MgS NbSe2 TaSe2 MoS2 MoSe2 WS2 WSe2

Composites TiB2-Al2O3 TiC-Al2O3 B4C-Al2O3 TiN-Al2O3 TiC-TiB2 MoSi2-Al2O3

MoB-Al2O3 Cr2C3-Al2O3 6VN-5Al2O3 ZrO2-Al2O3-2Nb TiC-SiC
(including any of these with a metallic phase to make an MMC)



(a)

Figure 2.1: (a) Schematic time vs temperature plot
demonstrating the four important temperatures in SHS

initial temperature (T0), stage II heating to ignition
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(b)

(a) Schematic time vs temperature plot for an SHS reaction. (b) Representative time vs. temperature plot
demonstrating the four important temperatures in SHS reactions and their relationship to the four stages of an SHS reaction.

II heating to ignition (Tig), stage III reaction/reaction completion/combustion temperature
temperature (Tad), stage IV cooling.

(b) Representative time vs. temperature plot
and their relationship to the four stages of an SHS reaction. Stage I I

III reaction/reaction completion/combustion temperature (Tc), adiabatic
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2.1.1 Initial Temperature

The initial temperature, T0, is the temperature the pellet is heated or cooled to prior to

locally heating a portion of the sample to the ignition temperature. T0 is used to calculate the

adiabatic temperature, typically as the initial temperature increases the adiabatic temperature will

also increase. Changing T0 prior to igniting the reaction is referred to as pre-heating; this can

have a significant effect on the other temperatures describe below.

2.1.2 Ignition Temperature

Kinetics plays an important part in determining the activity of the system and therefore

the temperature at which the reaction will begin. While the pellet may start at the initial

temperature, it must reach an ignition temperature before the reaction will begin. The ignition

temperature (Tig) is a function of activation energy and several kinetic variables [19]. Due to a

small amount of heating before ignition, there is an unintentional pre-heat applied to the pellet

before the reaction. To distinguish between the different types of pre-heating Figure 2.2 shows

the three influencing types in an SHS reaction: pre-ignition, pre-wave and initial pre-heat.

Pre-ignition heating is caused by the ignition source conducting heat through the sample

before the reaction begins. Initial heating is used to raise the temperature of the entire pellet to a

known value before the ignition source. Pre-ignition heating can be delineated from the initial

pre-heat because it is only observed as a non-steady state conduction of heat just before ignition

as a thermal gradient through the powder compact. Spontaneous reactions, i.e., simultaneous

combustion, occur when the initial temperature is at or above the ignition temperature resulting

in combustion. The relationship between the initial temperature and the ignition temperature is

shown in Figure 2.3 where T1 is an initial temperature of a reaction including the initial pre-heat.

The point at which the reaction begins to occur is called the ignition temperature. If the initial

temperature is changed, the kinetics may also change resulting in higher or lower ignition

temperatures, which in turn changes the final combustion temperature described below.



Figure 2.2: Schematic representation of the three types of preheating in SHS. (a) initial
pre-heat is applied by warming a green compact

that the entire pellet is at a constant
temperature of the pellet by the heating element intended to ignite the pellet before

the reaction has occurred;
dependence on the thermal conductivity of the reactants. (c) pre

conduction in front of the combus
dependent on conductivity of the reactants
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: Schematic representation of the three types of preheating in SHS. (a) initial
is applied by warming a green compact in a furnace before ignition of the reaction so

s at a constant temperature. (b) ignition source pre-heating
the pellet by the heating element intended to ignite the pellet before

reaction has occurred; the different profiles demonstrate the depth of heating and its
conductivity of the reactants. (c) pre-wave heating is due to the heat

conduction in front of the combustion wave during the reaction. This typ
dependent on conductivity of the reactants [24] [25].

: Schematic representation of the three types of preheating in SHS. (a) initial
in a furnace before ignition of the reaction so

heating is increasing the
the pellet by the heating element intended to ignite the pellet before initiation of

the depth of heating and its
wave heating is due to the heat

type of heating is also
.



Figure 2.3: Schematic of enthalpy vs
temperature is the highest temperature that can be reached before the reaction starts. If the entire

pellet reaches the ignition temperature before the reaction, conversion to products will be
simultaneous. If the ignition temperature is

2.1.3 Ignition Techniques

There are two general classes of SHS reactions, simultaneous and propagating, which are

defined by the ignition mechanism

explosion heats the entire pellet before combustion which overcomes some amount of heat loss

and allows for many points of ignition

have to travel [26]. While propagating mode experiments are heating only a local area

conduction through the compact will heat the rest of the pellet. For

the powders are typically heated by a furnace. Slight differences in density, conductivity or

composition will cause one part of the pellet to ignite before the rest. Not only will the reaction

start in local areas, there will normally be a temperature gr

the inside causing propagation to follow that gradient. An actual reaction exh

two extreme conditions, propagation and thermal explosion

local points and heat the entire system simultaneously before the combustion

entire pellet. Finding the best mix of the

maintaining stability is essential for p

10

: Schematic of enthalpy vs temperature for a theoretical reaction.
temperature is the highest temperature that can be reached before the reaction starts. If the entire

pellet reaches the ignition temperature before the reaction, conversion to products will be
ignition temperature is known the adiabatic temperature can be determined.

[20]

There are two general classes of SHS reactions, simultaneous and propagating, which are

mechanism used to start the reaction. Simultaneous mode or thermal

explosion heats the entire pellet before combustion which overcomes some amount of heat loss

and allows for many points of ignition, decreasing the distance that the propagating wave will

. While propagating mode experiments are heating only a local area

conduction through the compact will heat the rest of the pellet. For the thermal explosion mode

the powders are typically heated by a furnace. Slight differences in density, conductivity or

composition will cause one part of the pellet to ignite before the rest. Not only will the reaction

there will normally be a temperature gradient from the outside of the pellet to

the inside causing propagation to follow that gradient. An actual reaction exh

two extreme conditions, propagation and thermal explosion. The pellet will ignite

he entire system simultaneously before the combustion

Finding the best mix of these modes for a specific reacting system while

maintaining stability is essential for production of desirable products (e.g. Figure 2.4

temperature for a theoretical reaction. The ignition
temperature is the highest temperature that can be reached before the reaction starts. If the entire

pellet reaches the ignition temperature before the reaction, conversion to products will be
known the adiabatic temperature can be determined.

There are two general classes of SHS reactions, simultaneous and propagating, which are

Simultaneous mode or thermal

explosion heats the entire pellet before combustion which overcomes some amount of heat loss

decreasing the distance that the propagating wave will

. While propagating mode experiments are heating only a local area, thermal

thermal explosion mode,

the powders are typically heated by a furnace. Slight differences in density, conductivity or

composition will cause one part of the pellet to ignite before the rest. Not only will the reaction

adient from the outside of the pellet to

the inside causing propagation to follow that gradient. An actual reaction exhibits both of these

will ignite at multiple

he entire system simultaneously before the combustion wave reaches the

system while

Figure 2.4).



Figure 2.4: Schematic of the ignition methods and the
ignited from one end and then propagates to the rest of the pellet
pellet at the same time to ignition. Even so, inhomogeneity and differences in temperature

11

Schematic of the ignition methods and their non-ideal propagating modes. (a) The propagation combustion mode is
e rest of the pellet. (b) Simultaneous combustion mode is achieved by heating the entire

nhomogeneity and differences in temperature at the surface result in propagation waves
through the pellet.

ropagation combustion mode is
. (b) Simultaneous combustion mode is achieved by heating the entire

result in propagation waves
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2.1.4 Adiabatic Temperature

Tad describes the thermodynamically predicted final temperature assuming no heat is lost

to the surroundings during the SHS reaction. Thus, it provides an idealized calculated maximum

limit to maximum temperature achieved. If the heat capacity is known for the reactants and the

products over a range of temperatures, the adiabatic temperature can be predicted. The enthalpy

of the system is then described by this temperature and the starting temperature of the material

(T0). By integrating the molar heat capacity over this range of temperatures, as shown in

Equation 2.1, the enthalpy (ΔH0) for that particular starting temperature can be determined [1].

∆� � �
� = ∫ � � (� � )	� �

� � �
� �

2.1

where Cp(MX) is the molar heat capacity equation for the products minus the reactants. This

information provides a basis for predicting the temperatures the reaction will reach after

completion. Determination of the heat of the products can then be described by Equation 2.2 [3].

� (� ) � � = � � � � � � � � � � � � � � + � � � � � � � �

� � � � � � � ( � � )

� � � ( � � )

� � �

2.2

where Cp(Pj) is the heat capacity of the products, L(Pj) is the latent heat of phase transformation

of the products, and nj represents the stoichiometric coefficients of the product species. By

expanding on this equation, all reaction systems can be described as a function of their thermal

energy. Using thermodynamic definitions, the enthalpy of the reaction can be described by

Equation 2.3. This can only be applied when the enthalpy of the reactants is equal to zero at 0K.

Reactions must be normalized to this if any of the reactants contain compounds of non-zero

enthalpies of formation.

� � � � � � � = −[� (� ) + � (� )] 2.3
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2.1.5 Enthalpy Map

The enthalpy of an SHS reaction can be described by the heat capacity, latent heat and

the heat of formation of the products. This can be simplified to the form shown in Equation 2.4

assuming the reaction starts at 298 K.

� � (� � � ) + � � � � � � � � � � � � � � + � � � � � � � � = �

� � � � � � � ( � � � )

� � � ( � � � )

� � �

2.4

Using this equation, the adiabatic temperature can be ascertained to provide an estimate

of the thermodynamic properties of the system. This information is crucial in order to maintain

the temperature of the reaction within limits set for the system. These limits are important when

there is a phase change that may be a detriment to the experiment. For example vapor phase

formation can cause violent and potentially dangerous conditions while liquid phases may

produce a different morphology then desired.

The use of these equations is shown in Figure 2.5. The values of a, b, c and d for the heat

capacity equation (Equation 2.5), the heat of formation at 298K and the latent heats for all the

components involved were used to develop a diagram of enthalpy verses temperature.

� � = � + � ∙ � + � ∙ � � � + � ∙ � � 2.5

These diagrams graphically describe the thermodynamic conditions in an SHS system

providing a quick reference to determine the adiabatic temperature of the reaction. These

diagrams are also used to investigate the effect of pre-heating. Assuming there is not a critical

phase change in the products, the adiabatic temperature is found to be a higher value than at

lower pre-heating conditions. When starting at a higher heat capacity of the reactants, the

reaction produces products at higher heat capacities, which corresponds to higher theoretical

temperatures.
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Figure 2.5: Enthalpy vs temperature for the simple combination reaction to form titanium
carbide. Calculated by determining the heat capacity from the values of a, b, c and d over the

entire range of temperatures for the reactants and products. These diagrams can be used to
determine the adiabatic temperature of a reaction as shown in Figure 2.3 [27, 28].

2.1.6 Combustion Temperature

The exothermic transition from reactants to products in the first layer of the pellet is used

to propagate the reaction throughout the rest of the material. The high heat produced causes the

neighboring particles to react thereby causing a combustion wave. During propagation, these

thermal waves do not fully preserve the energy of the reaction in the system. For this reason, the

actual temperature that the next layer is exposed to is lower than what was predicted

thermodynamically. The heat lost in this process when compared to the theoretical adiabatic

value is denoted as Q as seen previously in Figure 2.3 and Figure 2.5.This lower temperature is

known as the combustion temperature (TC), which more accurately describes the temperature

experienced by the system. This is the actual measured value of maximum temperature observed

using a thermocouple placed in the pellet.
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The initial temperatures are set by the experimenter to somewhat control the other

variables. The ignition temperature is a result of kinetic variables and is difficult to measure. The

adiabatic temperature is a theoretical value that is thermodynamically determined. The

combustion temperature is the only value that can be consistently measured and then related to a

change in the thermodynamic and kinetic variables. A significant example of when this can be

important is the observation of pre-ignition and pre-wave heating. In this case, all other values

may appear normal but the temperature of combustion will read unexpectedly high. It can even

read combustion temperatures higher than the calculated adiabatic temperature for the system,

which is thermodynamically impossible. This means that the calculation used for the adiabatic

temperature did not account for the ignition temperature correctly. In this way a changed

variable, even an unintentional change, will be observed by a change in combustion temperature.

This study intends to demonstrate that the combustion temperature is the only reliably

measurable value to be compared to the morphology of the products.

2.1.7 Heating Rate

Heating rate can change the ignition temperature so significantly that Tig can only be

described for a set of particular experimental and environmental conditions. These conditions do

not translate to other sets of experiments. Tig cannot be calculated or compared to another

experimental setup so it can only be compared within the same set of experiments. Typically, as

the heating rate increases, the ignition temperature decreases. Slow heating rate experiments, for

example those used in DSC experiments at 20ºC per min, provide poor estimates of the

properties of a propagating or simultaneous SHS reaction which has heating rates of several

thousand degrees Celsius per second [14].

2.1 The Combustion Wave

SHS reactions propagate through a pellet by what is known as a combustion wave. The

conversion to products takes place at the leading edge of the combustion wave over short periods

of time. The combustion process is broken down into three sections (Fig. 2.6): the unreacted

region, the reaction zone and the post-reaction zone. The unreacted region has a thermal gradient

from T0 to Tig and contains only reactants. The reaction zone, the size of which is determined by



the rate of conversion of reactants to produ

reaction zone contains only products that are

cool.

Figure 2.6: Schematic of the wave front of a
temperature vs distance. η denotes the fraction of reactants that have converted to products which 
starts at the ignition temperature
the region where η is greater than zero but less than 1. Φ

The unreacted zone consists of all of the material that is in front of the

This region is heated by the approaching reaction

the thermal conductivity of the

combustion wave; The boundary between the unreacted zone a

to the ignition temperature. continues until the reaction begins at the ignition temperature.

this point the temperature will continue to increase

until full conversion is reached

maximum at TC. The beginning and end of

then defined as the boundaries of the reaction zone.

and is highly dependent on the kinetic

reaction rate Φ can be measured.

conduction, Equation 2.6 [1].

� �
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the rate of conversion of reactants to products, which is related to the reaction rate (Φ). T

contains only products that are at the combustion temperature

: Schematic of the wave front of a reaction by graphically representing it as
. η denotes the fraction of reactants that have converted to products which 

starts at the ignition temperature. The size of the reaction zone is denoted by δw 
ere η is greater than zero but less than 1. Φ, the reaction rate,

reaction is half-way completed [1].

The unreacted zone consists of all of the material that is in front of the

This region is heated by the approaching reaction and the temperature reached is

the thermal conductivity of the reactants, the amount of heat released, and the velocity of the

combustion wave; The boundary between the unreacted zone and the reaction zone corresponds

continues until the reaction begins at the ignition temperature.

the temperature will continue to increase, typically at a higher rate than before ignition,

n is reached which is defined by the point at which the temperature reaches a

. The beginning and end of the region in which conversion

boundaries of the reaction zone. The thickness of this zone is

is highly dependent on the kinetics of the system. From experimentally collected

red. The reaction rate has often been described by Fourier's heat

.
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cts, which is related to the reaction rate (Φ). The post-

at the combustion temperature and then eventually

by graphically representing it as
. η denotes the fraction of reactants that have converted to products which 

The size of the reaction zone is denoted by δw and is defined as
, the reaction rate, is greatest when the

The unreacted zone consists of all of the material that is in front of the combustion wave.

and the temperature reached is a function of

reactants, the amount of heat released, and the velocity of the

nd the reaction zone corresponds

continues until the reaction begins at the ignition temperature. After

, typically at a higher rate than before ignition,

the temperature reaches a

to products occurs is

The thickness of this zone is given by δw 

s of the system. From experimentally collected data the

described by Fourier's heat

2.6
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where c is the heat capacity of the products, ρ is the density, k is the average thermal 

conductivity, and Q is the heat of the reaction [29, 30].

2.1.1 Conversion to Products vs. the Combustion Wave

Although the products begin to form at the ignition temperature, the actual value of this

temperature is difficult to measure. The rapid increase in temperature is related to thermal

conduction from heat produced by the reaction in the pellet before the combustion wave reaches

the measured layer of reactants. The ignition of the reaction and therefore the first reactants to

convert to products can then occur anywhere after the rapid change in temperature in the time or

distance vs. temperature plots given in Figure 2.1 and Figure 2.6. Assigning a value of

temperature where the reactants begin to form products is then often an estimate and not to be

accepted as an exact value. The ignition temperature also changes with heating rate, which is

discussed in section 2.1.2, therefore the ignition point is difficult to determine empirically. Often

in SHS, the ignition temperature is approximated as the point at which the temperature profile

greatly changes slope as determined by taking the derivative of the temperature-time plot. The

products form during the rapid increase in temperature associated with the exothermic release of

heat. The fraction of reactants converted to products is denoted by  where 0 denotes pure

reactants and 1 denotes complete transformation to the product phase(s). For simplicity, all of the

products are often approximated as completely converted to products by the time the reaction

reaches the combustion temperature.

2.1.2 Velocity

SHS reactions are often described by the velocity of the reaction zone (combustion wave)

that propagates during combustion. An increase in combustion velocity typically coincides with

an increase in the combustion temperature as shown in Figure 2.7. The velocity is typically

measured by dividing the time it takes to reach the same temperature in a reaction at two points

in the pellet that are separated by a known distance. The temperature chosen is often the

combustion temperature but does not necessarily have to be so. This measurement acts to

distribute the information gathered over a length of pellet instead of at one point. This averages

the values to prevent anomalistic information in fewer experiments. This is only possible if a
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temperature can consistently be measured at multiple points. It also allows the experimenter to

choose a consistent point in the time vs. temperature curve to describe the reaction in the event

that the temperature time profile is erratic at other points. The velocity depends on the heat

capacity, thermal conductivity and the exothermicity of the reaction. Velocity is also directly

related to the heating rate of the subsequent layers and inversely related the amount of heat lost

during propagation [31].

Figure 2.7: Trend showing an increase in combustion velocity with an increase in
combustion temperature. The system shown is for the formation of NiAl from a combination
reaction of its elemental constituents. The trend shown is typical for SHS reactions. Moore
suggested that the increase in velocity at a constant temperature is due to the formation of a

liquid phase product, in this case NiAl, during the reaction [20].



19

The velocity and hence the reaction rate is greatly affected by the reaction steps,

conductivities and the thermodynamic driving forces. Assuming a simple case where there are no

phase changes and the process is stable, there are two equations which can predict the velocity of

these reactions (Equations 2.7 and 2.8) [3].

(i) Arrhenius kinetics

� � = � (� )
� � �

�

� � �
�

� �
� � � � � �

− � �
� � �
� � 2.7

(ii) Diffusion-controlled kinetics

� � =
2�

� � � � �
� � � � � �

−� �
� � �
� � 2.8

where f(n) is a function of the order n, Ko and K are constants, s is the stoichiometric ratio of the

reactants, d is the reactant particle size, Do is the pre-exponential diffusion coefficient, and Ea is

the activation energy for the reaction. These relationships are important because they can be used

to estimate the activation energy of these reactions [3]. These models do not account for the

stability of the reactions which is controlled by the disparity between heat generation and thermal

dissipation. If the reaction is not propagating under a steady state then these velocities will not be

accurate.

2.1.3 Stability of the Combustion Wave

The stability of a reaction requires sufficient heat generation from the reacted regions

conducting that heat to the unreacted zone and for it to be sufficient to ignite the next layer of

reactants [26]. If the thermal conductivity of the reactants is too high or the heat generated is

insufficient for the reactants to be heated to the ignition temperature, more time will be required

to heat the adjacent layer; this may result in a pulsating or other unstable propagation mode

Figure 2.8 [2] [32]. If a reaction is borderline unstable, it may “quench” after propagating a

certain distance into the powder compact.
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Figure 2.8: Schematic depictions of wave propagation modes through a powder compact.
(a) stable propagation (b) pulsating (c) single phase spiral (d) double phase spiral. These
different modes tend to produce inhomogeneous products in the product structures [1].

2.1.4 Stability Diagram

A stability diagram for specific systems can be developed using information about all of

the variables gathered for that system. It compares the combustion mode of a reaction with the

variables that control it. For example, the diagram could display the stability of the reaction

when comparing the initial temperature to the amount of diluent added. Figure 2.9 shows a

schematic representation of one of these stability diagrams. These diagrams can be used to

observe a change in reaction stability, which can lead to the use of alternative ignition

techniques. Stability diagrams will be developed for the systems studied in later chapters to

provide a visual map of the range of reactions and the effect of changing certain variables on the

behavior of these SHS systems.

Other variables can also be mapped to demonstrate a change in reaction stability, such as

any of the 4 primary temperatures against the green density or heating rate. This can be used to

diagram a change in a reaction with changing variables which can provide a quick reference as to

the effect of any variable.



Figure 2.9: Schematic stability diagram comparing the stability of a reaction with the
initial temperature and diluent fraction. This diagram is used to depict the range of stability under
different conditions. This can then be compared to the reaction stability mod

2.2 Metallic Diluents in SHS

Feng examined several SHS

presence of metallic aluminum or titanium

energy released, several phases may evolve during the SHS

melting temperature metals that do n

provided a liquid phase diluent

then discussed how these systems can be tailored to produce desired mechanical properties

including overcoming a major

2.2.1 Feng's Experiments

Feng studied the SHS reaction of TiO

aluminum to the reaction in an attempt to produce fully dense SHS products.

experiments, the reactants were less than 44um in size

at 120ºC. They were mixed by ball milling for four hours then uniaxially cold pressed in a steel
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: Schematic stability diagram comparing the stability of a reaction with the
initial temperature and diluent fraction. This diagram is used to depict the range of stability under
different conditions. This can then be compared to the reaction stability mod

2.8 [1].

Metallic Diluents in SHS

examined several SHS systems including TiC, Al2O3, TiB2, ZrB

presence of metallic aluminum or titanium [3] and showed that, due to the high exothermic

energy released, several phases may evolve during the SHS reactions. By introducing low

that do not participate directly in the SHS reaction

a liquid phase diluent and studied the effects on several specific reaction systems. He

how these systems can be tailored to produce desired mechanical properties

major drawback to SHS processing, namely, high porosity.

Feng studied the SHS reaction of TiO2+Al+C to form Al2O3 and TiC. He adds excess

aluminum to the reaction in an attempt to produce fully dense SHS products.

reactants were less than 44um in size (-325 mesh) and were baked for one hour

. They were mixed by ball milling for four hours then uniaxially cold pressed in a steel

: Schematic stability diagram comparing the stability of a reaction with the
initial temperature and diluent fraction. This diagram is used to depict the range of stability under
different conditions. This can then be compared to the reaction stability modes shown in Figure

, ZrB2, B4C in the

to the high exothermic

. By introducing low

reaction, he intentionally

the effects on several specific reaction systems. He

how these systems can be tailored to produce desired mechanical properties

, high porosity.

and TiC. He adds excess

aluminum to the reaction in an attempt to produce fully dense SHS products. In all of Feng’s

and were baked for one hour

. They were mixed by ball milling for four hours then uniaxially cold pressed in a steel
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die at several different loads producing a range of green densities. The compacts were ignited

after significant preheating in a quasi-simultaneous combustion mode in a chamber that had been

evacuated and subsequently filled with argon.

Aluminum additions were meant to fill the pores during the reaction [33]; however,

volatile species, potentially from impurities in the reactant powders, drove the liquid phases to

the surface of the pellet. It was also found that the temperature of the reaction exceeded the

melting temperature of alumina. This caused build-up of what Feng called “shell structures”

which are made up of Al and Al2O3 on the outside of the pellet. To add to this, the aluminum was

not only pushed out, it was also driven to the bottom half of the pellet due to gravitational forces.

This caused the top of the sample to be less than 50% of the theoretical density while the bottom

third of the pellet became 90% dense [3]. Feng describes the mechanism of forming pores, which

he attributes to high combustion temperatures causing the evolution of volatiles which become

trapped. To avoid the gradient in density due to gravity he adds diluent in the form of Al2O3 to

reduce the combustion temperature further in order to decrease the amount of volatilization.

2.2.2 Results of Feng’s Research

The strength of the products was then compared to the amount of diluent and therefore

the porosity of the pellet. The data collected shows that an increase in the amount of aluminum

added, increased the strength of the composite. This effect is seen at up to 2 moles of excess

aluminum when the strength began to decrease. This decrease in strength is due to the relatively

low strength of aluminum compared to the ceramic phase which is now completely filling the

pores of the pellet. For alumina additions, initially the first mole of alumina greatly increased the

density of the product and hence the compressive strength; however the strength then decreased

after that point. The data suggests that strength is more of a function of the density than the

amount of diluent. After the first mole of diluent, the theoretical density of the samples decreased

a small amount in conjunction with the strength of the product. The effect of grain size on the

strength of the composite was not discussed. This product had several limitations on making

viable parts such as the gradient in aluminum distribution due to gravity, alumina "shells," and a

few others that will not be discussed here. Importantly, the addition of diluent species to an SHS

reaction was shown to decrease the combustion temperature of the reaction.



23

Chapter 3 EXPERIMENTAL PROCEDURE

Thermodynamic calculations for many reaction systems were investigated before

performing any experiments [20]. Potential reactions were studied by plotting the reactant

mixtures’ heats of formation and heat capacities as a function of temperature. The results of these

analyses were compared to the products’ heats of formation and heat capacities over the same

temperature range. From this information, a theoretical maximum reaction temperature was

determined, i.e., the adiabatic temperature [2]. The actual temperature measured by

thermocouples, denoted as the combustion temperature, is lower than the adiabatic temperature

due to the heat loss during the combustion reaction.

The system studied in this research focused on the aluminothermic reduction of TiO2 and

the reaction of the released Ti with C as indicated in Equation 3.1.

� � � � � + � � � + � � → � � � � + � � � � � � 3.1

Several diluent species were chosen to add to this reaction including: Al2O3, TiC, Si+C,

and Al [28]. All of the powders used in these experiments were suitably pure to avoid unintended

chemical or physical reaction restraints. For example, the oxide layer on the aluminum powders

was kept to a minimum by reducing heat and oxygen exposure before the reaction. All non-

metallic powders (TiO2, C and TiC and Al2O3) were baked for at least 1 hour at 150ºC to remove

low boiling point impurities. before proceeding

Reactants were measured out in stoichiometric amounts to 0.001g. An inert species was

added to some reactions to chemically and thermally dilute the reaction [3]. The powders were

then mixed thoroughly using a LabRAM, Resodyn Acoustic Mixer.

These powder mixtures were cold compacted by uniaxial pressing using a punch and die

set-up. This system is comprised of simultaneously loaded upper and lower punches compacting

powders in a steel cylinder.



The resulting pellets were then weighed to 0.001g. The heights and diameters were

measured to 0.01cm. The theoretical green densities were calculated as a percentage of the

maximum density possible. The green density was changed by varying the load applie

pressing of the pellet [1].

The pellets were drilled for placement of the thermocouples. For propagating

experiments, the pellets were drilled twice, at a set distance apart, to the center of the pellet. Two

thermocouples were used to measure the velocity of the reaction front. Experiments in the

simultaneous reaction chamber required drilling only once in the top of the

radially. Type C thermocouples (W

providing temperature data as a function of time.

The simultaneous ignition experiments were performed in the “large chamber,” (

3.1) wherein the green pellet was placed in an enclosed chamber on a ceramic pedestal

surrounded by but not touching a tungsten coil. The atmosphere in the chamber was controlled.

To ignite the reactions, current was passed through the tungsten coil until the radiated heat was

sufficient to ignite the surface of the pellets.

Figure 3.1: (a) Large chamber containing a pellet resting on
not touching a tungsten
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The resulting pellets were then weighed to 0.001g. The heights and diameters were

measured to 0.01cm. The theoretical green densities were calculated as a percentage of the

maximum density possible. The green density was changed by varying the load applie

The pellets were drilled for placement of the thermocouples. For propagating

the pellets were drilled twice, at a set distance apart, to the center of the pellet. Two

thermocouples were used to measure the velocity of the reaction front. Experiments in the

simultaneous reaction chamber required drilling only once in the top of the

Type C thermocouples (W-5%Re/W-23%Re) were used for all of the experiments

providing temperature data as a function of time.

The simultaneous ignition experiments were performed in the “large chamber,” (

) wherein the green pellet was placed in an enclosed chamber on a ceramic pedestal

surrounded by but not touching a tungsten coil. The atmosphere in the chamber was controlled.

nite the reactions, current was passed through the tungsten coil until the radiated heat was

sufficient to ignite the surface of the pellets.

: (a) Large chamber containing a pellet resting on a pedestal sur
not touching a tungsten coil. (b) Green pellet drilled on the top for placement of the

thermocouple.

The resulting pellets were then weighed to 0.001g. The heights and diameters were

measured to 0.01cm. The theoretical green densities were calculated as a percentage of the

maximum density possible. The green density was changed by varying the load applied during

The pellets were drilled for placement of the thermocouples. For propagating

the pellets were drilled twice, at a set distance apart, to the center of the pellet. Two

thermocouples were used to measure the velocity of the reaction front. Experiments in the

simultaneous reaction chamber required drilling only once in the top of the pellet centered

23%Re) were used for all of the experiments

The simultaneous ignition experiments were performed in the “large chamber,” (Figure

) wherein the green pellet was placed in an enclosed chamber on a ceramic pedestal

surrounded by but not touching a tungsten coil. The atmosphere in the chamber was controlled.

nite the reactions, current was passed through the tungsten coil until the radiated heat was

a pedestal surrounded by but
coil. (b) Green pellet drilled on the top for placement of the



The majority of the SHS reactions were performed in the propagating mode in the "small

chamber" Figure 3.2. This chamber has a horizontal tungsten coil that the pellets are placed

upon. The chamber is also atmospherically controlled. When current is passed through the coil,

the contacting end of the pellet is heated until the reaction is ignited (at T

wave then travels vertically through the compact.

Figure 3.2: (a) Pressed compact of reactant powders to form a pellet
drilled 1 cm apart for thermocouples. (b) Small chamber for performing propagation mode
reactions in a controlled environment. The glass chamber is capped by a steel top

bolted in place. (c) Enlarged view of the large chamber to hi

As the reaction front passes the thermocouples a temperature vs. time curve is developed.

One set of T vs. t curves is displayed in

travel between the thermocouples was measured and denoted as the combustion velocity.

To precool the reaction

mixing, baking, weighing, measuring and drilling before they were stored in an insulated

container with dry ice [34]. Dry ice was also packed in the small chamber.

transferred to the reaction chamber after an hour and thermocouples were inserted into the pellet.

The reaction was then initiated by

experiment.
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The majority of the SHS reactions were performed in the propagating mode in the "small

. This chamber has a horizontal tungsten coil that the pellets are placed

upon. The chamber is also atmospherically controlled. When current is passed through the coil,

d of the pellet is heated until the reaction is ignited (at Tig) and the combustion

wave then travels vertically through the compact.

: (a) Pressed compact of reactant powders to form a pellet
cm apart for thermocouples. (b) Small chamber for performing propagation mode

reactions in a controlled environment. The glass chamber is capped by a steel top
bolted in place. (c) Enlarged view of the large chamber to highlight the tungsten coil and the

Type C thermocouple ports.

As the reaction front passes the thermocouples a temperature vs. time curve is developed.

One set of T vs. t curves is displayed in Figure 3.3. The time it takes the combustion wave to

travel between the thermocouples was measured and denoted as the combustion velocity.

To precool the reaction, the reactants were first prepared by the standard process of:

mixing, baking, weighing, measuring and drilling before they were stored in an insulated

. Dry ice was also packed in the small chamber.

transferred to the reaction chamber after an hour and thermocouples were inserted into the pellet.

The reaction was then initiated by a resistively heated tungsten coil just as it was in any other

The majority of the SHS reactions were performed in the propagating mode in the "small

. This chamber has a horizontal tungsten coil that the pellets are placed

upon. The chamber is also atmospherically controlled. When current is passed through the coil,

) and the combustion

: (a) Pressed compact of reactant powders to form a pellet with two holes
cm apart for thermocouples. (b) Small chamber for performing propagation mode

reactions in a controlled environment. The glass chamber is capped by a steel top, which is
ghlight the tungsten coil and the

As the reaction front passes the thermocouples a temperature vs. time curve is developed.

. The time it takes the combustion wave to

travel between the thermocouples was measured and denoted as the combustion velocity.

the reactants were first prepared by the standard process of:

mixing, baking, weighing, measuring and drilling before they were stored in an insulated

. Dry ice was also packed in the small chamber. The pellet was

transferred to the reaction chamber after an hour and thermocouples were inserted into the pellet.

just as it was in any other



Figure 3.3: Typical reaction data from a small chamber reaction displayed as time vs
temperature measured by C

combustion temperatures measured for this reaction are 1660
apart while the adiabatic temperature is 2744

Visually inspecting the reaction and the pellet after extraction from the reaction apparatus

gave a first approximation as to the extent of the reaction.

reacted part way through the powder compact then quenched due to an unstable reaction front.

Dilution caused each reaction to become unstable at some critical value of diluent additions.

Figure 3.4: Pellet showing incomplete reaction. As more diluent species were added to a
pellet the reaction will become unstable and is

diluent to be added. In this case 6 moles of Al
seen as a boundary between the dark (reacted) and the light (unreacted) regions.
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: Typical reaction data from a small chamber reaction displayed as time vs
temperature measured by C-type thermocouples for the system 1.0Ti+1.5C+0.5Si. The

combustion temperatures measured for this reaction are 1660ºC and 1615ºC
apart while the adiabatic temperature is 2744ºC.

Visually inspecting the reaction and the pellet after extraction from the reaction apparatus

gave a first approximation as to the extent of the reaction. Figure 3.4 shows a pellet that has

reacted part way through the powder compact then quenched due to an unstable reaction front.

ction to become unstable at some critical value of diluent additions.

: Pellet showing incomplete reaction. As more diluent species were added to a
pellet the reaction will become unstable and is used to determine the maximum amount of

diluent to be added. In this case 6 moles of Al2O3 diluent caused this reaction to quench;
seen as a boundary between the dark (reacted) and the light (unreacted) regions.

: Typical reaction data from a small chamber reaction displayed as time vs
type thermocouples for the system 1.0Ti+1.5C+0.5Si. The

ºC, respectively at 1cm

Visually inspecting the reaction and the pellet after extraction from the reaction apparatus

shows a pellet that has

reacted part way through the powder compact then quenched due to an unstable reaction front.

ction to become unstable at some critical value of diluent additions.

: Pellet showing incomplete reaction. As more diluent species were added to a
used to determine the maximum amount of

reaction to quench; this is
seen as a boundary between the dark (reacted) and the light (unreacted) regions.
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Pellets of the SHS products were crushed into a powder and placed in a Phillips

Analytical PW3240 X'PERT data collector. 2θ scans of the powders were performed and peaks 

were matched to the expected product phases predicted by the thermodynamic analysis using the

International Center for Diffraction Data (ICDD) cards [28].

Scanning electron microscopy (SEM) in conjunction with energy dispersive spectroscopy

(EDS) analysis were performed to determine the morphology and composition of the product

phases. Samples were prepared by grinding the SHS products into powders. This powder was

fixed to graphite tape placed on copper plugs. The sizes of the particles of the SHS products were

measured using image analysis on the SEM micrographs. The image analysis consisted of tracing

the particles then using Image J software to obtain the average diameter of the traced particles.

Post-reaction particle growth experiments were attempted in order to determine if

coarsening of the reaction product occurred after the formation during combustion. Normally,

pellets are allowed to cool to room temperature while remaining in the air or argon atmosphere

of the reaction chamber. Typically, in this environment, cooling from the combustion

temperature to less than 300ºC takes several minutes. Increasing the cooling rate was attempted

in order to slow the growth of the product particles. Immediately after combustion, the pellets

were dropped into a water bath. A schematic of this experiment is shown in Figure 3.5. A

thermocouple was fixed into the top of the pellet and, when the reaction products are dropped

into water the thermocouples either pulled out of the pellet or the wire or became brittle and

broke, particularly in oxygen atmospheres. Because of this, the final combustion temperature is

known, but the cooling rate data can only be qualitatively compared. To measure the success of

these quenching experiments, the particle size was compared between samples that had the same

combustion temperature, but different cooling rates.

The second growth rate experiment was designed to measure cooling rate as a function of

the distance from the surface of a pellet [10]. Points closer to the surface will cool at a faster rate

causing a gradient in cooling rates [10], potentially resulting in a gradient in particle sizes. To do

this, relatively large pellets ~150mm in diameter by ~150mm tall were pressed in a steel

cylinder. Thermocouples were positioned at four points along the pellet's radius. The steel
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cylinder should further increase the cooling rate at the surface by direct conduction to the

container.

Figure 3.5: (a) Large chamber quenching experiment schematic. Pellets are dropped into
a water bath after combustion, cooling the pellet at a faster rate than standard cooling. (b)

Schematic of large pellet experiments. Type C thermocouples are placed radially to the center of
the pellet to observe differing cooling rates. (c) Example difference in cooling rate providing a

graphical representation of the shortened time at high temperatures when quenching post
reaction.

To observe the growth rate of the product phases independent of the reaction, reacted

pellets were reheated to the combustion temperature and held there for 30, 60 and 120 minutes.

They were then examined in the SEM and compared with those in the as-reacted condition (no

subsequent heating) to determine if coarsening is likely after the combustion process is complete.
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Chapter 4 RESULTS

Changing the reaction from the standard combination reaction (i.e., Ti + C → TiC) to 

form TiC to the aluminothermic reduction of TiO2 with C present resulted in a significant

reduction in the combustion temperature (from 2700ºC to 2053ºC) [15]. The particle sizes of the

products formed, however, were relatively similar, i.e., on the order of 1-2μm in the 

aluminothermic reduction as opposed to the 1-5μm in the combination reaction. The Al2O3

particles that formed during the aluminothermic reduction reaction were considerably larger, on

the order of 1-10μm on average, when the reaction temperatures recorded reached values near 

the melting point of Al2O3 (2083ºC).

4.1 Diluents

When a species was intentionally added that does not participate in the reaction (i.e., a

diluent), there was a corresponding reduction in reaction temperature. The efficiency of each

diluent in limiting the combustion temperature is related to its heat capacity, the values of which

are shown schematically in Figure 4.1. All diluent addition experiments exhibited a critical

concentration above which combustion propagation no longer remained stable. Figure 4.2 shows

the thermodynamic determination of the adiabatic temperature for the addition of a diluent in this

case Al2O3. Equation 4.1 demonstrates the way an Al2O3 diluent addition is denoted when added

to the aluminothermic reaction including carbon [35, 9]. All mention of the addition of moles of

any diluent will be referring to the addition of a number of moles to their respective reaction

equations providing a mole %.

4.1.1 Excess Al2O3

Figure 4.3 displays the calculated and measured effects of diluent Al2O3 powders on the

combustion temperature of the reaction (Equation 4.1). The combustion temperature is lowered

with this diluent further than with any other diluents examined. The reaction becomes

consistently unstable after adding more than 5 moles of Al2O3 diluent (i.e. Y=5 from Equation

4.1). Al2O3, as with TiC, causes the ignition temperature of the reaction to increase greatly, from

� � � � � + � � + � � � + � � � � � � → � � � � + (� + � )� � � � � 4.1



~800ºC to ~1100ºC. This increase in the ignition temperature and decrease in the combustion

temperature causes the reaction to progress more slowly. As more Al

combustion temperature decreases, the reaction begins to slow progressively. When more than 3

moles of excess Al2O3 are added the reaction begins to propagate in pulsating mode, making

accurate measurements of velocity difficult. Generally the reaction velocity decreased

mm/s without diluents to ~5.5

accurately determined for the addition of any other diluent; however

studied the velocity generally decreased with decreasing combustion temperature.

temperature shown was calculated for an initi

diluent additions can cause the preheating before ignition to increase the starting temperature.

This accounts for the combustion temperature exceeding the calculated adiabatic temperature.

Figure 4.1: Heat capacities of several diluents as a function of temperature. The
relationship between these values provides insight to the ability for a diluent to reduce the
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This increase in the ignition temperature and decrease in the combustion

temperature causes the reaction to progress more slowly. As more Al2O3 is added and the

combustion temperature decreases, the reaction begins to slow progressively. When more than 3

are added the reaction begins to propagate in pulsating mode, making

accurate measurements of velocity difficult. Generally the reaction velocity decreased

5 mm/s with 5 moles of excess Al2O3. Reaction velocity was not

accurately determined for the addition of any other diluent; however, for all of the reactions

studied the velocity generally decreased with decreasing combustion temperature.

temperature shown was calculated for an initial temperature of 298ºC, while higher amounts of

diluent additions can cause the preheating before ignition to increase the starting temperature.

This accounts for the combustion temperature exceeding the calculated adiabatic temperature.

: Heat capacities of several diluents as a function of temperature. The
relationship between these values provides insight to the ability for a diluent to reduce the

combustion temperature [28].

This increase in the ignition temperature and decrease in the combustion

is added and the

combustion temperature decreases, the reaction begins to slow progressively. When more than 3

are added the reaction begins to propagate in pulsating mode, making

accurate measurements of velocity difficult. Generally the reaction velocity decreased from ~9

ion velocity was not

for all of the reactions

studied the velocity generally decreased with decreasing combustion temperature. The adiabatic

, while higher amounts of

diluent additions can cause the preheating before ignition to increase the starting temperature.

This accounts for the combustion temperature exceeding the calculated adiabatic temperature.

: Heat capacities of several diluents as a function of temperature. The
relationship between these values provides insight to the ability for a diluent to reduce the
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Figure 4.2: (a) Enthalpy vs. temperature curves for the reactants and products in the
aluminothermic reaction of 3TiO2+4Al+3C to form 3TiC and 2Al2O3. (b) Shifts in the enthalpy

curves of the aluminothermic reaction by the addition of Y=3mol of diluent Al2O3 as seen in
Equation 4.1. ΔH is the same for both reactions at any given temperature because the heat 

capacity changes by the same amount in the products and reactants ΔHa = ΔHb. The combustion
temperature changes because of the change in slope. Tad(a)=2355K > Tad(b)=1713K (Values of

heat capacity found in HSC chemistry [28])
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Figure 4.3: Reaction temperature vs. moles of alumina diluent added to the stoichiometric
aluminothermic reaction. The calculated adiabatic temperature for To=25ºC is given as the dotted

line [28].

4.1.2 Excess TiC

When TiC powders were added as a diluent phase, the adiabatic and combustion

temperatures were reduced accordingly (Figure 4.4). Experimentally, this reaction (Equation 4.2)

becomes unstable when more than 1 mole of TiC diluent is added to the stoichiometric

aluminothermic reaction. The resulting combustion temperature is lower than the adiabatic

temperature as expected. Additionally, because the combustion temperature is below the melting

point of Al2O3, the temperature decreases immediately with the addition of more diluent unlike

the adiabatic trend.

� � � � � + � � � + � � + � � � � → � � � � + � � � � � � + � � � � 4.2
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Figure 4.4: Reaction temperatures vs. the number of moles of TiC added as a diluent to
the stoichiometric aluminothermic reaction to form TiC and Al2O3 [28].

4.1.3 Excess Al

Figure 4.5 displays the calculated adiabatic and the measured combustion temperatures

when adding excess Al powders as a diluent species to the reactant mixture (Equation 4.3). The

excess Al reduces the combustion temperature but not to the extent that other diluent species

achieve. The reaction remains stable with a relatively large amount of diluent added (up to 8mol

of excess Al); however, the combustion temperature does not decrease to the extent caused by

the Al2O3 diluent. The excess aluminum melts before the reaction begins which causes the

ignition temperature to decrease slightly at small amounts; at higher fractions of aluminum,

however, the ignition temperature begins to rise above that of the undiluted reaction. An

advantage of using Al as a diluent is that a metallic matrix ultimately forms around the product,

ceramic particles; this can allow for easier processing at later stages.

� � � � � + (� + � ) � � + � � → � � � � + � � � � � � + � � � 4.3
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Figure 4.5: Reaction temperature vs. the number of moles of aluminum diluent added to
the stoichiometric aluminothermic reaction to form TiC and Al2O3 [28].

4.1.4 Reaction diluent

A non-traditional thermal diluent addition was developed to eliminate a portion of the

Al2O3 in the final product. Al2O3 is not readily wet by liquid aluminum making it difficult to

incorporate into MMC structures. Silicon carbide has traditionally been difficult to synthesize

using SHS because of its relatively high ignition temperature and low combustion temperature, it

was decided that it might be combined with the previous reaction as suggested in Equation 4.4.

� � � � � + � � � + (� + � ) � + � � � → � � � � + � � � � � � + � � � � 4.4

By adding different fractions of powders to produce SiC, the overall combustion

temperature can be reduced (Figure 4.6). Initially, SiO2 + Al + C reactants were added, but these

reactants resulted in higher temperatures than the elemental combinations of Si and C alone. This
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reaction produces a higher fraction of the harder TiC and SiC phases compared to the softer

Al2O3 phase while considerably reducing the combustion temperature of the reaction. According

to the thermodynamics of the system, the adiabatic temperature is quite high but the combustion

temperature is low as shown in Figure 4.6
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Figure 4.6: Reaction temperature vs. amount of SiC reaction diluent (HSC calculation)
[28]. The combustion temperature is much lower than the adiabatic temperature because of the
high ignition temperature of the SiC reaction. When excess aluminum is added to this reaction

the combustion temperature is reduced to an even greater extent.

4.1.5 Mixed Diluents

Combining several of these diluents provided the greatest reduction in combustion

temperature. The stability of the reaction is maintained at temperatures below those of the

individual reactions. Combinations of Al2O3 and aluminum resulted in low combustion

temperatures whereas combinations of SiC and aluminum produced the most desirable products,

namely, small particles and lower volume fractions of Al2O3.



4.2 Particle Size

Using SEM and image analysis techniques the products of the

studied. The particles were generally spherical and had typically similar size ranges of both the

Al2O3 and the TiC that formed during the reactions for any given combustion temperature

(Figure 4.7). A reduction in the combustion temperature when adding diluents correlates to a

reduction in the average particle size of the final products.

Figure 4.7: SEM micrographs of SHS products consisting of particles of TiC and Al
Images on the left are of loose powder, images on the right

produce clearer images. (a) 1
temperatures of ~2000ºC; (b)

less than 0.01μm

Figure 4.8 displays the relationship between the particle size of the product phases and

the combustion temperatures of the reactions.

a mixture of diluents (Al2O3 and Al).
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Using SEM and image analysis techniques the products of the SHS reactions were

studied. The particles were generally spherical and had typically similar size ranges of both the

and the TiC that formed during the reactions for any given combustion temperature

). A reduction in the combustion temperature when adding diluents correlates to a

reduction in the average particle size of the final products.

: SEM micrographs of SHS products consisting of particles of TiC and Al
Images on the left are of loose powder, images on the right of particles imbedded in aluminum to

produce clearer images. (a) 1-5μm TiC particles resulting from reactions with combustion
(b) 0.6-1μm TiC particles from reactions at ~1700

less than 0.01μm from reactions at ~1100ºC.

displays the relationship between the particle size of the product phases and

the combustion temperatures of the reactions. The lowest combustion temperatures resulted from

and Al).

SHS reactions were

studied. The particles were generally spherical and had typically similar size ranges of both the

and the TiC that formed during the reactions for any given combustion temperature

). A reduction in the combustion temperature when adding diluents correlates to a

: SEM micrographs of SHS products consisting of particles of TiC and Al2O3.
imbedded in aluminum to
ions with combustion

from reactions at ~1700ºC; (c) Particles of

displays the relationship between the particle size of the product phases and

The lowest combustion temperatures resulted from
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Figure 4.8: Collection of experimental data that resulted in a large range of combustion
temperatures and the average particle size of the resulting products. Each data point represents a

set of experiments performed in either the small or large chambers. The particle size range
displayed was determined by measuring the minimum and maximum particle sizes in the pellets

after the SHS reactions.

4.3 Precooling

When cooling the pellet before ignition, the combustion temperature seems to be

unaffected. Figure 4.9 demonstrates the lack of response of the combustion temperature when

cooling the reactions to below room temperature. Preheating the reaction, however, did show an

increased combustion temperature.



Figure 4.9: The effect of precooling
temperature. No significant change in combustion temperature was seen by precooling the
reaction out to -60ºC (right)

temperature by ~100ºC. The image sh
that was used to cool the pellet before the reaction.

4.4 Green Density

The combustion temperature changed with green density

59% of the theoretical maximum density

increase again at 60% of the theoretical maximum density. The minimum combustion

temperature achieved was 1700

about 50% of theoretical. Densities higher than 57% of the theoretical resulted in a layered

structure which caused splitting during drilling for thermocouples. When drilling from the side,

as in the case of the small chamber experiments, the pellets would separate at these layers

resulting in many unusable samples.
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: The effect of precooling/preheating the reactants on the combustion
temperature. No significant change in combustion temperature was seen by precooling the

(right). Preheating the reaction by 200ºC increased the combustion
The image shown displays a combustion reaction surrounded by dry ice

that was used to cool the pellet before the reaction.

The combustion temperature changed with green density over the range from 54% to

59% of the theoretical maximum density (Figure 4.10). The combustion temperature begins to

increase again at 60% of the theoretical maximum density. The minimum combustion

temperature achieved was 1700ºC. The pellet would not hold its shape at densities lower than

about 50% of theoretical. Densities higher than 57% of the theoretical resulted in a layered

structure which caused splitting during drilling for thermocouples. When drilling from the side,

n the case of the small chamber experiments, the pellets would separate at these layers

resulting in many unusable samples.

/preheating the reactants on the combustion
temperature. No significant change in combustion temperature was seen by precooling the

increased the combustion
own displays a combustion reaction surrounded by dry ice

that was used to cool the pellet before the reaction.

over the range from 54% to

The combustion temperature begins to

increase again at 60% of the theoretical maximum density. The minimum combustion

. The pellet would not hold its shape at densities lower than

about 50% of theoretical. Densities higher than 57% of the theoretical resulted in a layered

structure which caused splitting during drilling for thermocouples. When drilling from the side,

n the case of the small chamber experiments, the pellets would separate at these layers



Figure 4.10: (a) green density compared to the velocity of the combustion reactio
demonstrating a maximum veloc

temperature of the aluminothermic reduction of TiO

4.5 Particle Coarsening

Coarsening experiments were constructed to determine whether the particle size of the

products is dependent on the growth of the particles after the reaction or on the nucleation

density alone. Significantly, the

effect on the observed average particle size for t

for the samples quenched in water is known only qualitatively as described in chapter 3, they

were cool to the touch when the chamber was opened.

The large pellets displayed a rather large difference in the cooling rates from the outer

edge of the pellet to the center of the pellet.

compared to the outer edge show that the particles at the surface are slightly smaller compared to

the center, i.e., particles about 20 mm from the surface were about 1μm in diameter, while in the 
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compared to the outer edge show that the particles at the surface are slightly smaller compared to

the center, i.e., particles about 20 mm from the surface were about 1μm in diameter, while in the 

the pellet, at the slowest cooling rate, the particles were about 5μm in diameter.
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products is dependent on the growth of the particles after the reaction or on the nucleation

quenching experiments described above appeared to have no

he same combustion temperature. Cooling data

for the samples quenched in water is known only qualitatively as described in chapter 3, they

The large pellets displayed a rather large difference in the cooling rates from the outer

SEM analysis of the particle size of the center

compared to the outer edge show that the particles at the surface are slightly smaller compared to

the center, i.e., particles about 20 mm from the surface were about 1μm in diameter, while in the 

the pellet, at the slowest cooling rate, the particles were about 5μm in diameter. On

further inspection however, the particle size difference also correlated to the change in

combustion temperature of the reaction from the outside to the center of the pellet.
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The subsequent heat treatments to temperatures near the combustion temperatures,

resulted in no significant change to the average particle size measured irrespective of the times

spent at those temperatures (Table 4.1).

Table 4.1: Comparison of the particle size of the product pellets after the aluminothermic
reduction of TiO2 with different amounts of alumina diluent for three different combustion

temperatures. The particle size did not change significantly even when held for 4 hours above the
measured combustion temperature. The spread given is an approximate maximum and minimum

particle size found in each.

Combustion
Temperature

Particle size
after

combustion
(nm)

Particle size
after 1hour at

100ºC above the
combustion
temperature

(nm)

Particle size
after 4 hours at

100ºC above the
combustion
temperature

(nm)

1017OC 57±30 63±30 61±30

1130OC 187±50 170±55 210±50

1321OC 314±215 346±180 328±210
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Chapter 5 DISCUSSION

The reduction of TiO2 by Al in the presence of C reduced the combustion temperature

required to form TiC products by nearly 600ºC compared to the baseline reaction (Ti+C->TiC)

[28]. Furthermore, by adding inert diluents to the reactants, the combustion temperature was

reduced to less than 1100ºC or approximately 1000ºC below the baseline combustion

temperature. As mentioned previously, Al2O3 was the most effective diluent examined due to its

relatively high heat capacity near the combustion temperature compared to the other diluent

powders investigated (Al2O3~120 J/mol*K, TiC~50 J/mol*K, and Al~30 J/mol*K) [28].

Aluminum, which was less effective as a diluent, did, upon melting, provide an interconnected

and conductive liquid matrix. For this reason, the combination of Al and Al2O3 diluents had the

greatest effect on reducing the combustion temperature.

The average particle size of the product TiC appears to have an approximately linear

relationship with the combustion temperature although an Arrhenius relationship fits within the

error of the experiments. Regardless of the exact nature of the relationship, it is clear that the

reduction in the combustion temperature achieved through the addition of diluents greatly

reduces the particle size of the product phases as predicted [11]. This is likely due to the reduced

mobility of the reactants at lower combustion temperatures. This hindrance to the diffusion of the

reactants may be explained by the presence of higher fractions of diluents in the reactions that

resulted in lower combustion temperatures. Diluents naturally act as barriers to reactant motion,

restricting access to the growing product particles which would result in smaller particles.

The second set of particle growth experiments were designed to determine whether there

was a dependence of product particle size on cooling rate [10]. These tests did indicate that the

size of the product phase(s) were influenced slightly by the cooling rate after completion of the

reaction. However, the apparent dependence on cooling rate that was observed may also be

related to a slight change in the combustion temperature, i.e., there were slightly higher

combustion temperatures in the center compared to the edge of these larger pellets. This implies

that the change in particle size could be dependent on either the combustion temperature or the

cooling rate after the reaction.
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The dependence of particle size on combustion temperature, and not on cooling rate, was

confirmed by heating the reacted particles to above the measured combustion temperature and

noting that coarsening was not apparent (Table 1). This is consistent with the known sintering

behavior of TiC where long times at high temperatures (>1800ºC) are required to produce any

sort of sintering and subsequent grain growth. The third cooling experiment was developed to

demonstrate the mobility of the species after the reaction occurred. During the reaction there is

clearly diffusion occurring because the particle size of the products is significantly smaller than

the reactants (<1μm products and <44μm reactants). This means there must be particles forming 

and species migrating at some point during the reaction. According to data about sintering the

product phases (which is related to the diffusivity of a species), several hours are required at very

high processing temperatures to observe significant particle coarsening in the ceramic products

involved [37] [38] [39]. This means that the ceramic product phases have very little mobility at

the temperatures these reactions occur at, meaning the cooling rate as no effect on particle size

for this reaction. If the combustion temperature were to approach the melting point of the

products, mobility of the product species may be higher, and therefore cooling rate may have a

larger effect on the coarsening of the product phases. Other systems that have combustion

temperatures at or even above the melting point of the products may be more susceptible to

coarsening effects.

During SHS reactions, the combustion temperatures may exceed the phase transition

points of the reactants and diluents. If a liquid phase were to form during the reaction, there

should be evidence of the subsequent solidification of that liquid phase [3]. In the present study,

the ignition temperatures of these reactions occurred above the melting point of aluminum

indicating that the aluminum melts before the reaction occurs [3]. In reactions containing excess

aluminum as a diluent, an interconnected aluminum matrix was observed. However, the

combustion temperatures in this study were at or below the melting points of all of the product

species involved. This is consistent with the post-reaction analyses where the product

morphologies did not indicate melting of reactant or product species other than the aluminum.
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The chambers used for these experiments contained both vacuum and pressure gauges for

measuring vacuum and the positive argon pressure introduced prior to reacting the pellets. It is

well established that some SHS reactions result in significant gas evolution causing the pressure

in the chambers to increase significantly and causing a film of condensed material to form on the

inner surfaces of the chambers [3]. For the reactions performed in this study, this phenomenon

was not observed since the combustion and adiabatic temperatures involved were well below the

vaporization temperatures of any of the product species [28]. Based on this information, there is

little evidence to suggest a vapor phase formation during the reaction. While it may be possible

for a reaction to reach much higher temperatures on a local scale, the products do not have any of

the typical signs of gas formation at any time during the reaction [3].

To further understand the nature of the combustion reactions in this study and the results

observed, namely, the smaller TiC product size with decreasing combustion temperature, it is

useful to speculate on the mechanism of product evolution during these complex reactions.

Clearly, before any reactions occur, the reactants are heated by the adjacent layers undergoing

combustion. These thermal waves move in front of the reaction zones as described in more detail

by Munir [1]. Since the ignition temperature of TiO2, Al and C occurs above the melting point of

Al, the first thing that happens is that the Al melts and probably spreads throughout the local

region due to capillarity. The first reaction is most likely the reduction of TiO2 by the aluminum

to produce Al2O3 and Ti. The number of points in which there is interaction between the

aluminum and the TiO2 is likely a function of both temperature and the amount of the diluent

Al2O3. As the TiO2 is reduced by Al to form Al2O3 and Ti, the Ti is then available to react with C

but may have to diffuse through the liquid Al and around the diluent phase and around

previously formed product particles [40]. Likewise, once the Ti and C begin to react, the growth

of the product TiC requires further supply of the reactants. Again, for reactions containing higher

diluent concentrations, this continued growth is more difficult due to the more dilute conditions

locally. The consequence of these slower reaction kinetics are (1) lower propagation velocities

(Section 4.1.1 ), (2) lower combustion temperatures (Figures 4.3 to 4.6 ), and (3) smaller TiC

particles (Figure 4.7 and Figure 4.8).
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Since the rate of any chemical reaction is related to the combination of nucleation and

growth, for the product particle size to decrease as observed in this study, it would have to be

argued that (1) the nucleation density increased or (2) that the growth rate decreased or a

combination of the two. Clearly, the present results of lower particle size and slower propagation

velocities strongly suggests that the size of the product TiC is limited by their growth given that

a higher nucleation rate at lower temperatures seems highly unlikely given the geometry of the

reactants and the presence of the diluents. Therefore, it seems intuitive that the smaller size of the

product TiC must be directly related to the more limited availability of the reactants in the

presences of the greater amounts of diluents.

The size of the Al2O3 on the other hand is less constrained due to the fact that the supplies

of Al and TiO2 should be plentiful locally given that the expected wetting of the TiO2 by the

molten Al prior to the initiation of the reduction reaction. The size of the Al2O3 should scale

slightly with combustion temperature as observed but, in general, it seems likely that the size

will be less sensitive to this temperature than is the case for the TiC.

Each of these points of interaction of the reactants may serve as nucleation sites. As the

reaction continues, the remaining reactants will preferentially diffuse to and react upon the

nuclei, effectively growing the particles and maintaining the relatively high temperatures of the

nuclei. The number of points in which the reactants are able to first interact then controls the

total number of particles formed during the reaction [41]. The addition of a diluent species such

as Al2O3 inhibits the motion of the reactants which causes more of these initial points of

interaction to occur by allowing more time for interaction away from nuclei that have already

formed. This causes the number of nuclei to increase which limits the growth of the particles due

the limited volume of reactants available in a local area. A step by step look at the reaction stages

is shown by Equations 5.1 and 5.2 and shown schematically in Figure 5.1

� � � � � + � � � → � � � � � � + � � 5.1

� � � + � → � � � 5.2



Figure 5.1: Proposed reaction steps. (from right to left) The reaction begins when the
reactants are heated. The

aluminum interacts with TiO
liquid aluminum. The Ti will diffuse through the aluminum until it interacts with
carbon where it will begin to form TiC on the surface of that particle. This process continues
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: Proposed reaction steps. (from right to left) The reaction begins when the
are heated. The aluminum melts before the reaction begins. The points where

aluminum interacts with TiO2 begins to form individual particles of Al2O3

liquid aluminum. The Ti will diffuse through the aluminum until it interacts with
carbon where it will begin to form TiC on the surface of that particle. This process continues

until all reactants are consumed.

: Proposed reaction steps. (from right to left) The reaction begins when the
aluminum melts before the reaction begins. The points where

3, releasing Ti into the
liquid aluminum. The Ti will diffuse through the aluminum until it interacts with a particle of
carbon where it will begin to form TiC on the surface of that particle. This process continues
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Chapter 6 CONCLUSIONS

It was shown in this study that the combustion temperature of an SHS reaction may be

controlled by changing the reaction to produce a desired product and adding diluents to these

reactions. The aluminothermic reduction of TiO2 in the presence of C has a lower combustion

temperature than the simple combination reaction to form TiC (reduced from 2700ºC to 2053ºC)

[15]. Powders of TiC, Al2O3, Si + C, and Al were added to the reaction as thermal and chemical

diluents. Al2O3 powder was the most effective diluent at reducing combustion temperature

(reduced to ~1100ºC). Al diluents are desirable because they result in an aluminum metallic

matrix that may be used to separate particles from one another by several subsequent techniques.

For the aluminothermic reaction, the reaction begins by Al reactants melting and

subsequently reducing adjacent particles of TiO2 forming particles of Al2O3 and releasing Ti.

The released Ti diffuses past the Al2O3 as it forms and through the remaining molten aluminum

until it interacts with nearby particles of C resulting in the formation TiC. As the particles form,

Al or diffusing Ti may pass between the nucleated particles of product species until they interact

with another reactant species. This process continues until all of the reactants are consumed. The

addition of diluents inhibits interaction of the reactant species and absorbs heat that is released

from the reaction. The result is a slowing of the combustion wave, lower combustion

temperatures and smaller product particles. The particle size is effected by the addition of

diluents due to the barrier that these species present. The kinetic barrier to the interaction

between Ti and C causes the reactants in local areas around nucleated particles to be starved.

This causes a retardation of the growth of the nucleated particles, which results in a higher

nucleation density within the constant volume of reactants and thus a reduction in the average

product particle size.

The particle size of the products correlates to the combustion temperature as predicted

[11]. The particle size appears to be independent of the coarsening rate of the product phase as

demonstrated by the controlled cooling experiments and the subsequent heating experiments. As

the reactants are starved in local areas of the reaction, the product particles are limited in size.
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The combustion temperature is related to this change in particle size by reducing the mobility of

the reactant species when adding diluents which correlates to a related increase in the nucleation

density.

Any reaction system which produces product particles with relatively high melting points

should also exhibit a reduction in particle size with the addition of kinetic barriers such as the

addition of diluents or a substantial decrease in green density. A direct relationship between the

particle size and the combustion temperature may also be possible, if a reaction were to be

cooled substantially without introducing physical barriers such as diluents then thermodynamic

effects, diffusion rates or local phase changes could be observed. This could potentially be

achieved by precooling a reaction to a large extent before ignition.
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Appendix A: Reaction Selection

Self-propagating high temperature synthesis involves a self-sustaining chemical reaction,

which produces ceramics and other materials from precursor powders. An SHS reaction first

requires reactant species that, when heated, are thermodynamically more stable in product phase

than in the reactant phase [2]. Secondly, an SHS reaction must be exothermic to the extent that

the heat produced by the phase transformation is sufficiently energetic to push the reaction to

completion [20]. In the case of propagating reactions, this heat must be high enough to sustain

the reaction throughout the length of the pellet [1]. In the case of simultaneous ignition, the only

requirement is that the reaction converts completely to the product phase. Thirdly, an SHS

reaction must produce a desired product. This chapter describes the process of elimination when

choosing reactions for study. This is done by carefully weighing the stabilities of the potential

reactions as well as the % conversion and product morphology against their ignition

temperatures, intermediate phases, product species desirability and any safety concerns. dangers

of that reaction [4]. The process to do this is demonstrated by focusing on finding a reaction to

consistently produce particles of a hard ceramic in a stable reaction front [1].

A.1 Introduction

To reiterate the goal of this research, the combustion temperature of an SHS reaction is

believed to control the resulting particle size of the product phase with lower temperatures

corresponding to smaller particles. If correct, it should be possible to select reacting systems in

which it is possible to produce products consistently: This should provide a platform where SHS

variables may be altered while continuing to produce consistent products.

There are many reactions that could have potentially been used in this research. In

Chapter 2, a table was assembled that contained a list of the range of products that have been

produced by SHS (Table 2.1). Of those systems, 24 were chosen as important to investigate for

the purposes of this research. Each of these systems was selected based on availability, expense

of materials, and previous experience with some of these reaction systems. Table A-1 displays

this reduced list of systems.
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Table A-1:Remaining reaction systems and their potential advantages [3, 15, 20, 22, 23]

Product Interest Product Interest

TiB
Common light weight

ceramic
TiB2

Light weight with
considerable experience

TiC

Most information
available, previous

experience, comparable
data

WB Strength and availability

MoB Strength and availability Al4C3

Low density and known
compatibility with molten

system

ZrC
Stable reaction with

strength
HfC

Highly stable with previous
experience

SiC

High strength to weight
ratio and used in
industrial MMC

products

B4C
Very low density with very

high strength

WC
Strength, reaction

stability and availability
Al2O3

Formed from many oxide
reactants to form metallic

phases simultaneously

TiAl3

Stability in molten
phase, relatively low

density
TiN

High strength and wear
resistance

TiNi
Common SHS product
of moderate strengths

TiB2-MoB2
High strengths, Stable

reaction

TiB2-TiN
High strength, low

density stable reaction
TiB2-Al2O3

Light weight with moderate
strengths

TiC-Al2O3
Common materials

easily diluted
B4C-Al2O3

High strength to weight ratio
with common inexpensive

stable alumina reaction

TiC-TiB2

Common materials with
high strengths and

previous experience
with both reactions

TiC-SiC
High strength, stable reaction
with each individual ceramic

used in MMCs previously
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A.2 Procedure

All of the reactions investigated were first studied thermodynamically to assess the

viability of the reaction system. Using HSC, a thermo-chemistry program, the adiabatic reaction

temperatures were developed from enthalpy vs. temperature diagrams of each reaction system

[28]. These diagrams are developed from heat capacity values of each component over a range of

temperatures.

After several reaction systems are selected, powders of each of the reactants must be

obtained. When choosing reactants, the most important factors include: cost, potential hazards

and manufacturing capability. Systems which required powders that were too expensive,

dangerous, unavailable in the desired form, or those that contained impurities that inhibited

propagation, were discarded from the list of potential reactions.

The reactions that were found to be dangerous during the course of researching the

reactants or performing experiments were also discarded. The dangers to avoid include: (1)

sensitive reactions to heat and shock (2) products or diluents which boil below the combustion

temperature (3) reactants or diluents which may contain impurities which boil below the

combustion temperature.

Gleeble experiments were used to examine ignition temperature trends and perform

combustion reactions in relatively quick succession under conditions that are highly controllable.

The Gleeble experiments were conducted using reactant powders in a steel cylinder; these

powders are then pressed into a pellet between the grips in the Gleeble chamber. The temperature

was then increased at a controlled rate up to a set temperature by passing a current through the

steel die, which heats the die and therefore the surface of the pellet until ignition occurs. The

entire die heats at once which causes the pellet to ignite in a simultaneous reaction mode. A

single type K thermocouple with a protective ceramic sheath was placed through the die and onto

the surface of the pellet to measure the change in temperature vs. time. The point at which there

is seen to be a rapid increase in temperature exceeding the heating rate is designated as the

ignition temperature.
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The small chamber apparatus was used to obtain the combustion temperature and velocity

of the reactions as well as the reaction stability. Each system was monitored for stability and

complete conversion to the desired product phases. This was first confirmed by inspecting the

pellets after the reaction; these were further investigated by XRD analysis. Any reactions which

did not fully convert to the products were discarded. The adiabatic temperature was also used to

compare against the ignition temperature of the reaction as to avoid reactions, which require

excessive preheating.

After suitable reactions were chosen and after initial testing, the products were analyzed

further. Reactions which did not produce solid discrete particles of uniform size and shape were

discarded. This was confirmed by SEM analysis.

Reactions which passed all of the criteria described above were crushed and added to

small batches of molten aluminum. The distribution agglomeration and reactivity with the

molten bath were considered.

A.3 Results and Discussion

Equilibrium diagrams of the systems investigated eliminated several reaction systems.

Figure A-1 and Figure A-2 display a few examples of the reaction systems investigated. No

reactions were discarded due to these diagrams alone. The adiabatic temperatures of these

reactions are given in Table A-2. The reaction between Ti and B to form TiB2 was

thermodynamically predicted to form TiB as well; however, little of this potential product phase

was seen in any of these reactions.



Figure A-1: Equilibri
relative amount of all potential
temperatures. (a) 1:1 molar ratio of Ti to B to theoretically form TiB (T

however forms as well as left over titanium and boron according to the thermodynamic data
assembled by HSC. Experimentally this is seen as well. (b) 1:2 molar ratio of Ti to B to form

TiB2. The thermodynamics predict that this will also form some TiB and
titanium and boron at the combustion temperature of this reaction (T

TiB2 forms without the presence of the other phases

Figure A-2: Equilibrium
aluminum displaying the equilibrium moles of product species over a range of temperatures. This
plot was assembled using stoichiometric amounts of boron and

with 10 excess moles of alumin
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Equilibrium diagrams for the titanium and boron system comparing the
potential species at equilibrium as the mole fraction over a range of

temperatures. (a) 1:1 molar ratio of Ti to B to theoretically form TiB (T
however forms as well as left over titanium and boron according to the thermodynamic data
assembled by HSC. Experimentally this is seen as well. (b) 1:2 molar ratio of Ti to B to form

. The thermodynamics predict that this will also form some TiB and
titanium and boron at the combustion temperature of this reaction (Tad=2900

forms without the presence of the other phases [28]

: Equilibrium diagram for the boron and carbon system in the presence of
aluminum displaying the equilibrium moles of product species over a range of temperatures. This

oichiometric amounts of boron and carbon to form B
excess moles of aluminum to simulate the molten bath

um diagrams for the titanium and boron system comparing the
equilibrium as the mole fraction over a range of

temperatures. (a) 1:1 molar ratio of Ti to B to theoretically form TiB (Tad=3100ºC). TiB2

however forms as well as left over titanium and boron according to the thermodynamic data
assembled by HSC. Experimentally this is seen as well. (b) 1:2 molar ratio of Ti to B to form

. The thermodynamics predict that this will also form some TiB and leave elemental
=2900ºC). Experimentally,

[28].

diagram for the boron and carbon system in the presence of
aluminum displaying the equilibrium moles of product species over a range of temperatures. This

carbon to form B4C (Tad=684ºC)
um to simulate the molten bath [28].
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Table A-2: Adiabatic temperatures for a variety of reactions that were eliminated due to
their low reaction temperatures as compared to their ignition temperatures. The adiabatic

temperatures were calculated for 23ºC initial temperature [28]. The ignition temperatures for all
of these reactions and most other reactions is on the order of 600-1000ºC.

Reactions Tad (ºC)

SiC 1578

WC 890

TiAl3 1244

Al4C3 1237

B4C 684

WB 1317

TiNi 1165

Most reactions containing Zr, Mo, W or Hf were discarded before any experiments were

performed due to their relatively high densities primarily because the goal of this research was to

identify nanophase ceramics that could be incorporated into light-weight metallic matrices (Al

and Mg) which made these compounds undesirable.

As thermodynamics cannot fully describe these systems, pellets of each of the remaining

systems in Table A-2 were tested in the Gleeble. Some reactions required excessive preheating

before ignition such as: TiNi, SiC, TiAl3, Al4C3, and B4C. These reactions demonstrated high

ignition temperatures compared to their combustion temperatures [23] and low stability of the

combustion waves. Thus, they were eliminated as potential reactions because the preheating

necessary to attain stability wouldn't allow for any investigation in the reduction of the

combustion temperature.

Reactions to form Al2O3 or TiN independently required a gaseous source of oxygen or

nitrogen respectively. TiN was eliminated as a choice completely, but Al2O3 was investigated

further through oxidation/reduction reactions. Some unstable reactions were also investigated by

combining that reaction with a more energetic reaction, e.g. adding Si and C to the reaction to

from TiC.
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Subsequent experiments investigating the reaction to form TiB2 were abandoned because

the boron powder obtained for these experiments contained high levels of low boiling point

impurities. These impurities caused higher ignition temperatures and a dangerous expulsion of

vapor during the reaction. The reaction system may be a valid choice for investigation, but other

systems demonstrated their merit without the associated dangers.

The simple combination reaction to produce TiC resulted in very high combustion

temperatures (Tc~2600ºC) resulting in relatively large particles. The aluminothermic reduction of

TiO2 in the presence of C reduced the combustion temperature of the reaction by approximately

600ºC. The resulting particle size was smaller as well, reducing the average diameter from about

1-5μm to 1-2μm. The ignition temperature of the aluminothermic reaction is increased compared 

to the combination reaction which may result in instability problems.

A.4 Conclusions

The list of potential reactions was reduced from the original 24 to 2 potential systems.

Reactions which contained high density elements were discarded because the final product was

intended to be a light weight part. Many reactions were eliminated due to the instability of their

combustion waves. If the combustion wave is not stable then subsequent experiments to reduce

the combustion temperature would not be possible. Reactions which required a gaseous reactant

were discarded due to the difficulty of producing consistent propagating reactions. The

remaining systems focused on the reactions which produced TiC. The combination reaction

between Ti and C resulted in higher ignition and combustion temperatures than the

aluminothermic reduction of TiO2 with stoichiometric C. The aluminothermic reduction was

selected as the leading candidate for further study. Pairing this reaction with stoichiometric Si

and C was also determined to be worthy of further consideration.
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Appendix B: MMC Development

Composite materials are developed by combining two or more materials to take

advantage of the properties of each. These composites typically exhibit properties that are

somewhere between the two components, usually predicted by what is referred to as the "rule of

mixtures" [42]. In the case of metal matrix composites (MMC), a ductile metallic phase is

typically combined with a hard and strong ceramic phase dispersed within. This ceramic

reinforcement phase is dispersed either as discontinuous particles, intermediate aspect ratio

whiskers or high aspect ratio fibers [43, 44]. The final product is harder than the metallic phase

and more ductile than the ceramic phase, but less ductile than the metallic phase and softer than

the ceramic. Selection of the materials involved is crucial when developing a material with a

target property and tailoring that property for a specific purpose. These factors must be

considered in the reinforcement and the matrix phases. They are important separately and in the

way they work as a system. Another limiting factor to producing MMC materials is the

wettability of the ceramic in the liquid metallic bath. The ceramic particles produced through the

SHS process in this study do not wet readily in any of the metallic species studied.

B.1 Introduction

In this study, techniques for the addition of the ceramic to a molten matrix and then

casting and testing of the resulting MMCs were investigated. These techniques were developed

and further investigated by a set of three small-scale experiments which were the driving force

for the study of these composite materials providing information about the fraction incorporated

and the relative hardness increases.

Preliminary experiments focused on finding reactions that would produce strong MMC

materials. The initial particle sizes were produced using SHS resulting in average diameters of 1-

5µm and consisted of TiC, Al2O3, TiB2 and SiC. The particle size of particles were reduced into

the nanoparticle range using the SHS process described in this dissertation. Nanoparticles are

advantageous because they provide an increase in the strength of the composite with the same
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volume fraction of ceramic [8, 45]. In this appendix, the focus is on integration, dispersion and

chemical interaction of reinforcement particles with a variety of molten species.

To focus the efforts, small-scale experiments were conducted in three ways. First an ex-

situ production method was used to produce small amounts of MMC to study the effect of

reducing the particle size of the reinforcement. Many different reactions were investigated and

added to pure aluminum in batches of about 30 grams at a time. Eventually, the most promising

reinforcements were investigated further in order to reduce particle size and determine the effects

of particle size on mechanical properties and the effect on wetting of the nanoparticles in the

metallic bath [46, 47, 48].

In the second set of small-scale experiments, the selected SHS products were then added

to molten baths of aluminum, magnesium and zinc alloys using the ex-situ method as in the first

small-scale experiments. Aluminum alloys containing magnesium were designed to improve the

integration of the ceramic reinforcements, which is typically difficult due to aluminum resisting

wetting of the ceramic particles [49, 50, 46]. Magnesium may also benefit from the addition of

ceramic particles (and therefore nanoparticles) much in the same way as aluminum, with

potentially higher strength to weight ratios [51]. The strength of zinc alloys may benefit from the

addition of ceramic nanoparticles as well but other benefits are also possible such as improved

creep resistance and a reduced bulk density [52, 53].

The third set of small-scale experiments focused on the feasibility of adding these

particles to molten baths using in-situ formation of the ceramic reinforcement phases. The in-situ

method is advantageous because the high temperatures of the reaction encourages wetting of the

ceramic [54]. If the reactions were deemed worthy of continued investigation, the resulting

products were added to aluminum alloys that would produce different benefits in mechanical

properties.

Further, the addition of nanoparticles to an aluminum matrix was proposed to improve

the mechanical properties of a composite material to a larger extent than that of micron-sized

particles at the same volume fraction [8]. To confirm this hypothesis, nanocomposite material
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was die cast and mechanically tested in order to compare these values to a comparable micro

composite. Die casting in general is used to produce near net shape parts, which is important for

these composite materials due to the expense of machining them [55]. Semi-solid die casting was

used due to the high viscosity of the composite material, semi-solid forming was also selected to

reduce the porosity of the final products as much as possible [56, 57]. MMCs are ideal materials

for the semi-solid die casting process because the reinforcement inhibits the formation of

interconnecting dendrites which could result in incomplete castings [58, 59, 60]. The following

describes the steps used to cast and characterize these materials.

B.2 Procedure

Ex-situ processing began by pressing pellets of reactants, then characterizing the green

pellet and drilling it for thermocouples. This process continues by reacting the pellets in the

small or large chambers then adding those products to a molten bath. The product pellets were

either crushed before they were added to the molten matrix phase or broken up in the melt (the

later was used for product pellets containing an interconnecting aluminum phase). Before the

addition of the particles to the molten phase, the products were characterized by combustion

temperature, composition and particle morphology. After addition to the melt the particles were

allowed to heat to the temperature of the melt before stirring the particles in.

In-situ processing begins by green pellet production as in the ex-situ method. The green

pellet is then added directly to the melt. The pellet is held in the melt by a graphite rod until the

reaction occurs. The reaction was observed as an increased in the brightness of the melt and by a

sharp increase in the temperature of the melt (Figure B-1). The pellet was immediately stirred

into the melt after reaction. In both methods, the composite material is promptly cooled by

casing into a steel die in the shape of a puck for further analysis by hardness testing, SEM and

XRD.



Figure B-1:(a) A pellet of reactive material is added molten aluminum at
Reaction occurs after several seconds giving off a bright light. The pellet is held undern
surface of the liquid (c) The material

is stirred vigorously than poured into a puck shape for later analysis.

The first set of small-scale

different reaction systems. The reaction temperatures were measured in small and large chamber

experiments presented as time vs. temperature curves

particle sizes were investigated by SEM.

5µm) were added to molten, commercially pure aluminum

line for further reductions in particle size.

with particle sizes ranging from 5

XRD and SEM were utilized after the addition of the ceramic to determine chemical stability,

agglomeration of particles, and distribution of

The second set of small

produced using the ex-situ method

added to small batches of the matrix materials at very high temperatures, well above

points of each. The total volume of each melt was calculated and enough ceramic was added to

each melt to produce a final product of 10 volume percent ceramic.
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:(a) A pellet of reactive material is added molten aluminum at
Reaction occurs after several seconds giving off a bright light. The pellet is held undern

(c) The material, which is now significantly higher temperature than before
is stirred vigorously than poured into a puck shape for later analysis.

scale experiments began with pellets of 6 grams

stems. The reaction temperatures were measured in small and large chamber

experiments presented as time vs. temperature curves using the ex-situ technique

investigated by SEM. Particles of TiB2 and TiC of relatively large size (1

were added to molten, commercially pure aluminum (~1150ºC) in an attempt to set a base

line for further reductions in particle size. Particles of ceramic consisting of SiC, TiC and Al

with particle sizes ranging from 5μm to less than 100nm were added to the molten aluminum. 

XRD and SEM were utilized after the addition of the ceramic to determine chemical stability,

and distribution of the particles in the pure aluminum matrix.

small-scale experiments were performed using pellets of SH

method as in the first set of small-scale experiments. The pellets were

added to small batches of the matrix materials at very high temperatures, well above

The total volume of each melt was calculated and enough ceramic was added to

each melt to produce a final product of 10 volume percent ceramic. Three matrix materials were

:(a) A pellet of reactive material is added molten aluminum at ~700ºC. (b)
Reaction occurs after several seconds giving off a bright light. The pellet is held underneath the

which is now significantly higher temperature than before,
is stirred vigorously than poured into a puck shape for later analysis.

ellets of 6 grams each of many

stems. The reaction temperatures were measured in small and large chamber

itu technique. The resulting

of relatively large size (1-

in an attempt to set a base

articles of ceramic consisting of SiC, TiC and Al2O3,

μm to less than 100nm were added to the molten aluminum. 

XRD and SEM were utilized after the addition of the ceramic to determine chemical stability,

particles in the pure aluminum matrix.

experiments were performed using pellets of SHS products

experiments. The pellets were

added to small batches of the matrix materials at very high temperatures, well above the melting

The total volume of each melt was calculated and enough ceramic was added to

Three matrix materials were
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investigated in this manor: (1) Aluminum (2) Magnesium (3) Zinc. Each matrix material was

altered by adding alloying additions intended to improve wetting and mechanical properties.

Magnesium additions were made to aluminum diluting Al-50Mg alloy with pure

aluminum shot. The pellets were added when the molten aluminum reached ~1000ºC. All

magnesium melts were conducted in an induction furnace with an argon atmosphere. The

magnesium matrix contained various amounts of aluminum. Volatilization limited the melt

temperature to less than 800ºC. Aluminum was also added to the zinc alloy. The zinc melts were

also limited in temperature due to volatilization, in this case to 700ºC.

The third set of small-scale experiments were performed by adding green pellets of the

reaction materials to molten aluminum using the in-situ technique. The aluminum contained

4.5% Mg by weight. The pellets were added to the aluminum in increasing temperature

increments from 700ºC to 1100ºC in an oxygen environment. A new melt was started for each

melt temperature, increasing the temperature of each experiment by 50ºC. The pellets were held

in contact with the melt for 120 seconds or until the reaction occurred. Thermite additions were

added to some of the green pellets to encourage ignition.

The large-scale experiments were performed using the ex-situ method. The particles were

added to a molten bath of Al-4.5%Mg of about 5 kg to produce a composite material of ~10

volume percent ceramic particles. These experiments were done in a 30 lb induction furnace with

a stirring rig that could be placed over the top. Stirring was accomplished using zirconia-coated

titanium blades in the stirring rig forcing the material out and around the central axis while

simultaneous inductive stirring forced material up into the blades (Figure B-2). These materials

were also mixed using an ultrasonic probe for two minutes [61].
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Figure B-2: Schematic of the stirring of the molten aluminum in the crucible. Induction
stirring causes the material to be forced up and in toward the center of the crucible. The titanium
stirring rig has flat blades that force the material back out and shear through the molten bath in
order to break up agglomerates. The stirring action causes the top blades to enter and exit the

melt when the induction coils are on.

The materials were promptly cast into graphite cylinders (preheated to ~500ºC) to

produce rods of the composite material of 4.4 cm in diameter and about 10 cm tall. A large

shrinkage cavity forms on the top of the billet which is removed before continuing.

These billets were then taken to a local semi-solid die casting plant, V-forge. The billets

were first heated by induction coils while standing on a ceramic stands. Different alloys and

volume fractions of ceramic required different heating times and techniques. To reach the right

consistency, the material was heated quickly to get close to the correct temperature then slowly

to reach the ideal temperature and to allow for consistent heating of the entire billet.

After the material reaches the correct fraction of solid to liquid ratio, the material was

shot into a steel die with a wedge shaped cavity in order to produce wedge samples (Figure B-3).

After the aluminum wedge solidified, it was then extracted and allowed to cool. The parts

produced that were fully cast were subsequently machined and mechanically tested.



Figure B-3: Wedge samples of the cast composite material shown to demonstrate the
sections of the castings. These castings are from the third batch in the
from billets 2 and 6. Mechanical properties were taken from

Hardness, tensile samples and wear resistance samples were all extracted from the die

cast wedges. Hardness was measured in all areas of the die casting, whereas the tensile and wear

property samples were produced from the wedge portion of the castings alone.

sectioned to widths appropriate for the ASTM G65 wear resistance test

E8M sub size specimen tensile samples

using a grinding table and silicon carbide grinding wheel.

HSLA steel were also prepared for comparison with the wear tests.

The tensile tests were performed under

failure. The wear test samples were weighed while suspended in water before and after the tests

to determine volume lost.

SEM and optical analysis of the cast materials and the fracture surfaces of the te

samples were performed to examine particle distribution and morphology.
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: Wedge samples of the cast composite material shown to demonstrate the
sections of the castings. These castings are from the third batch in the large
from billets 2 and 6. Mechanical properties were taken from the wedge portion alone unless

otherwise noted.

Hardness, tensile samples and wear resistance samples were all extracted from the die

cast wedges. Hardness was measured in all areas of the die casting, whereas the tensile and wear

oduced from the wedge portion of the castings alone.

sectioned to widths appropriate for the ASTM G65 wear resistance tests [62]

E8M sub size specimen tensile samples [63]. The sections of the wedge samples

using a grinding table and silicon carbide grinding wheel. Several samples of

HSLA steel were also prepared for comparison with the wear tests.

The tensile tests were performed under constant displacement rate, namely,

samples were weighed while suspended in water before and after the tests

SEM and optical analysis of the cast materials and the fracture surfaces of the te

to examine particle distribution and morphology.

: Wedge samples of the cast composite material shown to demonstrate the
large-scale experiments

the wedge portion alone unless

Hardness, tensile samples and wear resistance samples were all extracted from the die

cast wedges. Hardness was measured in all areas of the die casting, whereas the tensile and wear

oduced from the wedge portion of the castings alone. The wedges were

[62] and the ASTM

of the wedge samples were ground flat

Several samples of gray cast iron and

rate, namely, 0.075cm/s, to

samples were weighed while suspended in water before and after the tests

SEM and optical analysis of the cast materials and the fracture surfaces of the tensile
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B.3 Results and Discussion

The first small-scale experiments were designed to demonstrate the production of the

reinforcement and document their interaction with pure aluminum. As the particle size of TiC

particles decreased, the molten aluminum rejected some of the particles. This began once the

reinforcement particles had an average diameter of less than 1um. Even vigorous stirring would

force only some of the particles into suspension. Liquid aluminum at temperatures of greater

than 1150ºC allowed some integration of particles of 800nm. Despite the trouble of integrating

the particles, the diameter of the ceramic reinforcement was reduced further to around 300-

400nm on average. Primarily by adding alumina diluents, the reaction conditions were further

altered in order to reduce the particle size to less than 100nm the steps of which are discussed in

earlier in this dissertation. After this first set of small-scale, experiments the two systems chosen

for further research are both based on the aluminothermic reduction of TiO2. The first reached

less than 100nm by reducing the combustion temperature with aluminum oxide diluents. The

second system chosen includes a silicon carbide reaction that has also been manipulated by other

diluents to reduce the particle size to less than 100nm. These particles however were nearly

completely rejected from the pure aluminum melt [64, 50].

In the second set of small-scale experiments, matrix materials and alloys were chosen for

the MMCs. Al-4.5%Mg demonstrated an increase in particle integration compared to pure

aluminum. Magnesium matrices had some integration but stirring restrictions due to oxidation

and volatilization restricted the integration of the nanoparticles. Zinc was also investigated as a

matrix material for nanoparticles but a majority of the ceramic nanoparticles were also rejected

from the melt.

In the third set of small-scale experiments ceramic particles were produced in-situ in Al-

4.5%Mg. While there was success in integrating the particles, the control over particle size was

not as precise. Ignition temperature reductions using thermite additions were also required in

these experiments.

Hardnesses of the materials produced in the small-scale experiments were taken from the

puck-shaped samples, the values of which are displayed in Figure B-4.



Figure B-4: Macro hardness on an
particle size of the reinforcing phase containing

through the small-scale experiments. The trend shows a clear increase in hardness with
decreasing particle size. The
range of particle size. 800nm and 400nm particles exhibited values of hardness of very similar

values with a wide range of scatter, due to casting defects like agglomeration. The highest
hardness exhibited was 108 HRB for a sample containing particles that averages less than 50nm.

Particles of TiC, Al2O3

experiments. The larger pellets used to form the particles for these experiments resulted in a

large range of particle sizes from ~50nm to 500nm (

Figure B-5: Particles of TiC of several sizes distributed in
from a billet of as reacted SHS product

approximately 50nm
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: Macro hardness on an HRB scale of Al-4.5%Mg as a function of
of the reinforcing phase containing about 10 volume percent ceramic

experiments. The trend shows a clear increase in hardness with
decreasing particle size. The hardness values given are an average of all of the samples in that
range of particle size. 800nm and 400nm particles exhibited values of hardness of very similar

values with a wide range of scatter, due to casting defects like agglomeration. The highest
ardness exhibited was 108 HRB for a sample containing particles that averages less than 50nm.

3 and SiC were added by the ex-situ method for the

experiments. The larger pellets used to form the particles for these experiments resulted in a

large range of particle sizes from ~50nm to 500nm (Figure B-5).

: Particles of TiC of several sizes distributed in a matrix of pure aluminum
a billet of as reacted SHS product. The largest particles were ~500nm and the smallest were

approximately 50nm with the full range of particle sizes in-between

1-5μm 600-1000nm 400-600nm 200-400nm

Average particle size (10vol% ceramic)

4.5%Mg as a function of average
volume percent ceramic developed

experiments. The trend shows a clear increase in hardness with
hardness values given are an average of all of the samples in that

range of particle size. 800nm and 400nm particles exhibited values of hardness of very similar
values with a wide range of scatter, due to casting defects like agglomeration. The highest

ardness exhibited was 108 HRB for a sample containing particles that averages less than 50nm.

situ method for the large-scale

experiments. The larger pellets used to form the particles for these experiments resulted in a

a matrix of pure aluminum
500nm and the smallest were

between.

400nm < 100nm
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The hardness of the material increased from 30 HRB (matrix) to the MMC wedge

samples hardness which was over 60 HRB as shown in Table B-1. The hardness of the die cast

material was also higher than the hardness before die casting. The change in hardness from the

stir cast composite to the die cast composite likely comes from the reduction in porosity.

Table B-1: Hardness values of samples cast as the large-scale experiments with ceramic
particles of approximately 300nm on average.
Sample Hardness (HRB)

Al-4.5wt%Mg matrix 30±2

Billet Al-4.5%Mg 10 vol% ceramic 47±6

Wedge Al-4.5%Mg 10 vol% ceramic 64±3

Biscuit Al-4.5%Mg 10 vol% ceramic 56±4

Wedge Al-4.5%Mg 10 vol% ceramic of 1-5μm 43±4

Billet Al-4.5%Mg 10 vol% ceramic Argon entrapment 19±16

Wedge Al-4.5%Mg 10 vol% ceramic Argon entrapment 62±6

The wear resistance of the material containing nanoparticles provided a significant

increase in the wear resistance compared to the composite containing larger particles (Figure B-

6). The wear resistance even surpassed that of the cast iron and HSLA steel potentially due to a

change in the wear mechanism or an increase in the ability for the composite to dissipate heat

compared to the ferrous materials.



Figure B-6:(a)ASTM G65 rig against sample on leaver arm
between those surfaces. (b)4 potential wear mechanisms

test for several different materials to be compared to
each material is within 15% of the total with at least 5 samples for each material.

During tensile testing,

three tests. Of the other tests, the only information remaining was UTS which was recorded by

hand. Of the three remaining samples, two contained large flaws (these were left for last

intentionally). A few of the tensile specimens are shown in
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:(a)ASTM G65 rig against sample on leaver arm with silica sand flowing
between those surfaces. (b)4 potential wear mechanisms [65]. (c) Wear volume loss

for several different materials to be compared to each other. The error in volume lost for
is within 15% of the total with at least 5 samples for each material.

power was lost to the lab eliminating data collected for all but

the only information remaining was UTS which was recorded by

nd. Of the three remaining samples, two contained large flaws (these were left for last

intentionally). A few of the tensile specimens are shown in Figure B-7.

with silica sand flowing
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each other. The error in volume lost for
is within 15% of the total with at least 5 samples for each material.

power was lost to the lab eliminating data collected for all but

the only information remaining was UTS which was recorded by

nd. Of the three remaining samples, two contained large flaws (these were left for last



71

Figure B-7: Photograph of the tensile samples after testing. These samples were produced
by machining the wedge samples produced at the semi-solid die casting plant, V-forge. Several

of the samples were sectioned to observe the fracture surfaces. The two samples on the right
failed outside of the gauge length due to large flaws. The stress strain behavior of these two

samples and the sample on the far left end are shown in Figure B-8(a).

The tensile data collected from the large-scale castings are displayed in Figure B-8 and

compared with data collected by similar research performed with larger particle sizes. The tensile

properties of the composite containing nanoparticles exhibits properties which mimic higher

volume fractions of ceramic. This means that the strength of the composites are improved by

reducing particle size while maintaining the density of the lower volume fraction.

The fracture surfaces show areas of ductile and brittle fracture as shown in Figure B-9.

Most of the samples exhibited relatively large flaws on the fracture surface implying that these

areas are where the samples are failing (Figure B-10).



Figure B-8: (a) Tensile data displayed as stress (MPa) vs % strain. (b) Ultimate tensile
and yield strengths for a range of materials. Percent ductility is shown on
This data suggests that the strengths and

higher volume fractions of the micro composite material. The values for Young's modulus follow
a similar trend where the values from
and 20 volume percent micro composite materials of approximately 84 and 100GPa respectively

72

Tensile data displayed as stress (MPa) vs % strain. (b) Ultimate tensile
and yield strengths for a range of materials. Percent ductility is shown on
This data suggests that the strengths and ductilities of the smaller particle MMC are similar to

higher volume fractions of the micro composite material. The values for Young's modulus follow
a similar trend where the values from the small particle wedges of 89GPa are in
and 20 volume percent micro composite materials of approximately 84 and 100GPa respectively

[10].

Tensile data displayed as stress (MPa) vs % strain. (b) Ultimate tensile
the right vertical axis.

of the smaller particle MMC are similar to
higher volume fractions of the micro composite material. The values for Young's modulus follow

the small particle wedges of 89GPa are in-between the 10
and 20 volume percent micro composite materials of approximately 84 and 100GPa respectively



Figure B-9:Ductile and brittle regions of the fracture surface of the tensile samples.

Figure B-10: Agglomerate on the surface of the tensile sample demonstrating preferential
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:Ductile and brittle regions of the fracture surface of the tensile samples.

: Agglomerate on the surface of the tensile sample demonstrating preferential
failure through these areas.

:Ductile and brittle regions of the fracture surface of the tensile samples.

: Agglomerate on the surface of the tensile sample demonstrating preferential
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B.4 Conclusions

Metal matrix composites exhibit properties of both materials. The products are harder

than the metallic but softer than the ceramic and they have higher ductilities than the ceramic but

lower than the metal. The properties of these materials are defined then by a rule of mixtures.

The properties of the 10 volume percent ceramic particle MMC were closer to the values of the

metallic matrix than the ceramic as expected. To form an MMC the ceramic phase must be added

to a molten metallic phase. In these experiments the particles are added in two ways: in-situ,

particles formed in solution, and ex-situ, particles formed first than added to solution. To tests

these addition techniques small-scale experiments were carried out. The first set of experiments

focused on producing and adding various diameter particles in an ex-situ manor to a pure

aluminum matrix. As the particle size of the material decreased the ceramic began to be ejected

from the matrix as immiscible. Alumina also demonstrated its reluctance to incorporate into the

molten aluminum over the other product phases. After the reinforcement reaction was selected

the second set of small-scale experiments could be conducted. These experiments focused on

finding a suitable matrix material to enhance incorporation of the particles. Aluminum alloys

were the main focus of this research. Matrices of zinc alloys and AZ91 magnesium were also

produced. Zinc shows potential, the particles added reduce the density of this material while

potentially increasing strength and creep resistance. The low melting temperature of zinc reduces

the cost to manufacture this material while maintaining the ability to die cast like aluminum. The

research on zinc MMC products is still in its infancy. Magnesium is lighter than aluminum and

can also be die cast. Strengthening and limitations should be similar to aluminum with some

added difficulties. Magnesium's great affinity for oxygen requires that the material be handled in

an oxygen free atmosphere when molten. This makes stirring and casting require several extra

steps and equipment. Both zinc and magnesium have relatively low boiling points which also

mean that they are unable to be added as a diluent to the pellet to facilitate the ex-situ method. In

aluminum alloys, silicon additions were found to have the adverse affect of stabilizing an

intermetallic phase. Another matrix phase used in previous research was heat treatable but the

large amount of phases clouded the experiment. Aluminum 4.5 weight percent magnesium was

also used in past research with 1-5μm particles of TiC. The magnesium additions according to 

several sources improve integration of aluminum oxide. The value of 4.5 wt.% magnesium was
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held constant to maintain comparability with previous data even though this fraction of

magnesium may not be ideal. The third set of small-scale experiments focused on the addition of

the ceramic by an in-situ method. The pellets were added in their raw green state to a molten

bath and allowed to react in the crucible. Very low ignition temperatures are required and the

pellets are preheated significantly which caused larger average particle size. The advantage of

the in-situ method is in its ability to disperse in the molten phase due to the relatively high

temperature of reaction lowering the surface energy between the ceramic and metallic phase. The

ex-situ method demonstrated more difficulty in integration of the particles; however the particles

could be processed further after reaction and studied to assess their size before addition to the

matrix. Hardness data over a range of particle sizes in the aluminum 4.5% magnesium matrix

demonstrate an increase in the hardness when the average diameter of the particle is reduced.

These hardnesses reached values of up to 108 HRB compared to the matrix alone at 30 HRB and

the micro composite of 40 HRB.

Aluminum 4.5 weight percent magnesium was chosen as the matrix in these large-scale

experiments for the reasons discovered in the small experiments. Material was first stir cast as

billets then taken to v-forge, a semi-solid die casting plant. The stir casting process starts with

either the in-situ or ex-situ addition methods then the material is stirred, both mechanically and

with an ultrasonic probe, then poured into rod shaped graphite moulds. The stir cast material was

reheated to the mushy zone and thixocast as near net shape wedge samples. The die casting

process is ideal for the MMC materials for several reasons. The relatively high viscosity of

MMC material does not lend its self well to standard gravity fed castings, the parts may cool too

quickly to fill thin sections when the material has a high volume fraction of ceramic [55]. In die

casting the thin sections are filled relatively quickly. Die casting also produces near net shapes

which eliminates machining time after the part is cast. This is important for the difficult to

machine MMC materials. The castings produced did have a fair number of casting defects. The

particles formed in the larger scale experiments were of a relatively large array of particle sizes

averaging 300nm and ranging from 50nm to 500nm. After stir casting a large amount of porosity

was discovered. Trapped gasses from the stirring process was blamed however other processing

methods may have had a part. In an attempt to remove the trapped gas, argon was bubbled

through the melt before pouring the material. This caused a great increase in the volume fraction
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of pores in the castings. Die casting seems to have removed many of the pores developed in stir

casting. Agglomerates, whether formed before or after addition of the particles to the melt,

formed causing areas of small particles that may act as one larger particle. Producing the correct

alloy for the ceramic volume fraction and developing other stirring methods may reduce or

eliminate this flaw. After casting the wedge parts were ground flat and tensile samples were

machined out of them. Hardness, tensile and wear properties were tested from these wedge

samples. The small particle containing material demonstrated higher hardnesses, tensile

properties and improved wear resistance compared to its micro particle counterpart at 10 volume

percent ceramic. The tensile properties of the small particle material were of values in-between

that of the 10 and 20 volume percent micro particles. The hardness of the small particle material

was around that of the 20 volume percent micron sized particles at about 65 HRB. The wear

properties of the material produced through this research were far better than that of larger

particle MMC materials. The MMC produced before it had moderate wear resistances but the

values were still worse than that of cast iron or steel. In these experiments the material cast in

this research resulted in wear resistances better than that of the HSLA or cast iron.


