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Abstract

In this thesis, a self-developed reactor utilizing a Mg-BaO2 igniter mixture in a tube fur-
nace was used for SHS of ZrSi2. Literature on combustion synthesis, zirconium, silicon,
and the Zr-Si system, was reviewed to establish an expectation of how Zr-Si powder mix-
tures behave during mixture preparation and SHS. The influence of milling parameters
during co-milling of zirconium and silicon was investigated by characterization of milled
mixtures by XRD and SEM. The influence of reactor, sample, and experiment properties
on the combustion reaction was investigated with different configurations of SHS followed
by characterization of reacted samples by XRD and SEM. Silicothermic reduction of ZrO2
was investigated as a possible negative influence on SHS by thermal analysis and XRD.
The reactivity between zirconium silicides and zirconium and silicon was investigated to
determine its effect on SHS of zirconium silicides. Results of the co-milling of zirconium
and silicon revealed that large milling media causes flattening and deforming of zirconium
particles, while small milling media causes crushing of zirconium particles. The results of
the SHS-experiments revealed that the combustion formation of ZrSi2 was sensitive and
negatively affected by the explosivity of the igniter, dissipation of heat from the samples,
insufficient size reduction of the zirconium particles, and solid-state diffusion before igni-
tion. Silicothermic reduction and reactivity between zirconium silicide and zirconium and
silicon was considered to have a negligible effect on SHS of zirconium silicides. Based
on available literature on the successful large-scale SHS of MoSi2, the main challenge of
large-scale application of SHS of ZrSi2 was determined to be sufficient size reduction of
the zirconium powder.
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Sammendrag

I denne oppgaven ble en selv-utviklet reaktor som benyttet en Mg-BaO2 antennelsesbland-
ing i en rørovn bruk til SHS av ZrSi2. Litteratur om forbrenningssyntese, zirkonium, sili-
sium og Zr-Si systemet ble studert for å etablere en forventning til hvordan Zr-Si pulverb-
landinger oppfører seg under forberedelse av blandingen og SHS. Innflytelsen til møllepa-
rametere under ko-mølling av zirkonium og silisium ble undersøkt ved karakterisering av
møllede bladninger ved XRD og SEM. Innflytelsen til reaktor-, prøve-, og eksperimente-
genskaper ble undersøkt med forskjellige konfigurasjoner av SHS etterfulgt av karakteris-
ering av prøver ved XRD og SEM. Silisotermisk reduksjon av ZrO2 ble undersøkt som
en mulig negativ innflytelse på SHS ved termisk analyse og XRD. Reaktiviteten mellom
zirkoniumsilisider or zirkonium og silisium ble undersøkt for å bestemme dens effekt på
SHS av zirkoniumsilisider. Resultatene av SHS-eksperimentene avslørte at forbrennigs-
dannelsen av ZrSi2 var sensitiv og ble negativt påvirket av eksplosiviteten til igniteren,
spredning av varme fra prøvene, utilstrekkelig størrelsesreduksjon av zirkoniumpartiklene,
og fast-stoff diffusjon før antennelse. Silisotermisk reduksjon og reaktivitet mellom zirko-
niumsilisid og zirkonium og silisium ble betraktet til å ha neglisjerbar effekt på SHS av
zirkoniumsilisider. Basert på tilgengelig litteratur om den suksessfulle stor-skala syntesen
av MoSi2, ble det fastslått at størrelsesreduksjon av zirkonium er den største utfordringen
i stor-skala applikasjon av SHS av ZrSi2.
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1
Introduction

1.1 Background and motivation
ZrSi2 is a transition metal silicide. This group of materials does in general exhibit high
thermal stability, excellent corrosion resistance, high electronic conductivity and unique
electronic structures, and high compatibility with silicon substrates. Earlier research ex-
plored the potential use of ZrSi2 in integrated circuits [1]. ZrSi2 has similar properties as
the common refractory ceramic MoSi2, and might exhibit superior performance at high
temperatures. Additionally, ZrSi2 is not vulnerable to pest oxidation at lower temperatures
which is a critical weakness in MoSi2 [2] [3]. Later research suggests potential use in
catalysis and as an accident-tolerant protective coating for zirconium cladding materials.
In the latter application, ZrSi2 appears to have an unrivaled potential due to its excellent
adhesion to zirconium alloys and excellent corrosion resistance. Zirconium alloys are com-
monly used as a fuel cladding in nuclear power plants, and they have good corrosion resis-
tance at operating conditions, but may be severely oxidized by steam in a loss-of-coolant
accident in certain nuclear reactors. This compromises the cladding material while gener-
ating hydrogen gas, and was the cause of the explosions in the nuclear reactor buildings at
the Fukushima Daiichi power plant in 2011. In high-temperature oxidizing atmospheres,
ZrSi2 forms nanoscale zirconia and silica-structures by spinodal decomposition which acts
as a diffusion barrier for oxygen, and results in a corrosion resistant coating with no signs
of spallation at temperatures up to 1200 ◦C. [4][5]

The current commercially available ZrSi2 is expensive and is mostly used for research
on the aforementioned applications. In order to utilize ZrSi2 in improvement of current
technology or development of new technology, it must be produced on a large scale and
at a price that does not outweigh the gain of applying the material. The synthesis route
should also give the opportunity to control characteristics like purity and microstructure in
the final product so it can be tailored for different applications.

A synthesis route that may fulfill these requirements is self-propagating high-temperature
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synthesis (SHS). In general, the synthesis utilizes the exothermic formation of a compound
to supply the required energy needed in the synthesis. That is, a small volume of the green
reactive mixture is heated to reaction, and the generated heat of reaction heats the adja-
cent mixture to reaction, resulting in the reaction propagating through the mixture as a
wave. Although a SHS-reactor must be able to locally heat a mixture to high temperature
and then withstand the high temperature generated by the synthesis, the principle is fairly
simple and easily scalable. The reaction between zirconium and silicon to form zirco-
nium silicides - including ZrSi2 - is exothermic enough to be utilized in SHS, and they
can therefore be synthesized from zirconium and silicon powders in a relatively simple
reactor. SHS has been shown to produce high-purity ZrSi2, and the microstructure of the
final product can be affected by the microstructure of the precursor powder and synthesis
parameters.

To date, large-scale SHS of ZrSi2 has not been extensively studied. Most research on
SHS of ZrSi2 has focused on whether it is a possible synthesis route, reaction mechanisms
and kinetics. The studies utilize methods, equipment, and reactants, which are mostly
only viable on a laboratory scale, with little focus on commercial feasibility. In order to
propose and develop a commercially viable synthesis route, the performance and reliability
of SHS using commercially viable methods, equipment, and reactants must be understood.
Additionally, a full synthesis route from precursor zirconium and silicon powders to ZrSi2
requires a sound understanding of the behaviour and interactions in the precursor powder.

All in all, ZrSi2 has promising refractory applications, especially as an accident-tolerant
protective coating in certain nuclear reactors, and SHS is a promising synthesis route for
large-scale production. However, there is little understanding of whether production of
ZrSi2 by SHS is commercially viable, which is what this thesis intends to explore. A
summary of the motivation behind the thesis is illustrated in Figure 1.1.

1.2 Aim and scope of the work
The aim of the thesis is to develop an understanding of the opportunities and challenges
with a full synthesis route based on SHS for large-scale production of ZrSi2. The work that
was done to achieve this can be divided in three parts, which all consist of establishing a
foundation of knowledge based on available literature and results obtained from previous
work ([6]), followed by experimental work.

First, an efficient and scalable way of preparing green reactive Zr+Si mixtures from com-
mercially available powders was explored. Then, an experimental set-up for SHS was
developed by using equipment that is viable for up-scaling. The aim was to explore the
possible solutions to achieving a commercially attractive way of performing SHS of ZrSi2.
The set-up was then used to attempt to synthesize ZrSi2 in order to study the reactive mix-
ture’s behaviour during SHS and to expose challenges with up-scaling and minimizing
cost of SHS of ZrSi2. Finally, the reactivity in the Zr-Si system at high temperature was
studied. This included the reactivity of the zirconium oxide layer with silicon, and the
reactivity between zirconium silicides and zirconium or silicon. These experiments were
done to give insight on how other reactions than the combustion reaction in SHS influences
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1.2 Aim and scope of the work

Figure 1.1: Figure illustrating the promising use of ZrSi2 as a refractory material, with spe-
cial focus on use as an accident-tolerant protective coating for zirconium alloy
in nuclear reactors, the advantages of producing ZrSi2 by SHS, and the main
focus of this thesis which is whether SHS is feasible for large-scale production
of ZrSi2

the synthesis.

3



Chapter 1. Introduction

4



2
Literature Review

In this chapter, combustion synthesis will be presented, and SHS will be discussed in
detail. In order to create an optimal synthesis route, the interactions between the precursor
powders, and also between precursor powders and synthesis conditions, must be assessed.
These interactions include how the powders react to processing like milling and heating,
and how they react with the different atmospheres and materials used during processing.
The literature review of combustion synthesis and the properties of zirconium and silicon
will be followed by a presentation of Some of the content in this chapter is based on Dalene
[6], and will be referred to when appropriate. In each section where this is done, it will be
explained which paragraphs are reused in which are unique to this thesis.

2.1 Combustion Synthesis

2.1.1 General characteristics

All content in this section is based on Dalene [6]. Combustion synthesis (CS) is a synthesis
route where a material is produced through an exothermic reaction. In these synthesis
methods, the exothermic nature of the reaction can be taken advantage of to decrease
the required energy input. However, CS often use precursors that require a large amount
of energy to be refined from raw materials. Another attractive feature, aside from the
stored energy in itself, is the characteristics of how the stored energy is released during
combustion. Since the reactions are usually fast and strongly exothermic, the system can
reach temperatures between 2000–4000 K at heating rates in the range of 104–105 K s−1

[7]. Levashov et al. [7] focus mainly on SHS, but much can be generalized for CS. CS is
initially characterized by the physical state of precursors:

• Solid-state: At least one precursor is in solid phase. Even if all precursors are in solid
phase, the combustion may include intermediate liquid phases and gas evolution due
to the high temperatures.
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• Solution Combustion Synthesis: Precursors are in aqueous solution. Heat is gener-
ated by combustion of an organic fuel like glycine or urea.

• Flame Synthesis: Precursors are in gas phase.

• Spray Flame Pyrolysis: Precursors can be in both gas and liquid phase.

In this thesis, the focus will be on solid-state CS. Different types of solid-state CS can be
distinguished based on the chemistry of the synthesis. Three of these are relevant to this
thesis. The first type uses elements as precursors, and a general reaction can be formulated
as:

n∑
i=1

Rs
i −→

m∑
i=1

P s,l
i +Q (2.1)

where R represents the precursors, P represents the product, s and l solid and liquid state
respectively, and Q the heat of reaction. The second utilizes a thermite type reaction. At
least one precursor is an oxide, and a reducing metal is added. The general reaction can be
formulated as:

n∑
i=1

(MeOx)si +

m∑
i=1

Zs
i +

k∑
i=1

Xs
i −→

j∑
i=1

P s,l
i +

l∑
i=1

(ZOy)si +Q (2.2)

where MeOx is a metal oxide, Z is a metal with a higher affinity to oxygen than Me, X is
an elemental precursor, P is the desired product, ZOy is the product of the oxidation of Z,
and Q is the heat of reaction. The third type utilizes inorganic compounds as precursors.
Examples of this reaction type are metathesis reactions, for example:

MeCln(s) + XnE(s) −→ MeE(s) + nXCl +Q (2.3)

Where MeCln(s) is a metal chloride, XnE(s) can be an alkali/earth alkali pnictide or chalco-
genide, MeE(s) is the desired product and Q is the heat of reaction. Other types of reac-
tions can be between a solid precursor and a gas to form hydrides, oxides, nitrides, or
carbides, or exchange reactions between for example metal and non-metal nitride to form
a metal nitride.

2.1.2 Configurations

The content in this section is based on edits of Dalene [6]. The current configurations
of SHS can be divided into three general approaches, based on whether heat is supplied
locally and whether pressure is applied to the green reactive mixture during the synthesis.
The three configurations are illustrated in Figure 2.1
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Figure 2.1: Illustration of generalized approaches to combustion synthesis. A illustrates
local heating at one end of a compacted sample, leading to ignition in heated
volume which releases heat and results in a propagating reaction wave. This
approach is referred to as “self-propagating high-temperature synthesis”. B
illustrates uniform heating of a compacted green reactive mixture which leads
to ignition and heating simultaneously throughout the green reactive mixture.
This approach is referred to as volume synthesis or “thermal explosion mode”.
C illustrates an approach where the initial green reactive mixture is a loose
powder mixture which may be slightly compacted before heating and will be
subjected to pressure during synthesis. The heating is not local as in A, but
may be less uniform than in B. D illustrates a similar approach, but where the
applied heat is as local as in B.

Figure 2.1 Indicates that routes A and B require the sample to be a pressed green body.
This is not entirely accurate, as it is possible to use a powder mixture which is not pressed
during pre-treatment. [7]

Self-propagating synthesis

As illustrated in Figure 2.1, a complete reaction can be achieved by only heating a small
volume of the green reactive mixture, since the released reaction heat causes the reaction to
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propagate through the mixture. Thus, the required heat addition for this approach is only
a small fraction of the heat needed to ignite the entire mixture. However, the approach
requires the reaction to release enough heat to propagate the reaction. This approach is
highly researched, is commonly referred to as “self-propagating high-temperature synthe-
sis” (SHS), and will be discussed in further detail in section 2.2. Route D in Figure 2.1
illustrates an application of pressure during synthesis, which is required to achieve a dense
product. The pressure may be applied a few seconds after ignition (optimization of this
delay is actually of great importance to achieve maximum density), or can be utilized to
ignite the mixture instead of heating. A mechanical piston driven by high-pressure gas hits
the side of the mixture, resulting in compression and a rapid temperature increase which is
high enough to ignite the mixture, resulting in self-propagating reaction with a supersonic
propagation rate. [7] In the rest of the literature review, the focus will be on SHS without
applied pressure, i.e. route B in Figure 2.1.

Volume synthesis

Volume synthesis refers to an approach where the green reactive mixture is heated uni-
formly, leading to the reaction occurring simultaneously in the entire sample which is
illustrated as route B in Figure 2.1. Compared to the self-propagating mode presented in
the previous paragraph, this mode is not as sensitive to the exothermicity of the mixture
, but requires far more energy. Therefore, there has been little interest in this approach
beyond laboratory experiments. [8] Also illustrated in Figure 2.1 is an approach that may
be described as volume synthesis with applied pressure during combustion. Two examples
of this approach are “pulsed current activated combustion synthesis” (PCACS) and “High-
frequency induction-heated combustion synthesis” (HFIHCS). PCACS and HFIHCS are
recent synthesis techniques with the intention of producing a dense, sintered product in one
step. Both techniques do this by applying pressure during combustion and the synthesis
is performed with a powder mixture in a graphite die between two alumina punches. The
main difference between the two is how the mixture is ignited. PCACS heats the mixture
to ignition by passing a current through the die and the mixture causing resistive heating
[9]. This technique was used by Ko et al. [10] to produce a dense ZrSi2-SiC composite
with grain sizes on the nanoscale with a density of 97 % of theoretical density. An inter-
esting effect of these synthesis techniques is that they utilize the heat of the reaction to
sinter the materials, and the sharp temperature increase at ignition combined with applied
pressure may lead to unique microstructure properties. PCACS is similar to spark-plasma
sintering, but may achieve even higher temperatures due to the generated heat of forma-
tion. HFIHCS heats the powder mixture and graphite die by an induction coil [11]. This
technique was used by Park et al. [11] to synthesize nanoscale ZrSi2 from mechanically
activated Zr and Si with a density of 96 % of theoretical density.

2.2 Self-propagating high-temperature synthesis
In section 2.1.2, SHS was presented as a mode of CS where heat is supplied to only a small
part of the green reactive mixture, which ignites and reacts, resulting in the released heat
of reaction establishing a combustion wave propagating through the mixture. The process
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can be divided into three main stages:

• Local heating

• Ignition in heated volume

• Propagation of reaction through combustion wave

In this section, these three stages will be discussed in further detail.

2.2.1 Heating
As mentioned, the main idea of SHS is to supply heat to a small volume of a green reac-
tive mixture, and let the reaction propagate from this volume. The mixture needs a good
thermal conductivity to propagate the reaction, but the thermal conductivity may also be
a disadvantage when attempting to raise the temperature in a small volume. To overcome
dissipation of the supplied heat and equalization of temperature in the mixture, a method
that is able to supply heat both locally and rapidly must be utilized. Several approaches to
supply the required heat for combustion synthesis have been explored in previous research.
Some of the approaches are only viable for volume synthesis while some are also viable
for SHS. In this section, a selection of approaches that have been successfully utilized in
SHS and some that may potentially be utilized will be presented.

Resistive heating

Resistive heating is based on generation of heat caused by an electrical current passing
through a medium with an electrical resistance. The heating power generated from the
passing current is given by:

P = I2R (2.4)

where P is the heating power in watts, I is the electrical current in ampere, and R is
the electrical resistance of the medium in ohm. Resistive heating can be “direct”, which
means that the material to be heated is heated by passing a current through the material, or
“indirect”, which means that a dedicated conductor is heated by a passing current, and the
material is subsequently heated by heat transferred from the conductor. [12, p. 28-29] In
SHS, resistive heating is often utilized by heating a approximately 1 cm3 of the green re-
active mixture indirectly [7]. The advantages of indirect heating is that a dedicated heating
filament may have properties that better facilitate joule heating. With direct heating, it may
also be more difficult to concentrate the heating power on a small volume, so it is better
suited for volume synthesis approaches like PCACS which was presented in section 2.1.2.
An approach to utilize direct resistive heating in SHS is “spark ignition”, where a high
voltage discharge within the mixture heats the mixture to ignition by direct resistive heat-
ing. However, this approach is not suited for SHS in powder mixtures as the conductivity
in the powders in the mixture may inhibit the build-up of charge between electrodes.

Inductive heating

Inductive heating resembles direct resistance heating described in the previous paragraph,
in the sense that heat is generated by an electrical current in the material. The main dif-
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ference is that the current in the sample is generated by an alternating magnetic field ac-
cording to Lenz’s law, which states that if a conductor is subjected to a magnetic field,
an electrical current that generates an opposing magnetic field will be generated in the
conductor. However, a current will only be induced while the strength or direction of the
magnetic field is changing. In practice, induction heating of a sample is done by passing a
high-frequency alternating current through a coil that surrounds the sample. An alternating
current will be induced at the surface and inwards in the sample, depending on the skin
depth which is determined by the frequency of the AC in the coil and material properties
[12, p. 75-78]. Even though the heating is limited to the surface and a certain thickness in-
wards, induction heating is difficult to localize, and is better suited for HFIHCS presented
in section 2.1.2.

Laser heating

The mechanism that generates heat in a material during laser heating is in principle the
same mechanism that causes radiative heat transfer, i.e. electrons absorbing the photon
energy through excitation to a higher energy-state and subsequent relaxation to lower-
vibrational stages by release of photons before the relaxation back to the ground state.
Lasers give the opportunity to quickly focus large amounts of energy in the form of light
on a small surface area of a material, and the penetration depth can be as short as a few
nanometers. [13] Thus, laser irradiation can be utilized to quickly heat a small volume
on one side of a green reactive mixture to ignition. Additionally, the use of laser heating
allows the distance between sample and heat source to be increased with only negligi-
ble “defocusing” of heat generation in the sample. Laser ignited SHS has been used to
successfully synthesize titanium carbide [14].

Microwave heating

Microwave heating utilizes the oscillating electric and magnetic fields in electromagnetic
waves to generate heat in the material. This is done by sending electromagnetic waves
with an oscillation frequency close to either 900 MHz or 2450 MHz. Electromagnetic
waves can generate heat in materials that are either electrically conductive or polar dielec-
tric materials. In electrical conductors, heat is generated by the oscillating electric and
magnetic fields in the same manner as direct resistive heating and induction heating re-
spectively. In polar dielectrics, the electric field causes oscillation in the material when the
dipoles try to align themselves to oppose the electric field. [15, pp. 1–19] Nishvili et al.
[16] argue that the heating power of microwaves on metals is too low to heat a mixture
from room temperature to ignition, but that the heating power rises significantly with in-
creasing power. This can be utilized to assist the SHS after it has been heated to ignition
by another heat source; This means that microwaves can be used to selectively supply heat
to the combustion wave, which can help sustain the large temperature gradients which
are characteristic for SHS, and keep the propagation stable (more detailed discussions on
propagation will be done in section 2.2.3). [16] This is referred to as microwave-assisted
SHS, and is of interest in recent studies [7].
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Chemical heating

Exothermic reactions are the basis of the self-sustained propagating characteristic of SHS,
but may also be utilized to supply the necessary heat for ignition. An obvious requirement
for a chemical is that it ignites at a lower temperature than the green reactive mixture.
Preferably, the igniter should ignite and combust at room temperature since a secondary
heat source is needed to heat the igniter. An approach to this is a hypergolic igniter,
which instantaneously reacts rapidly and strongly exothermically with the green reactive
mixture when they are brought in contact with each other. Different alternatives to hyper-
golic igniters have been proposed in previous literature. However, this approach requires
a method of bringing the igniter in contact with the green reactive mixture in a sealed re-
actor. Additionally, hypergolic igniters are usually gaseous or liquid, which in addition to
the biproducts of the igniter reaction could make purity in the final product a challenge.
[17] Another approach is to use an independent mixture as a chemical igniter. A pow-
der mixture is easy to incorporate in the green reactive mixture, but this mixture must in
turn be stable during preparation of the green reactive mixture before synthesis. Ideally,
the chemical igniter is stable during preparation but requires only a small temperature
increase to react. A potential candidate is a mixture of magnesium powder and barium
peroxide powder. Relative to other peroxides, BaO2 is stable and inexpensive to produce,
but will liberate oxygen extensively at temperatures above 500 ◦C at atmospheric pressure.
The substance that is formed during oxygen release melts at 800 ◦C, and it is completely
reacted to barium oxide at 900 ◦C [18, p. 66-73]. Magnesium resembles zirconium in that
is has the same crystal structures at ambient pressure, and is readily oxidized, which may
be described by the reaction:

Mg(s) +
1

2
O2(g) −→ MgO(s) ∆rG

−◦ = −569 kJ mol−1[19] (2.5)

The reaction between magnesium and BaO2 can be described by

Mg(s) + BaO2 −→ MgO(s) + BaO(s) ∆rH
−◦ = −522 kJ mol−1[19] (2.6)

It should be noted that this reaction may occur via release of oxygen from BaO2 as oxy-
gen gas, which may then be a byproduct of the reaction if the kinetics of oxygen release
is faster than the kinetics of magnesium oxidation. The kinetics of magnesium oxidation
may be increased by reducing the powder particle size or melting the magnesium powder.
The melting point of magnesium is 650 ◦C, far lower than the melting point of zirconium
(see section 2.4.1). Thus, even though oxidation of metals like zirconium oxidizes more
spontaneously than magnesium, the low melting point of magnesium may result in less re-
leased oxygen gas, ignition at a lower temperature, and a faster reaction all together. The
ignition of the MgBaO2 mixture was studied by Hogan et al. [20]. Isolated, BaO2 exhibited
a weight loss that was attributed to release of oxygen gas, which began at 600 ◦C. Isolated
magnesium in air exhibited a weight increase at around 600 ◦C which was attributed to
formation of magnesium nitride and magnesium oxide. Differential thermal analysis of a
Mg-BaO2 mixture revealed ignition of the mixture at 540 ◦C, with a substantial exotherm
reaction preceding the reaction. This suggests that the reaction in Eq. (2.5) may be inde-
pendent of the isolated reactions of oxygen release and magnesium oxidation, but it could
also be attributed to initiation of the reactions on a small scale, which heats parts of the
powder to temperatures above the measured temperatures and ignites the reaction.
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2.2.2 Ignition

The local heating of a small volume should lead to ignition when the volume reaches a
certain temperature, i.e. the ignition temperature. Ignition can in SHS be seen as when
the rate of a reaction has a sharp increase, or a new reaction with a much higher reaction
rate than the previous reaction is initiated. Additionally, the rate of the reaction(s) should
become so high that the reaction heat is released significantly faster than heat is dissipated
away from the volume in order to initiate the combustion wave. For most systems viable
for gasless solid-state SHS, this combustion reaction occurs above the melting point of at
least one of the reactants or possible products, or above the lowest eutectic of the system,
which indicate that ignition in most systems is caused by formation of a liquid. Initially, the
temperature must become high enough for the reactants to be able to overcome activation
energy of the formation of the product. When this is achieved, the reactivity pre-ignition
is governed by solid-state diffusion. The rate of solid-state diffusion depends on particle
surface area, temperature, and the crystal structure of the materials, but is generally low
and will not cause a sharp increase in temperature. If a liquid is formed from one or both
reactants, the diffusion rate between reactants increases in several orders of magnitude,
and the possibility of dissolution of one reactant in the other arises. The reaction of rate of
dissolution of reactant and precipitation of product also has a severely higher reaction rate
than solid-state diffusion. Another possibility is that the product film formed between re-
actant particles during solid-state diffusion melts, which increases reactants diffusion rate
and thus the reaction rate. [21, p. 8, 133] Thus, the correlation between combustion tem-
perature and the lowest temperature where a liquid is formed can attributed to the kinetics
of the expected interactions between the reactants at different temperature regimes.

2.2.3 Reaction propagation

One of the most important characteristics of SHS is the combustion wave. The combustion
wave is the result of unreacted precursor being heated to ignition by the released heat of the
reaction of adjacent precursors. Different processes occur in and around the combustion
wave, as illustrated in Figure 2.2.
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Figure 2.2: The figure illustrates the combustion wave that arises during combustion syn-
thesis, and the processes that occur in and around the front of the wave [22].

The zone with the largest temperature gradient is denoted as the combustion front. In
front of this is what is called the warm-up zone, which is heated by the reaction taking
place just behind the combustion in what is denoted as “zone of main heat release” in
Figure 2.2. Behind the zone of main heat release, post-combustion reactions take place,
where delayed combustion reactions may occur and the structure of the final product is
formed during cooling [22]. This zone In addition, grain growth, crystal structure ordering,
and solidification of melt occurs in this zone, hence the cooling rate behind the combustion
wave significantly impacts both the composition and the microstructure in the final product
[21, p.206-207].

Important parameters when describing the self-propagating combustion of the green reac-
tive mixture are the temperature generated when the precursors react, combustion temper-
ature (Tc), combustion wave velocity (U ) which is the velocity at which the generated heat
ignites adjacent precursors. An approximation to Tc is to assume that all the reaction heat
is used to heat the reaction product, i.e. neglecting heat loss to both the front and the back
of the combustion front. The resulting temperature, Tad, can be described by the equation

∆rH
−◦ +

∑
i

∆ptH
−◦
i =

∫ Tad

T0

Cp(T ) dT (2.7)

where T0 is the initial temperature in the green reactive mixture. T0 is assumed to be 298 K
if there is no bulk heating of the green reactive mixture in addition to the local heating.
∆rH

−◦ is the standard reaction enthalpy of the combustion reaction, Cp is the total molar
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specific heat capacity of the product(s), and
∑

i ∆ptH
−◦
i represents the latent heat of the

phase transitions in the product(s) that occur between T0 and Tad. In early literature on
SHS, a rule of thumb was proposed that Tad had to be above 1800 ◦C for the reaction
to self-propagate. [21, p. 60, 76] However, there have been found several examples that
contradict this criteria. Su et al. [23] synthesized Cu2Se by SHS which has an adiabatic
combustion temperature of only 800 ◦C. They also gathered and presented examples from
other studies on synthesis by SHS with an adiabatic combustion temperature substantially
lower than 1800 ◦C [23]. There have been several approaches to analytically determine
the velocity of the combustion wave. The approach that is utilized in research today is the
Zel’Dovich formula;

U ≈ 1

cρ(Tc − T0)

√
2Q

∫ Tc

T0

λW (T ) dT (2.8)

which suggests that the wave velocity has a positive correlation with Q, λ, and the integral
ofW (T ) between T0 and Tc, which represents the heat of reaction, thermal conductivity in
the combustion wave, and the total amount of product produced during the increase from
T0 to Tc. The formula also suggests a negative correlation with c, ρ, and the difference
between Tc and T0, which represents the heat capacity, the density, and difference between
combustion temperature and initial temperature respectively. In research, the reaction rate
is assumed to have an Arrhenius type correlation with temperature, and the formula is then
used to determine the effective activation energy of the reaction. The formula is rewritten
to

ln
U

Tc
= C − E

2R
∗ 1

Tc
(2.9)

where E is the activation energy, R is the universal gas constant, and C is a constant
containing heat conductivity and the pre-exponent factor of the Arrhenius equation, among
other variables considered to be constant with change in temperature. E is determined by
varying the combustion temperature either by pre-heating or dilution of active reactants,
measuring the wave velocity, plotting U

Tc
against 1

T , and determining the value of E from
the slope of the linear trend. The approach is especially useful since the heat conductivity
and pre-exponent factor, which are usually unknown in SHS conditions, do not need be
known to determine the activation energy. The activation energy can then be used to
determine the reaction mechanism and rate-limiting step in the combustion. [21, p. 140-
145] Not only may the combustion wave velocity give information on mechanisms behind
the SHS, it also has an inherent effect on the synthesis as a high velocity results in larger
temperature gradients and less heat loss to surroundings. Varma et al. [8] summarize how
Tc and U vary with some important parameters of the green reactive mixture.
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2.3 Properties and reactivity of silicon

Figure 2.3: Dependency of combustion temperature Tc and wave velocityU on parameters
of the green reactive mixture. The splitting of the curve in figure (e) illustrates
that velocity either can grow monotonically with ρ0, or go through a maximum
[8]

It is evident that several factors impact the combustion temperature and the combustion
wave velocity, which implies that the properties of the reactant powders and the green
reactive mixture as a whole may negatively affect the propagation of the combustion wave.
If the reaction conditions move far away from the optimum, the combustion wave is not
necessarily extinguished but may enter a regime of unsteady propagation .This regime may
be propagation with oscillations in velocity, or propagation in a spiral pattern [22]. These
propagation patterns arise because the excess heat in the reacted product starts flowing
to the combustion front if the combustion wave is slowed down [24]. These patterns are
visible even to the naked eye, which can indicate sub-optimal performance even though
the sample is ignited and reaction propagates.

2.3 Properties and reactivity of silicon

2.3.1 Chemical and mechanical properties
Silicon is the second most abundant element on earth, and occurs in nature in form of
oxides. It is a Group 14 element with an electron configuration of [Ne]3s23p2, and pure
silicon crystallizes in the diamond lattice (space group Fd3̄m in Hermann-Mauguin no-
tation), making each silicon atom 4-coordinated, and the interatomic bonds are made by
overlap of sp3-hybridized orbitals, and is a semiconductor at room temperature. [25, p.
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329-333] Silicon has several high pressure phases, and the ambient diamond phase trans-
forms to a metallic β-tin phase at 10–12 GPa [26]. The density of the diamond phase is
2.33 g cm−3, and the melting point of the diamond phase at ambient pressure is 1412 ◦C
[27, p. 5-6]. The density of the liquid is higher, 2.54 ◦C, than the density of the crystal
which leads to a volume reduction during melting [28]. Due to the formation of a passive
layer of SiO2, solid silicon is relatively unreactive except at high temperatures. Liquid
silicon on the other hand is highly reactive. [25] Additionally, dust clouds formed by
fine silicon powders have been shown to be explosive with little energy input required for
ignition [29].

Single-crystal silicon has a fracture toughness of 0.6 MPa m1/2 at room temperature.
Comparable compounds are single-crystal NaCl and glass with fracture toughness values
of 0.3 MPa m1/2 and 0.7 MPa m1/2 respectively. [30, p. 630] Silicon has a sharp brittle-
to-ductile transition in the temperature interval 607–617 ◦C where a sharp transition from
brittle cleavage fracture to dislocation emission behavior occurs. [31] The E-modulus
in directions [1 0 0], [0 1 0], [0 0 1] is approximately 130 GPa, while it is approximately
169 GPa in directions [1 1 0], [1 1 0], and [1 1 2] [32]. The E-modulus of polycrystalline
silicon is expected to lie in between these values depending on the orientation of the grains.
For comparison, typical E-modulus values for aluminium alloys and iron are 69 GPa and
197 GPa, respectively [30, p. 214]. In sum, silicon has notable – but not high – resistance
against deformation but will experience brittle failure when deformed at temperatures up
to about 600 ◦C.

2.3.2 Interactions with oxygen

Silicon is oxidized by both oxygen in air and by water in a highly spontaneous manner. In
air, oxidation of silicon is described by

Si(s) + O2(g) −→ SiO2(s) ∆rG
−◦ = −856 kJ mol−1[19] (2.10)

where the Gibbs free energy of reaction is given for standard conditions, i.e. pO2 = 1 bar
and temperature at 25 ◦C. Oxidation by water is described by

Si(s) + 2H2O(l) −→ SiO2(s) + 2H2(g) ∆rG
−◦ = −382 kJ mol−1[19] (2.11)

where standard conditions are pH at 7 and temperature at 25 ◦C. SiO2 forms a protective
oxide layer, and the mechanisms and kinetics and further mechanism is poorly understood.
However, oxidation at higher temperatures have been extensively studied, which has indi-
cated that the thickness of the oxide layer increases linearly, and this is attributed to the
diffusion of oxidating species through the oxide layer to the underlying silicon [33]. At
the interface between Si and SiO2, SiO(g) may be formed through the reaction

Si(s) + SiO2(s) −→ 2SiO(g) ↑ (2.12)

Figure 2.4 shows the natural logarithm of equilibrium partial pressure of SiO vs. the
inverse of temperature at surrounding pressure of 1 bar.
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Figure 2.4: Gibbs free energy of the reaction in Eq. (2.12) at discrete temperatures with
5 ◦C intervals collected from HSC Chemistry, and the partial pressure of
SiO(g) calculated at these temperatures based on estimation of chemical ac-
tivity and the equilibrium constant of the reaction (see section A)

2.3.3 Interactions with other gases
Silicon reacts rapidly with N2(g) at temperatures over 1400 ◦C to form SiN and Si3N4, and
with sulfur vapor and phosphor vapor at 600 ◦C and 1000 ◦C respectively.

2.4 Properties and reactivity of zirconium

2.4.1 Chemical and mechanical properties
Zirconium is a group 4 transition metal, and is found in nature mainly in the form of
zircon (ZrSiO4) and baddeleyite (α−ZrO2). It is in period 5 and has the electron config-
uration [Kr]4d24s2, and has three allotropes; α, β, and ω. The crystal structures of the
allotropes are hcp (P63/mmc), bcc (Im3̄m), and simple hexagonal (P6/mmm) respec-
tively. At ambient temperature and pressure, the α-phase is the equilibrium phase, which
has a density of 6.51 g cm−3. At standard pressure, the α-phase transforms to the β-phase
at 862 ◦C. The β-phase melts at 1857 ◦C. At 27 ◦C, α-Zr transforms to ω-Zr at 2.10 GPa,
which can be considered meta-stable at ambient conditions. The triple point is estimated
to be at 6.35 GPa and 637 ◦C. [34] [35] [36].

α-zirconium’s preferential slip plane is the prismatic plane, which has been attributed
to both its low c/a-ratio and electronic structure. In addition to slip, α-zirconium can be
deformed by twinning [37]. Because of this, zirconium shows a ductile response to applied
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stress, and Addessio et al. [38] found it to have an ultimate tensile strength of 280 MPa
and failure at 55 % strain [38]. Weck et al. [39] calculated the Young’s modulus to be 91–
98.8 GPa by density functional perturbation theory, matching well with the experimental
reference of 95 GPa.

2.4.2 Interactions with oxygen
Similar to silicon, zirconium is readily oxidized in both air and water. Oxidation in air is
described by

Zr(s) + O2(g) −→ ZrO2(s) ∆rG
−◦ = −1101 kJ mol−1[19] (2.13)

where the Gibbs free energy of reaction is given for standard conditions, i.e. pO2
= 1 bar

and temperature at 25 ◦C. Oxidation by water is described by

Zr(s) + 2H2O(l) −→ ZrO2(s) + 2H2(g) ∆rG
−◦ = −627 kJ mol−1[19] (2.14)

where standard conditions are pH at 7 and temperature at 25 ◦C. Zirconium oxide forms a
protective layer, which is chemically more complex than pure ZrO2. Figure 2.5 shows the
phase diagram of the Zr-O binary system.

Figure 2.5: Zr-O binary phase diagram compiled from available experimental results [40]

From the phase diagram, it is evident that oxygen has a high solubility in zirconium. Dis-
solved oxygen can be degassed by heating the zirconium to 1000 ◦C or higher [41]. The
dissolved oxygen stabilizes the α-Zr phase, which is completely stabilized up to melting
at an oxygen content of 19.5 at.% and has a maximum solubility of 35 at.% oxygen at
2065 ◦C. In the α-phase, the dissolved oxygen occupies octahedral holes, and α′- and α′′
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represents differences in how the oxygen interstitials are ordered. It is evident that increase
in oxygen-content and decrease in temperature increases the ordering of the interstitials.
[40] The diagram in Figure 2.5 shows that there are three ZrO2-phases: α, β, and γ. The
crystal systems of these phases are monoclinic, tetragonal, and cubic, with space groups
P21/c, P42/nmc, and Fm3̄m respectively. The transition temperatures between these
phases are denoted as “probable” by Abriata et al. [40], but Puchala et al. [42] indicate that
these temperatures are still considered the reference: α-phase transforms to the β-phase
at 1205 ◦C, which in turn completely transforms to the γ-phase at 2377 ◦C. However, the
γ-phase can in contrast to the the other phases accommodate oxygen understoichiometry
up to γ-ZrO2 – 0.44, which stabilizes the phase down to 1525 ◦C.

The polymorphism of ZrO2, in addition to the polymorphism of zirconium, makes the
protective oxide layer on zirconium vulnerable to rapid changes in temperature in the
region where the phase transformations occur. The phase transformations in ZrO2 cause
a substantial change in volume, which introduces microcracks that in turn reduce both
toughness and thermal shock resistance. This may cause cracks that exposes the zirconium
surface, which diminishes the otherwise high chemical inertness of bulk zirconium. [43,
p. 914] Another phenomenon related to failure of the protective oxide layer is breakaway.
Breakaway occurs at temperatures below the stable region of β-ZrO2. Before breakaway,
oxidation is limited by diffusion of oxygen anions from the oxide/atmosphere-interface to
the metal/oxide-interface. Even though the the thermodynamically stable ZrO2 phase is the
α-phase, some β-phase is present. The β-phase is stabilized by sub-stoichiometry caused
by low oxygen availability. Additionally, β-phase at the metal/oxide interface is stabilized
by compressive stress caused by lattice mismatch between oxide and metal. This leads to
a layer with a higher concentration of β-phase at the oxide/metal interface. The β-phase at
the metal/oxide interface is an effective diffusion barrier. The mismatch between the two
oxide phases results in stress that causes cracking at a certain oxide layer thickness. At
the interface, the β-phase transforms martensitically to the α-phase, which compromises
the diffusion barrier. Impurities in the material, N2-gas and water steam can reduce the
required time for breakaway. [44] [45, p. 271-283]

2.4.3 Interactions with other gases/atmospheres

In addition to oxygen, zirconium has a high solubility and/or reactivity with nitrogen,
hydrogen, water vapor, carbon monoxide and carbon dioxide even at low pressure. The
uptake of carbon dioxide is rapid above 800 ◦C. Carbon dioxide reacts with zirconium to
form zirconium carbide and zirconium dioxide, making the uptake irreversible. [41] The
uptake of nitrogen, hydrogen, and water vapor will be discussed in detail.

Interaction with nitrogen gas

Ma et al. [46] performed a thermodynamic assessment of the Zr-N binary system, which
was found to be in agreement with available experimental data on the system. The resulting
phase diagram is shown in Figure 2.6.
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Figure 2.6: Zr-N phase diagram at 101 325 Pa calculated by Ma et al. [46]

From the phase diagram, it is evident that the dissolved nitrogen stabilizes the α-phase
of zirconium, which has a solubility that decreases with increasing temperature, and in
the interval 22–23 at.% nitrogen. Beyond this, zirconium nitride is formed. Zirconium
nitride can accommodate an increasing sub-stoichiometry with increasing temperature,
where the maximum sub-stoichiometry corresponds to ZrN0.76. The maximum possible
concentration of nitrogen corresponds to stoichiometric zirconium nitride, i.e. 50 at.%
nitrogen. [46] Guldner et al. [41] found that the absorbed nitrogen could not be outgassed
at 1300 ◦C, indicating that both zirconium nitride and nitrogen dissolved in zirconium has
a high stability.

Interaction with hydrogen gas

Figure 2.7 shows the binary phase diagram of the Zr-H system.
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Figure 2.7: Zr-H binary phase diagram [47]

The phase diagram shows that hydrogen is most soluble in the β-phase and stabilizes this
phase down to 550 ◦C at a hydrogen content of 40 at.%. The phases γ, δ, and ε are zirco-
nium hydride phases. The γ-phase is ZrH with a face-centered tetragonal structure, while
the δ- and ε phases are ZrH2 face-centered tetragonal and face-centered cubic structures
respectively. It is evident from the phase diagram that both the γ- and δ-phase can ac-
commodate a variation in stoichiomtery, and that the delta phase is in fact only stable at
sub-stoichiometry in the temperature range given in the phase diagram. Dissolved hydro-
gen greatly reduces the plasticity of zirconium, and zirconium hydrides are far more brittle
than zirconium. [47] Guldner et al. [41] found that zirconium’s interactions with hydrogen
gas was completely reversible, and that the gas was completely liberated at approximately
800 ◦C. The combination of reversible absorption of hydrogen gas and embrittling effect
of the absorption is found in a variety of metals, and is taken advantage of in the “Hydride-
dehydride process” to create fine powders of ductile metals. First, hydrogen is absorbed
to react the metal to metal hydride, which is subsequently milled to fine powder. Finally,
the metal is heated to liberate the hydrogen gas, yielding a fine powder of metal with little
impurities. [48] This method has been shown to be a successful way of synthesizing fine
zirconium powders with few impurities [49].
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Interaction with water

Previously, oxidation of zirconium by water was described by Eq. (2.14). However, this
equation does not reflect the complexity of the reaction. The result of corrosion of zir-
conium can to some extent be viewed as zirconium reacting with both hydrogen gas and
oxygen gas. Guldner et al. [41] found that zirconium absorbs water vapor at the same rate
as it absorbs oxygen in the temperature range 250–300 ◦C. When raising the temperature,
hydrogen gas is liberated and at 700–800 ◦C H2 was formed directly during absorption.
[41] During corrosion, the anode reaction occurs at the metal/oxide interface and can be
described by

Zr −→ Zr4+ + 4e−

Zr4+ + 2O2− −→ ZrO2

(2.15)

Alternatively, if oxygen is dissolved in zirconium, the reaction at the anode can in Kröger-
Vink notation be described by

v∗i + O2− −→ O∗i + 2e− (2.16)

where v*i represents a neutrally charged interstitial vacancy and O*i represents a neutrally
charged oxygen interstitial. The formation of oxygen anions, which occur at the oxide/wa-
ter interface can be simplified to

2H2O −→ 4H+ + 2O2− (2.17)

where reduction of the resulting protons is the cathode reaction. There are two possible
reaction paths: The hydrogen is reduced and released as H2(g) at the oxide/water interface,
or the protons are absorbed and conducted to the metal/oxide interface where they are
reduced to form dissolved hydrogen. Lindgren et al. [50] investigated these possibilities
by computational modelling. The study showed that the anode reaction is best described
by Eq. (2.16) rather than Eq. (2.15) due to zirconium’s ability to dissolve ZrO2. It was
found that the energetically preferred cathode reaction is absorption of hydrogen, which is
supported by the findings of Guldner et al. [41] who indicated that the hydrogen in water
practically behaves as hydrogen gas during absorption in zirconium. [50] [41]

2.5 Transition metal-silicon systems and intermetallics
The material in focus in this thesis – which is the transition metal silicide ZrSi2 – is an
intermetallic. Intermetallics are a type of alloy where the chemical, mechanical and phys-
ical properties may be completely different from both host material and alloying element.
Most transition metals form silicides, while some form low eutectic alloys with silicon.
Hg and Tl do not react with silicon. Chen et al. [4] describes the following mechanism in
formation of transition metal silicides:

When Si atoms in transition metal silicides insert into the lattice of the transition metal,
the d-atomic orbitals of the transition metal repel one another, a jumping level is reduced,
and the d-band is narrowed. The resonance energy shifts to higher binding energy, which
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causes the weakening of d-electron bonding strength and the loss of cohesive energy. In
order to compensate for this loss, the energy states of Si and metal will inevitably couple,
so that the formed state is closer than the original bonding states. These filled bonding
orbitals lead to the strengthening of the bonds, which leads to the strong stability of metal
silicides.

The formed metal-silicon bond have a strong influence on the electronic properties of
the material. In addition, a silicon-silicon bond is formed, which decreases the valence
state of silicon. The bonding mechanisms gives rise to unique electronic structures and
geometries and the significant difference in properties from the component materials [4].
In most cases, these compounds have a defined stoichiometry and the transition metal
silicides come in a wide array of stoichiometries and crystal structures [51].

In this section, two systems will be presented; the Mo-Si system, with special focus on
MoSi2, and the Zr-Si system with focus on ZrSi2. Selected relevant properties of molyb-
denum, the Mo-O system, and the Mo-Si systems will be introduced followed by some
characteristics of the Mo-Si system during SHS. The Zr-Si system will initially be intro-
duced in terms of the binary phase diagram and some promising applications of zirconium
silicides. Relevant properties of the zirconium silicides and the Zr-Si system will be pre-
sented in light of a review on characteristics of SHS in the Zr-Si system. Then, some pos-
sible high-temperature interactions between zirconium and silicon other than formation of
zirconium silicides will be presented. Finally, a discussion of necessary precautions for
preparation of Zr-Si powder mixtures will be done based on the discussions of SHS and
the properties of zirconium and silicon. The Mo-Si system and MoSi2 will be treated as a
reference system and material where SHS is a feasible synthesis method, as SHS of MoSi2
has been done on a commercial scale.

2.5.1 Molybdenum and the Mo-Si system

Properties of molybdenum

Molybdenum is a group VIa metal, who share several characteristics; they crystallize in the
bcc (Im3̄m) -structure, undergo a ductile-to-brittle transition at approximately 0.15Tm,
and form volatile oxides at elevated temperatures. [52] Molybdenum is in period 5, the
same period as Zr, has a density of 10.2 g cm−3, and a melting point of 2623 ◦C. Ac-
cording to Klopp [52], this means that the ductile-to-brittle transition is at around 430 ◦C
(assuming kelvin is used in the 0.15Tm relation).

The Mo-O system

Molybdenum forms two main oxides, MoO3 and and MoO2[53]. The standard gibbs free
energy of formation of the oxides are −668 kJ mol−1 and −533 kJ mol−1 [19]. Thus,
molybdenum is readily oxidized at even ambient conditions, but not as readily as silicon
and zirconium (see Table B1. The eutectic points involving these two oxides have been
estimated both empirically and by thermodynamic modelling, and the results are shown in
Table 2.1.
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Table 2.1: Temperature of eutectic points involving MoO2 or MoO3 estimated either em-
pirically or by thermodynamic modelling. The data is taken from Zhang et al.
[54], where the empirical values were gathered from available literature and the
thermodynamic modelling was done in the study.

Reaction Temperature [◦C] Estimation method

L = Mo + MoO2
2150± 150 Empiric

2206 Thermodynamic modelling

L = Mo9O26 + MoO3
778± 15 Empiric

786 Thermodynamic modelling

Volatilization of MoO3 starts at temperatures above its eutectic point in a surplus of oxygen
gas, and the boiling point is 1107 ◦C. [19] [54]

The Mo-Si system

The Mo-Si binary phase diagram at ambient pressure, taken from Mitra et al. [55], is
shown in Figure 2.8

Figure 2.8: Phase diagram of the binary Mo-Si system at ambient pressure [55]
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Figure 2.8 indicates that there are three stable molybdenum silicides: Mo3Si, Mo5Si3, and
MoSi2. Mo3Si and Mo5Si3 have cubic and tetragonal crystal structures respectively, and
Mo3Si decomposes peritectically at 2025 ◦C while Mo5Si3 melts congruently at 2180 ◦C.
MoSi2 is polymorphic and goes from tetragonal to hexagonal at 1900 ◦C with increase in
temperature, which subsequently melts congruently at 2020 ◦C.

The adiabatic temperature of the combustion wave (see Eq. (2.7)) is 1650 ◦C [56], which
is above the melting temperature of silicon and the silicon rich eutectic in Figure 2.8, but
below the melting point of Mo and MoSi2. Jo et al. [57] measured the combustion tem-
perature to be 1731 ◦C, which is higher than the adiabatic combustion temperature and
therefore unlikely. No explanation for this observation is offered ind the article. Minasyan
et al. [56] measured the combustion temperature to be about 1500 ◦C with dilution of both
10 wt.% and 13 wt.% Si. The dilution is expected to lower the combustion temperature, so
it would probably be somewhat higher in an undiluted Mo+2Si mixture. It has been sug-
gested that the reaction mechanism for formation of MoSi2 is dissolution of molybdenum
in molten silicon and subsequent precipitation of MoSi2. At low hearing rates, the com-
bustion reaction is preceded by formation of Mo5Si3, which then reacts with molten silicon
to form MoSi2. [57] [3] MoSi2 was the first material synthesized by solid-state SHS, and
has been synthesized commercially by SHS [21, p. 5] [8] MoSi2 is ductile above 1000 ◦C
and has an E-modulus of 400 GPa, it is a good thermal conductor and has an excellent
oxidation resistance at high temperature. Its properties makes it viable for refractory ap-
plications or as a heating element. A severe disadvantage of MoSi2 is PESTing, which is
caused by formation of MoO3 on the surface of the material in oxidizing atmospheres. As
previously shown, MoO3 is volatile at high temperatures, so oxidation at high temperature
causes MoO3 to evaporate and leave a surface layer of SiO2. Hence, PESTing is not an
issue at high temperature, and the resulting SiO2-layer works as a protective layer on the
material. MoO3 not evaporating results in the oxide surface layer being porous, which
provides an easy passage for oxygen diffusion. PESTing is most prominent at 500 ◦C.

2.5.2 The Zr-Si system

Zirconium silicides

The content of this section is based on Dalene [6], with some edits and additions.

The zirconium-silicon phase diagram has been widely studied, and several binary phase
diagrams have been proposed. Okamoto [58] assessed available experimental data in com-
posing a phase diagram, which is shown in Figure 2.9. In literature, this phase diagram is
widely accepted as the reference.
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Figure 2.9: Widely accepted binary phase diagram of the Zr-Si system created by Okamoto
[58] by assessing available experimental data

Early research indicates that the high-temperature phase Zr5Si3 may be stabilized if syn-
thesized from zirconium containing nitrogen and oxygen [59]. Chen et al. [60] performed
a thermodynamic assessment of the Si-Zr system, yielding a phase diagram that agrees
well with the phase diagram presented by Okamoto [58]. [60] The phase diagram shows
that there is a wide array of zirconium silicides. From the phase diagram, it is evident that
ZrSi2 is the lowest-melting compound.

Among the zirconium silicides, almost all research related to both their application and
synthesis is devoted to ZrSi2. However, compounds like ZrSi and Zr3Si2 may possibly
be better candidates for refractory applications. Canel et al. [61] explored the use of zir-
conium silicide composites while Le Flem et al. [62] explored the use of Zr3Si2 in ap-
plications with temperatures exceeding the operational temperature of ZrSi2. Yeom et al.
[63] compared the oxidation of Zr2Si, ZrSi, and ZrSi2, revealing that ZrSi2 exhibits the
best passivation behaviour between the three. This result is further supported by a study
of this passivation behaviour by Yeom et al. [2]. The study indicates that the formation
of a thin, highly passivating oxide layer depends on spinodal decomposition of ZrSi2,
and silicon-rich regions. From stoichiometry ZrSi2 should result in the largest amount of
silicon-rich regions of all compounds in the Zr-Si system. ZrSi2 is a viable candidate to
replace MoSi2 in applications where PESTing of MoSi2 is a challenge. An application
where ZrSi2 is an unrivaled candidate is as a protective coating for zirconium cladding
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material in certain types of nuclear reactors. The main advantages with ZrSi2 in this appli-
cation are the excellent corrosion-resistance and its strong adhesion to the ZrO2-layer on
the zirconium cladding. Such a coating would protect the cladding material from steam
corrosion during a loss-of-coolant-accident where breakaway – which was presented in
section 2.4.2 – causes the otherwise corrosion-resistant cladding to be rapidly oxidized by
water vapor forming hydrogen gas in the process. These conditions caused the explosions
in the reactor buildings at the Fukushima Daiichi nuclear power plant in 2011, so ZrSi2
can be a part of the solution to the challenge of avoiding such disastrous consequences of
a loss-of-coolant-accident. [5] [64] [65].

Silicothermic reduction

In this thesis, “silicothermic reduction” refers to reduction of ZrO2 by silicon compounds
which forms metal silicides. This may happen through the reaction

nZrO2 + (2n+m)Si −→ MenSim + 2nSiO(g) ↑ (2.18)

Figure 2.10 shows the natural logarithm of the partial pressure of SiO from silicothermic
reduction compared to the natural logarithm of the partial pressure of SiO at the Si-SiO2
interface as a function of the inverse of temperature.

Figure 2.10: Gibbs free energy of the reaction in Eq. (2.18) with n,m = 1, 2 at discrete
temperatures with 5 ◦C intervals collected from HSC Chemistry, and the par-
tial vapor pressure of SiO(g), calculated at these temperatures based on esti-
mation of chemical activity and the equilibrium constant of the reaction (see
section A). The partial pressure is compared to the partial pressure of SiO at
the Si-SiO2 interface (see Figure 2.4)
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The calculation indicates that the vapor pressure of SiO from silicothermic reduction is on
the same magnitude as the partial pressure of SiO at the Si-SiO2 interface at temperatures
up to 2000 ◦C. This reaction was used by Tkachenko et al. [66] to synthesize zirconium
silicides in a vacuum furnace, where synthesis of ZrSi2 at 1400 ◦C yielded the best results.
The synthesis method is of little interest in large-scale application as it requires a continu-
ous supply of heat, but the reaction may be important to consider as a parasitic reaction in
combustion synthesis of zirconium silicides, and will be revisited in section 2.6.1.

2.6 Synthesis of zirconium silicides

2.6.1 SHS of zirconium silicides

The formation enthalpy of several phases in the Zr-Si seems to be unavailable in literature,
and the phases where a formation enthalpy is estimated the value varies from reference
to reference [67] [68]. Formation enthalpy values of the phases have been gathered from
available literature, and are shown in Table 2.2. Note that values from Bertolino et al.
[67] are converted from kJ mol−1 to kJ (mol of atoms)−1, given that there are x+y mol
of atmos in one mol of ZrxSiy, and that values from Shu et al. [68] were estimated by
examining Figure 1 in the article.

Table 2.2: Formation enthalpy values of the phases in the Zr-Si gathered from available lit-
erature. Note that values from Bertolino et al. [67] are converted from kJ mol−1

to kJ (mol of atoms)−1, given that there are x+y moles of atoms in one mol of
ZrxSiy, and that values from Shu et al. [68] were estimated by reading of Figure
1 in the article

∆fH
−◦ [kJ (mol of atoms)−1]

Phase
Weast [69]

(via Bertolino et al. [67]) Topor et al. [70] Meschel et al. [71] Shu et al. [68]

Zr3Si -54.43 - -
Zr2Si -69.77 - - -76
Zr5Si3 -71.69 -71.7± 4.8 - -80.5
Zr3Si2 -77.00 - - -88.5
Zr5Si4 - - -91.9± 1.9
ZrSi -77.40 - -94.5± 2.3 -93.5
ZrSi2 -53.00 - -60.3 -63

The work done by [67] showed that zirconium silicides can be synthesized by SHS from
zirconium and silicon, and more recent studies have explored synthesis of zirconium sili-
cides from a thermite type reaction (see Eq. (2.2)) with magnesium as reducer and ZrO2 as
the metal oxide [72]. The focus in this section will be on SHS from zirconium and silicon
powders. First, the reaction stages during SHS in the system will be discussed in view of
the synthesis stages discussed in section 2.2. Then, the influence of the reactant properties
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on the synthesis will be discussed, which will be the basis of a discussion on the required
pre-treatment of the green reactive mixture before synthesis.

Reaction stages in SHS

In section 2.2, the SHS-process was divided into heating, ignition, and propagation. In
this section, the behaviour of the Zr-Si system during these stages will be discussed based
on available literature and previous work and discussions from [6]. As of the heating
techniques discussed in section 2.2, it is important to consider that silicon is only a semi-
conductor, which will have an effect on direct resistive heating, inductive heating, and
microwave heating. Since zirconium is electrically conductive, and the charge carrier
density in semiconductors increase with temperature, the techniques would heat a Zr-Si
mixture, but with poor efficiency at low temperature since the contribution from silicon is
low. In fact, both PCACS and HFIHCS (see section 2.1.2 have been utilized to synthesize
dense ZrSi2 [10] [11]. During heating of a Zr-Si mixture, preceding work for this thesis
in Dalene [6] found that solid-state diffusion will form layers of Zr2Si, ZrSi, and ZrSi2
between the zirconium and silicon particles. These findings are supported by the finding
of Bertolino et al. [67], and the formation of these phases may have an effect on both the
final product, and the propagation of the reaction which will be discussed later.

Table 2.3 shows the melting point, and the combustion temperature of the corresponding
Zr-Si mixture of the phases in the Zr-Si system measured by Bertolino et al. [67]. They
emphasize that the measurements were done with a pyrometer on the surface of each sam-
ple, and that the resulting temperatures are a lower limit since the the bulk of the samples
are hotter than the surface and there is a fairly large uncertainty related to pyrometer mea-
surements.
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Table 2.3: The formation enthalpy of the phases in the Zr-Si binary system, the measured
combustion temperature during SHS of a Zr-Si powder mixture with stoichiom-
etry corresponding to the zirconium silicide phase, and the melting point of each
phase. The table also includes the melting points of zirconium, silicon, and the
zirconium-rich and silicon-rich eutectic points in the Zr-Si system. Note that
not all of the phases melt congruently, but some form a eutectic with another
phase or decompose peritectically to another phase and a liquid

Phase Tad [67][◦C]
Tc of corresponding mixture [67]

[◦C] Tm [◦C][58]

Zr3Si - 1792 1650
Zr2Si 2394 1698 1925
Zr5Si3 2483 1975 2180
Zr3Si2 - 1869 2215
Zr5Si4 - 1757 2250
ZrSi 2649 1830 2210
ZrSi2 1963 1405 1620

Zr - - 1857
Zr-rich eutectic - - 1570

Si - - 1412
Si-rich eutectic 1370

In Dalene [6], it was found that a Zr+2Si powder mixture ignited after an endotherm
reaction at around 1356 ◦C. Based on the expectation that ignition is related to formation
of a liquid and the values in Table 2.3, it seems that formation of the silicon-rich eutectic
causes the mixture to combust. This is supported by the findings of Bertolino et al. [67],
and it is reasonable to assume that this is the ignition point of all Zr-Si mixtures, and not
only Zr+2Si mixtures.

In order for the combustion to propagate, the combustion temperature must be above the
ignition temperature of the mixture. From table Table 2.3, it is evident that Zr-Si mix-
tures with a Zr/Si -ratio corresponding to the stoichiometry of a phase in the system had
a measured combustion temperature above the ignition temperature measured by Dalene
[6]. The Zr+2Si mixture had the lowest combustion temperature, and is only about 50 ◦C
above the ignition temperature. The low difference between combustion temperature and
ignition temperature was reflected by the work Bertolino et al. [67], who found that the
combustion temperature was too low to make propagation possible with a diluent added
to the mixture. This made them unable to measure the activation energy by the method
presented in section 2.2.3, but they were able to do the experiment with a 5Zr+3Si mix-
ture. The resulting activation energy confirmed that a solid-solid process is not involved
in control of the SHS process.

This conclusion by Bertolino et al. [67] is reflected by Table 2.3, which may also suggest
which phases are formed in the combustion front and which are formed in the zones behind
the combustion front (see section 2.2.3). If one or more phases whose stoichiometry does
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not correspond to the Zr/Si-ratio in the initial mixture are formed in the combustion front,
achieving a monophasic product will rely on complete re-reaction of these phases behind
the combustion front. This does in turn rely on a slow enough cooling rate. Considering
only the information in Table 2.3, several of the phases could be formed in the combustion
wave of a multitude of Zr-Si mixtures. If the melting point of a phase is lower than the
combustion temperature, it will be formed behind the combustion front. Otherwise, it
may be formed in the combustion front. Whether a phase is formed in the combustion
front may be of great important to both the combustion wave itself and the final product:
The heat generated in the combustion wave is dictated by which phases are formed there.
However, Bertolino et al. [67] conclude from their work that the main process of the
combustion wave in Zr-rich mixtures is formation of Zr5Si3, and that it is formation of
ZrSi in Si-rich mixtures with the exception of mixtures corresponding ZrSi2 where ZrSi2
is formed directly in the combustion wave. They attribute this to reaction kinetics. Thus,
synthesis of ZrSi and ZrSi2 has the advantage that the desired product is formed directly
in the combustion wave, and this is reflected by the results of the SHS-experiments by
Bertolino et al. [67] which show synthesis of ZrSi and ZrSi2 gave the purest products. They
also conclude that the reaction that occurs between zirconium and silicon is a solid-liquid
reaction in the combustion wave of a mixture corresponding to ZrSi2 and probably also in a
mixture corresponding to Zr2Si, and a liquid-liquid reaction in the mixtures corresponding
to the rest of the phases in the Zr-Si system.

Formation of zirconium silicides from zirconium and silicon will cause a volume reduc-
tion. This is illustrated in Table 2.4, which lists densities of some zirconium silicides taken
from Shu et al. [68], and the volume reduction as percent loss of initial volume.

Table 2.4: Densities of some zirconium silicides taken from Shu et al. [68], and the volume
reduction as percent loss of initial volume.

Phase Density [g cm−3] Volume reduction [% loss of xZr+ySi volume]

Zr2Si 6.055 14
Zr5Si3 5.821 13
Zr3Si2 5.852 15
α-ZrSi 5.585 19
β-ZrSi 5.609 19
ZrSi2 4.866 21

Table 2.4 shows a significant reduction in volume, that increases with Si-content in the
phase. This reflects the description of the mechanism of transition metal silicide formation,
which states that silicon inserts into the Zr-lattice. The volume reduction is an important
reason to why external pressure is needed during SHS to achieve a dense product as this
increases the porosity during synthesis, which was reflected in the results in the preceding
work for this thesis [6]. The formation of zirconium silicides by solid-state diffusion be-
fore ignition may have a substantial negative effect on the propagation of the combustion,
especially in synthesis of ZrSi2. ZrSi2 formed by solid-state diffusion will act as an inert
diluent. Zr2Si and ZrSi may be reacted further with molten Si in the combustion wave
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to form ZrSi2. The possible impact on the heat generated in the combustion wave may
be illustrated by the reaction enthalpy of ZrSi2 from molten Si and Zr2Si or ZrSi versus
the reaction enthalpy by formation from Zr and Si. The estimated reaction enthalpy of
these reactions at 1405 ◦C (measured combustion wave temperature in Zr+2Si mixture,
see Table 2.3) and adjusting for 1 mol of produced ZrSi2 is shown below

Zr + 2Si −→ ZrSi2 ∆rH(1405 ◦C) = −269 kJ (2.19)
1

2
Zr2Si +

3

2
Si −→ ZrSi2 ∆rH(1405 ◦C) = −134 kJ (2.20)

ZrSi + Si −→ ZrSi2 ∆rH(1405 ◦C) = −57 kJ (2.21)

assuming pure molten Si instead of Si-rich eutectic, and using data on total enthalpy of
each compound from HSC Chemistry. In the relevant time-scale, solid-state diffusion
will only form minor amounts of zirconium silicides, and far from completely consuming
the available Zr, but Eq. (2.19) Eq. (2.20) Eq. (2.21) may still be an illustration of how
solid-state diffusion reduces the exothermicity of the mixture and hence may reduce the
temperature of the combustion front. Additionally, as none of these silicides or zirconium
particles melt at the Zr+2Si combustion wave temperature (see Table 2.3) they may also
act as a diffusion barrier between the molten silicon and zirconium particles.

There are three relevant gas-evolving parasitic reactions; formation of SiO(g) at the Si/SiO2-
interface (see section 2.3.2), release of dissolved hydrogen in zirconium (see section 2.4.3)
and silicothermic reduction of ZrO2 (see section 2.5.2). As all these processes are en-
dothermic, they will consume some of the reaction heat generated in the combustion wave.
Generally the hydrogen concentration is low, so the release of hydrogen is not expected to
participate in the main combustion reaction or have a significant effect on the synthesis.
The SiO-forming reactions may on the other hand have an effect, and if the reactivity of
these processes is high enough, it may result in destabilization of the propagation wave.
Available literature does not discuss the effect from these reactions on SHS of ZrSi2.

There are some important similarities between SHS of MoSi2 (see section 2.5.1) and of
ZrSi2. First of all, both have an adiabatic combustion temperature (1650 ◦C for MoSi2 and
1963 ◦C for ZrSi2) and a measured combustion temperature (1731 ◦C/1500 ◦C for MoSi2
and 1405 ◦C for ZrSi2) below the melting point of the product and the melting point of
the transition metal, but above the melting point of silicon and the silicon-rich eutectic.
Therefore, the reaction in the combustion front of both system happens in a silicon melt.
However, there is a substantial difference in mechanism; MoSi2 is thought to be formed
by dissolution of molybdenum in the silicon melt and subsequent precipitation of MoSi2.
ZrSi2 however is thought to be formed by reaction between solid zirconium and a silicon-
rich eutectic. This difference can be attributed to the difference in the phase diagrams of
the systems; The Mo-Si system has a eutectic point at 54 at.% Si and 1900 ◦C. This is
somewhat above the combustion temperature in the system, but may close enough to be
formed in a short time-frame at ideal conditions and thus make the molten silicon able
to dissolve the molybdenum. The Zr-Si system does not have a corresponding eutectic.
This is reflected in findings that indicate that combustion formation of MoSi2 has low
sensitivity to the particle size of the molybdenum, while coarse zirconium particles affect
the combustion formation of ZrSi2. It may also explain why the difference between adi-
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abatic and real combustion temperature is much higher in ZrSi2 than in MoSi2 since the
the dissolution-precipitation mechanism is likely to be more efficient than the solid-liquid
mechanism [57] [67].

Reactant considerations

Figure 2.3 suggests that variations in mixture composition, reactant particle sizes, and
the sample density affects the combustion temperature and the combustion wave velocity.
Variations from ideal mixture composition will occur if the mixture is inhomogeneous.
Larger particles means less reaction surface, and Bertolino et al. [67] found that due to the
combustion temperature in Zr+2Si mixtures being far below the Zr-rich eutectic, coarse
Zr particles may not be fully reacted. The amount of oxide present on the zirconium and
silicon particles may also have an effect on both reactivity and the final product. The
SiO(g)-producing reactions discussed in the previous paragraph are caused by presence of
either SiO2 or ZrO2, and will reduce the silicon/zirconium ratio in the reactive mixture if
they occur. Eq. (2.12) shows that silicon is consumed to reduce SiO2. From the reaction
in Eq. (2.18) it is evident that the necessary silicon/zirconium reactant ratio is larger than
the silicon/zirconium ratio in the produced silicide if this reactions occurs. An advantage
of these reactions is that they reduce the amount of oxide in the mixture, and therefore
increase the purity of the product. Also, the reduction in the silicon/zirconium ratio can
be accommodated by adding a surplus of silicon in the initial mixture. However, finding
the exact amount of oxide in the reactant powders is tedious, and it may also be difficult
to predict the yield of these reactions due to the rapid changes in temperature during the
synthesis. As discussed in section 2.3.2 and section 2.4.2, the oxide layers on both silicon
and zirconium make them relatively inert at ambient temperatures. Since melting of silicon
is proposed to be the initiation of combustion, it may be expected that the silicon oxide
layer is unable to shield the silicon from zirconium. Due to the high temperature and rapid
temperature increase during combustion, the zirconium oxide layer may crack due to phase
transformations as discussed in section 2.4.2. Thus, the oxide layers are not expected to
shield silicon and zirconium from reacting.

Required pre-treatment

Some of the content in this paragraph is based on Dalene [6].

As the discussed in the previous paragraph, degree of homogeneity, powder particle size,
mixture density, and oxide content influences the synthesis.

An efficient technique to both reduce powder particle size and achieve a homogeneous
mixture is to mill the powders together, by ball milling or attrition milling, where attrition
milling is faster than ball milling and can easily be performed in an inert atmosphere [73,
p. 422-426]. A variety of the ball mill, the planetary ball mill, can obtain more complex
movement patterns since the container both rotates around its own axis and around the
axis of the base. This results in higher intensities of forces applied to the powder particles.
However, these mills are only used at a laboratory or pilot scale [74]. Fine milling may
even make the powder particles more reactive, which is called mechanical activation. It is
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possible to ignite an SHS-viable mixture by only high-energy milling. This technique is
called mechanochemical synthesis, and will be presented in more detail in section 2.6.2.

Some special characteristics of the milling arise from the fact that zirconium is ductile
and silicon is brittle (see Table B1). At certain milling conditions, the zirconium will be
flattened and deformed while the silicon is crushed, and they may form laminated com-
posites. This may be an advantage in terms of activation, but the flattened shape of the
zirconium particles may affect the flow properties, compaction abilities and homogeneity
of the mixture. [21, p. 34] As molybdenum also is ductile at normal milling conditions
(see section 2.5.1), co-milling of Mo-Si mixtures share the same characteristics.

The milling can be done wet or dry, where both techniques have advantages over each
other that are important to consider in the context of mixing precursor powders. Wet
milling obtains smaller particle sizes and better homogeneity. However, wet milling cause
more wear on the milling media and lining, which is a disadvantage both in terms of cost
of equipment and the purity of the mixture [73, p. 424]. When dry milling, an atmosphere
of inert gas can be chosen to ensure that the powders do not oxidize, or even explode as
was presented as a possibility with silicon in section 2.3.1. During wet milling, a liquid
that does not react with the powders must be chosen. Isopropanol is found not to react with
silicon powders even when milled down to nanoscale [75], and is already used to wet mill
silicon on a large scale [76]. Preceding work for this thesis found that zirconium may also
be milled in isopropanol without reacting [6]. In addition, the powder must be dried before
combustion synthesis if wet-milled. The drying process is not necessarily a disadvantage
as the powder can be dried by spray drying. In this technique, the slurry produced by
wet milling is sprayed to small droplets by a nozzle into a chamber where a gas dries the
liquid, and the powder mixture agglomerates and falls into a collector at the bottom of the
drying chamber. The process results in a uniform, free-flowing powder which may be a
large advantage in further processing [73, p. 439-440].

In previous discussions, the amount of oxide in the powders was proposed to have a neg-
ative effect on the synthesis. Milled zirconium and silicon powder particles will have had
their oxide layer cracked, and hence they are subjected to further oxidation after milling.
Therefore, if the powder mixture is extensively milled it might be necessary to keep the
powder under inert atmosphere between milling and synthesis, which may be an engineer-
ing challenge if further pre-treatment like pressing is required.

A powder product can be achieved by using the uncompacted powder mixture directly.
The result is a porous sintered body that is easily milled. More compact products can be
achieved by pressing the green mixture before combustion. For metal-nonmetal systems,
the achieved density is 40–80 % of theoretical density [8]. As shown in Figure 2.3, a higher
density also increases the propagation velocity.

2.6.2 Alternative methods
Mechanochemical synthesis

In this synthesis route, powders are milled in a planetary mill. As the powders are milled,
crystallite size is reduced and stress is introduced, to the extent that the activation energy

34



2.6 Synthesis of zirconium silicides

of reaction between the powders is lowered. In exothermic systems like the Zr-Si system,
the heat of reaction can be large enough to heat unreacted powder to ignition and reaction,
causing a self-propagating reaction. This is analogous to combustion synthesis, except
that the energy needed for ignition is supplied mechanically instead of thermally. This
synthesis has been done successfully both from elemental powders and through metathesis,
which in this case is formation of zirconium silicide and an alkaline earth metal halide from
zirconium halide and alkaline earth metal silicide, for example:

ZrCl4(s) + 2CaSi(s) −→ ZrSi2(s) + 2CaCl2(s)

Mechanochemical synthesis can produce powder with a particle size on the nanoscale. In
general, the synthesis is time consuming and requires a large energy input. Mechanochem-
ical synthesis from elements requires non-stop intensive milling to obtain a pure product,
which increases wear and introduces impurities. Milling can be paused in the metathesis
approach, but the reaction in this approach is not self-propagating, which means an even
larger energy input is required [77] [78].

Arc melting

In this synthesis route, precursors are melted by an electric arc. By considering the phase
diagram of the Zr-Si system (see Figure 2.9), each compound can be made in thermo-
dynamic equilibrium by controlling temperature and the composition of the mixture [4].
However, evaporation of silicon causes a large shift in stoichiometry, and additional heat
treatment may be required to purify the product from secondary zirconium silicide com-
pounds [61].

Reaction sintering

In this synthesis route, Zr- and Si -powders are reacted and sintered in one process. The
process involves simultaneous solid-state reactions and sintering performed at high tem-
peratures below the lowest melting point in the system. A dense product can be achieved
by simultaneous application of pressure during heat treatment [61]. This synthesis was ex-
plored by Canel et al. [61] with a 1:1 Zr-Si stoichiometry. A shell-like composite of Zr2Si,
ZrSi, and ZrSi2 was obtained, similar to the products of solid-state diffusion observed in
the preceding work for this thesis [6]. It proved to be difficult to obtain a pure product, and
the process is time consuming as reactions only occur in solid-state.

Electrochemical reduction of ZrSiO4-SiO2

Liu et al. [79] produced pure ZrSi2 in form of nodular particles by reducing sintered pellets
of a mixture of ZrSiO4 (zircon) and SiO2. These precursors are cheaper than Zr and Si.
However, a sintered pellet was needed, and the synthesis was performed in molten CaCl-
NaCl for 15 hours, which is time and energy consuming. In addition, a graphite anode was
consumed, producing CO and CO2.
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Silicothermic reduction of ZrO2

Tkachenko et al. [66] produced zirconium silicides from reduction of ZrO2 by Si by the
reaction in Eq. (2.18).

The synthesis was done by pressing ZrO2 and Si pressing and subsequently heating the
pellet in a graphite cartridge for 1 hour. The best result was achieved by heating at 1400 ◦C,
but the reaction is incomplete and there are carbon-impurities in the product.
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Experimental

In this chapter, the chemicals and apparatus used in the experimental work in this thesis
will be presented first. Then, experiments done to characterize the received powder and to
study the effects of co-milling zirconium and silicon will be presented. Before the SHS-
experiments are presented, the pre-experimentation that was done during the development
of an experimental set-up for SHS synthesis will be presented, along with the results of
these pre-experiments. Finally, experiments on silicothermic reduction and reactivity be-
tween zirconium silicides and zirconium and silicon will be presented.

3.1 Chemicals and apparatus
The received zirconium and silicon powders used in the experiments are shown in Table 3.1

Table 3.1: The table shows the properties of the chemicals used in this project, and how
they are referred to in this report (See section F for more data). Note that the
silicon content in silicon powder is measured by the amount of expected impu-
rities, and that surface oxide is omitted [80]

Notation d50 [µm] Particle size
99 % [µm]

Purity
[wt.%] Manufacturer

Si(<75) 17.85 <75 µm 99.9 % Elkem Bremanger
Si(10-75) 29.22 10–75 µm 99.7 % Elkem Bremanger
Si(40-100) Unknown 40–100 µm 99.7 % Elkem Bremanger
Zr-powder 60.60 <180 µm 99 % Lipmann Walton & Co Ltd

The apparatus and chemicals used in the experimental work are shown in Table 3.2.
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Table 3.2: The apparatus used during the experiments, and how they are referred to in the
text

Apparatus/chemical Information Application

Uniaxial Press Mäder Pressen S3-S40 HV Pressing pellets

CIP (cold
isostatic press)

Autoclave Engineers (max. 29000
psi)

Post pressing pellets

Rotavapor BÜCHI Rotavapor R-210 Used for drying of attritor-milled
powder mixtures

Tube Furnace Entech ETF 15 Horizontal Tube
Furnace

Heat treatment, SHS synthesis
chamber

DSC/TGA
apparatus

NETZSCH STA 449 F3 Jupiter TGA/DSC-measurements of
samples up to 1500 ◦C in argon
atmosphere

Epoxy mould Struers EpoFix Resin Moulding SEM-samplesStruers EpoFix Hardener

RotoPol Polisher Struers RotoPol-31 Lubricated polishing of epoxy
mounted samples. Base rotating at
150 rpm with rotating sample
holder and lubricant doser

Struers RotoForce-4

Struers RoDos

30 µm SiC paper Struers Silicon Silicon Carbide
Grinding Paper, particle size 30 µm

Rough polishing of epoxy mounted
SEM-samples

MD-Dur
polishing cloth

Struers MD-Dur woven silk
polishing cloth

Fine polishing of epoxy mounted
SEM-samples

Lubricant Struers blue lubricant (Ethanol,
Ethanediol, isopropanol, blue dye)

Lubrication used during polishing
of SEM-samples

X-ray
diffractometer

Bruker D8 Focus X-ray
diffractometer

XRD, Θ : 2Θ-configuration, fixed
divergence slit, and Cu Kα
radiation
Continued on next page
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Apparatus Information Application

ZEISS SEM ZEISS Ultra-55 Scanning Electron
Microscope

SE-imaging of powder samples

HITACHI SEM HITACHI S-3400N BSE-imaging and EDS of samples.
Equipped with Silicon drift detector
with 80 mm2 active area for EDSOXFORD INSTRUMENTS

X-MAX 80 mm2

IR-thermometer Peak 4960 IR-thermometer Measurement of temperature in
filaments

3.2 Characterization methods

3.2.1 Characterization by XRD

A general approach was used when characterizing powder samples by XRD. The step
size was for 0.01° for all samples, but the range of diffraction angles and time per step
varied from experiment to experiment. After XRD the present phases were determined by
comparing the diffractogram peaks to the peaks reported in literature of probable phases.
Bruker Eva was used for this purpose, and the reference used for each phase is listed in
Table 3.3
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Table 3.3: Reference XRD-peaks used to qualitatively determine the present phases in
powder samples from the diffractograms obtained in this thesis

Phase PDF number

α-Zr PDF 04-008-1477
δ-ZrH(2 – x) COD 154039
ε-ZrH2 PDF 01-071-4972
γ-ZrH PDF 04-018-4122
α-ZrO2 PDF 01-071-5577

Si PDF 00-027-1402
SiC PDF 04-006-7620

Fe2O3 PDF 00-039-1346
Zr2Si PDF 04-001-0938
Zr5Si3 PDF 04-004-7269
Zr3Si2 PDF 04-004-7162
α-ZrSi PDF 04-005-9809
β-ZrSi PDF 01-072-2031
ZrSi2 PDF 00-032-1477
α-Mg PDF 04-013-4129
BaO2 PDF 04-008-6535

BaCO3 PDF 00-041-0373

When the quantity of the present phases was of interest, the composition was estimated
by doing a combined Pawley and Rietveld refinement in the Bruker TOPAS software.
Pawley refinement was done by adding the the space group and lattice parameters of each
phase – but no information on atoms and their coordination – and then refining by first
varying sample displacement, then gradually the lattice parameters and crystallite sizes
of the added phases. When a sufficient refinement was achieved, the structure of each
phase was added. The structures were in most cases gathered from Jain et al. [81], with
some exceptions where they could not be found there. These exceptions where specifically
the phases δ-ZrH(2 – x) and γ-ZrH, where the structures were made based on data from
Maimaitiyili [82], and Zr3Si2, where the structure was made based on data from BOYKO et
al. [83]. The lattice parameters and crystallite sizes obtained during the Pawley refinement
was added to the loaded structures, and initially only the amount of each phases was varied
during the refinement. Then, lattice parameters and crystallite sizes was gradually refined
for each phase. In some cases, preferred orientation and strain was refined to get a better fit
(strain was only refined for α-Zr). This what Rietveld refinement refers. However, the only
parameters that will be reported are composition, and Rwp and GOF which describes the
quality of the fit. The exact composition will not be utilized in interpretation of the results,
but will rather be used as an indication of the magnitude of presence of each phase.
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3.2.2 Characterization by SEM
Both powder samples for SEM-imaging in SE-mode and moulded samples for SEM-
imaging in BSE-mode and characterization by EDS were prepared during the work in
this thesis. The powder samples were prepared by laying out and spreading the powder
on aluminium foil to avoid large agglomerates, before a piece of carbon tape was pressed
down on the powder. Air was blown on the graphite tape to blow of excess powder. The
sample was then put in a drying furnace to dry of moisture before imaging. The moulded
samples were prepared by moulding a piece of a pellet in epoxy, and polishing the sur-
face after hardening to expose a flat cross-section of the piece. The sample was polished
down to a desired cross-section by 30 µm SiC-paper. Then, the grooves from this polishing
was attempted to be polished away with MD-Dur polishing cloth. The duration of polish-
ing with the SiC-paper varied from 2–6 min between samples, but the polishing with the
MD-Dur cloth was 30 min for all samples. All polishing was done with both base and
sample-holder rotating counter-clockwise, and with an applied force of 5 N.

3.3 Co-milling of zirconium and silicon
In order to study the feasibility of co-milling zirconium- and silicon powder as a route to
obtain a homogeneous powder green reactive mixture of zirconium and silicon, zirconium
and silicon powder was milled in an attritor mill using zirconia balls as milling media and
isopropanol as dispersant. Before the milling, the powders were characterized by XRD
and SEM in SE-mode as received. The XRD characterization was done over a 2θ-range
of 10–90° with 1.8 per step for the silicon powders for both the silicon powders and the
zirconium powder.

The Si(10-75)-powder was chosen, as it was expected to resemble the zirconium powder
the most in terms of particle size distribution. The first milling was done with 5 mm
diameter zirconia balls, while the second was done with 2 mm zirconia balls. Additionally,
the container the first milling was done in was over twice the volume as the container the
second milling was done in. The milled mixtures were qualitatively characterized by XRD
and imaged by SEM in SE-mode.

3.4 Pre-experiment: Development of SHS reactor
Some of the experiments on SHS in this thesis required a way to heat part of a precursor
pellet to ignition in a room-tempered argon atmosphere. It was decided to attempt to
achieve this by modifying available apparatus. The tube furnace was chosen as a basis for
the reactor, as this can create both vacuum and argon atmosphere, and also sustain high
temperatures up to 1500 ◦C. Even though the mixture may reach a higher temperature
during combustion (see section 2.6.1), the volume of the furnace and the flux of argon
was considered sufficient to keep the furnace from overheating during synthesis with the
chosen sample sizes. Resistive heating through a filament was initially chosen as the
source of heat in the SHS-reactor. Not only was a filament required for heating, but it was
also chosen as the conductor inside the furnace since regular electrical copper-wires are not
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designed to withstand the potential temperature during synthesis. This required a way of
conducting an electrical current into the furnace, which was done by designing and making
a new flange for one of the furnace sides. The flange was made with a gas outlet, an input
for a thermocouple and a input for electrical conductors (see section C for drawings of the
flange). However, rough estimates of the possible voltage drop and subsequent temperature
increase across the filament suggested it would be difficult to reach temperatures above
1000 ◦C. To be able to reach the ignition temperature of Zr-Si mixtures - estimated to be
between 1350–1400 ◦C (see section 2.6.1) - a chemical igniter in combination with the
filament was proposed. A schematic of the SHS set-up is shown in Figure 3.1

Figure 3.1: Schematic of the chosen set-up for the SHS experiments. “Sample” refers to a
pressed pellet of a Zr-Si powder mixture, “Igniter” refers to a chemical igniter,
i.e. highly exothermically reactive powder mixture, “Alumina container” may
be any alumina container that fits the purpose, here represented by an alumina
ship

Some experiments were performed to test the performance of the filament and the igniter.
Since the results of these experiments affected the final reactor design and thus the SHS
experiments presented in section 3.5, they will be presented in this section and not in
chapter 4.

3.4.1 Resistive heating
To maximize the voltage drop and thereby the heat generation across the heating filament,
two ways to maximize the difference in electrical resistance between conductive and heat-
ing filaments were tested; intertwining the heating filament with another filament with
lower resistance for conduction, or having a continuous filament where the voltage drop is
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created by polishing down the cross-sectional area of a part of the filament. A sample of
each of the two designs is shown in Figure 3.2

Figure 3.2: The two proposed filament designs for use in the SHS reactor. a) shows 1 mm
8020NiCr filament used for conduction intertwined with 0.4 mm Kanthal A
filament for heating. b) shows the polished tip of a 1 mm 8020NiCr filament

The designs shown in Figure 3.2 were tested in a fume hood by passing a current with
tuned voltage and amperage through them. The temperature in the filament was initially
measured with a thermocouple. Temperature measurements were taken at approximately
5 mm from the filament, and in thermal contact with alumina in-between to insulate the
thermocouple from the electrical current. The set-up is shown in Figure 3.3.
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Figure 3.3: The experimental set-up for testing the heat generation in the two filament
designs presented in Figure 3.2

The measured temperature did not exceed around 50 ◦C, even though glow in the filament
was observed on multiple occasions. The seemingly low temperature measurements were
attributed to insufficient thermal contact, which would be difficult improve while keeping
the thermocouple electrically insulated from the filament. An IR-thermometer (see Ta-
ble 3.2) was eventually utilized, but before that observation of glow was the only available
merit to indicate the heat generation across the filament.

Glow was only observed in the intertwined filament design (Figure 3.2a), and not in the
polished tip design (Figure 3.2b). Additionally, the polished tip was so fragile that it
regularly fractured during handling. The consequence of fracture in this design was also
greater than fracture in the intertwined filament design, as the intertwined filament design
only required replacement of the fractured heating filament while fracture in the polihsed-
tip design required polishing of a new filament. For these reasons, the polished tip design
was quickly discarded in favour of the intertwined filament design.

The final version of the conductive and heating filaments consisted of two alumina tubes
containing four 1 mm 8020NiCr filaments each for electrical conduction, with a single
0.4 mm Kanthal A filament tied between the ends for heating. Figure 3.4 shows the result-
ing glow when applying a voltage of 11 V across the filaments.
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Figure 3.4: Glow in 0.4 mm Kanthal A filament connected to four 1 mm 8020 NiCr fila-
ments on each end with an applied voltage of 11 V

The IR-thermometer was used to measure the temperature of several samples of this de-
sign, and the maximum measured temperature was 482 ◦C. However, the fact that an
almost white glow occured suggests that the temperature in the filament was higher than
measured [84].

3.4.2 Chemical ignition
To achieve ignition in the Zr-Si pellet samples, a chemical igniter was needed to assist the
heating filament. The igniter needed to fulfill the listed requirements:

• Stable during preparation for use in SHS

• Reaction independent of surroundings, i.e. mixture containing both oxidizer and
reducer

• Ignition temperature lower than maximum achievable temperature in heating fila-
ment

• Burning temperature higher than ignition temperature of Zr-Si mixture

As shown in section 2.2.2, a powder mixture of Mg and BaO2 is expected to fulfill these
requirements, but the feasability was tested nontheless. Since Mg is readily oxidized and
BaO2 is unstable and may release oxygen gas (see section 2.2.2), the powders were char-
acterized by XRD. The sealed magnesium-container was opened in an argon atmosphere
glovebox where a glass vial was filled and taken out. It was exposed to ambient atmosphere
at room temperature for approximately six hours before XRD, where it was characterized
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over a 2θ-range of 30–130° using step size of 0.01° with 1.1 s per step. The resulting
diffractogram is shown in Figure 3.5

Figure 3.5: Diffractogram from XRD over a 2θ-range of 30–130° of magnesium powder
using a step size of 0.01° with 1.1 s per step

The diffractogram indicates that potential impurities were below detectable amounts, and
that the powder had not oxidized during exposure to ambient atmosphere at room tem-
perature. The BaO2-powder container had previously been opened and had been stored
at ambient conditions. The powder was character over a 2θ-range of 20–145° with a step
size of 0.01° and 0.9 s per step. The resulting diffractogram is shown in Figure 3.6
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Figure 3.6: The resulting diffractogram from XRD of BaO2-powder over a 2θ-range of
20–145° with a step size of 0.01° and 0.9 s per step. The indicators show
which phases contribute to which peaks in the combined Pawley and Rietveld
refinement in the 2θ-range 20–120°. It should be noted that the last peak indi-
cated with BaO2 was excluded in the final refinement, but previous refinements
indicated that the peak was solely caused by BaO2

Combined Pawley and Rietveld refinement was used to estimate the composition of the
sample, but only in the 2θ-range 20–120°. The last part of the diffractogram was excluded
due to difficulties with simulating the drop in background signal after the last peak. The
results from the refinements are presented in Table 3.4.

Table 3.4: The resulting composition from combined Pawley and Rietveld refinement of
the diffractogram in Figure 3.6. The Rwp and GOF were 13.6 and 4.7 respec-
tively

Phase Amount [at.%]

BaO2 96
BaCO3 3

BaO 1

The results of characterization of both magnesium and BaO2 -powder indicates that they
are stable at ambient conditions. For the most part, powdered magnesium was used in the
igniter mixture, but chips from a magnesium ribbon was also utilized. Both were tested
with DSC/TGA-analysis: For the igniter mix using magnesium chips, the magnesium
chips and BaO2-powder were mixed directly in the anlysis-crucible with a large molar
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surplus of BaO2 (Ba/Mg-ratio = 4.9/1) to ensure that all surfaces of the magnesium chips
were able to react with adjacent BaO2. As for the magnesium powder, the powders were
mixed with an approximate molar ratio of 1/1, and pressed to a pellet. The pellet was then
carefully split into pieces, where some pieces where chosen to be used as the DSC/TGA
sample. Both samples were heated to 600 ◦C and subsequently cooled down to room
temperature, with a heating- and cooling rate of 600 ◦C h−1, and alumina powder was
used as reference. The results are shown in Figure 3.7 and Figure 3.8.

Figure 3.7: DSC and TGA data from heating a mixture of small Mg-chips and BaO2-
powder up to 600 ◦C and cooling down to room temperature, with a heating-
and cooling rate of 600 ◦C h−1 and alumina powder as reference
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Figure 3.8: DSC and TGA data from heating a mixture of magnesium- and BaO2-powder
up to 600 ◦C and cooling down to room temperature, with a heating- and cool-
ing rate of 600 ◦C h−1 and alumina powder as reference. a) shows the whole
measurements, while b) highlights measurements before ignition.

Figure 3.7 shows an exothermic reaction in two stages being initiated around 550 ◦C,
which agree well with previous literature (see section 2.2.2) The results also indicate a
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continuous mass loss starting at around 100 ◦C which could be due to release of oxygen
gas from BaO2, but may also be due to volatilization of impurities like moisture. Either
one correlates well with the long endotherm curve. Figure 3.8a indicates that the reac-
tion is substantially faster with magnesium powder compared to the magnesium chips.
Simultaneously with the rapid exotherm reaction a rapid mass loss occurs. This can be
attributed to an increase in oxygen release from BaO2 with increasing temperature. Fig-
ure 3.8b shows a more detailed view of the measurement prior to ignition. The figure
shows that the exotherm reaction is two-stepped, and is initiated at a lower temperature
than the mixture containing magnesium chips. The figure also indicates an initial en-
dotherm behaviour, and a mass increase when the endotherm behaviour stops. A possible
explanation is that the mass increase is due to oxidation of the magnesium powder by the
atmosphere, and the exotherm character of this oxidation counters the endotherm trend in
the sample containing magnesium chips. The results of the DSC/TGA-measurements and
the filament experiments indicated that the combination of filament and chemical igniter
was a feasible way of reaching ignition temperature in a small volume of a Zr-Si sample.

3.5 SHS experiments

3.5.1 SHS-experiment configurations
SHS-experiments were done at room temperature, 600 ◦C, and one experiment utilized
the temperature gradient in the furnace when set to 1400 ◦C. The general configuration
was substantially different between these experiment-types. The configuration of the ex-
periments at room temperature and at 600 ◦C did in turn vary slightly, so in total a wide
variety of configurations were used. The configurations were developed and improved
through trial and error, so only a selection of the performed experiments will be presented.
The experiments that will be presented are the ones were the igniter pellet was success-
fully ignited and characterization gave indicative results. Some of the mixtures used in the
experiments were mixed by hand-mortaring while others were mixed by attritor-milling.
However, no significant difference was observed during the experiments and characteriza-
tion, so the milling technique used for the sample in each experiment will not be declared.
In all the experiments, the Si(10-75) as this was expected to have the most similar particle
size distribution as the zirconium powder.

XRD and SEM-imaging in BSE-mode, and EDS was used to characterize reacted samples.
The XRD characterization was done over a 2θ-range of 10–90° with 0.9 per step.

Configurations at room temperature

The basis for the setup of the SHS-experiments at room temperature was shown in Fig-
ure 3.1. However, due to difficulty with arranging the sample, igniter, and filament, the
conductive filament was shortened so the location of the filament was easier to control
when the customized flange was attached to the tube furnace. Each experiment required
a new sample, igniter pellet, and heating filament, and the performance of the set-up var-
ied from experiment to experiment. So the actual configuration - in addition to what type
of alumina container was used to contain the sample - varied from experiment to experi-
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ment. The configurations that were used can be arranged into three general configurations,
illustrated in Figure 3.9

Figure 3.9: Illustrations of the three general configurations of sample, igniter, and filament
in room temperature SHS experiments. a) illustrates a sample in contact with
an igniter pellet which in turn is in (attempted) contact with the heating fila-
ment. This configuration is referred to as “Independent Igniter” in text, and
“Indep. Ign.)” in sample names. b) illustrates an igniter pellet pressed within
the sample, and the filament is in (attempted) contact with the igniter. This
configuration is referred to as “Pressed in igniter” in text, and “Pressed in ign.”
in sample names. c) illustrates the igniter pellet being forced to be in contact
with the filament, which is in (attempted) contact with the sample. This con-
figuration is referred to as “Igniter in filament” in text, and “Ign. in fila.” in
sample names.

Figure 3.9a illustrates the initial configuration of sample, igniter, and filament in the room
temperature SHS-experiments. Here, the goal was to have a beam Zr-Si sample in contact
with an igniter pellet, which would be in contact with the filament. This configuration will
be referred to as “Independent Igniter” in text, and “Indep. Ign.)” in sample names.

The configuration illustrated in Figure 3.9b was attempted to assure contact between the
Zr-Si sample and the igniter and also to contain the heat generated in the igniter in the
Zr-Si sample. In this configuration the goal was to have an igniter beam pressed into one
end of Zr-Si beam which would be in contact with the filament. This configuration will be
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referred to as “Pressed in igniter” in text, and “Pressed in ign.” in sample names.

The configuration illustrated in Figure 3.9c was attempted to better assure contact between
igniter pellet and filament so that the igniter would consistently ignite quickly after appli-
cation of voltage to the filament across experiments. The goal in this configuration was
to ensure thermal contact between an igniter pellet and the heating filament, which would
be in contact with the Zr-Si sample. This configuration will be referred to as “Igniter in
filament” in text, and “Ign. in fila.” in sample names.

Configurations at 600 ◦C

Two experiments were done by using the tube furnace to heat an igniter-containing Zr-Si
sample to 600 ◦C, which is slightly above the igniter’s measured ignition temperature (see
section 3.4.2. In both cases, the samples and the argon atmosphere in the furnace were
heated to 600 ◦C and subsequently cooled down to room temperature, with a heating an
cooling rate of 200 ◦C h−1. The geometry of the sample and the placement of the igniter
pellet varied between the experiments, and is illustrated in Figure 3.10.
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Figure 3.10: Illustration of configurations used in SHS-experiments were the sample and
surroundings are heated to 600 ◦C. a) illustrates a beam-shaped sample with
an igniter pressed in at one end. This configuration is referred to as “Igniter
in beam end” in text and “Ign- in beam” in sample names. b) illustrates a
cylindrical sample where the igniter is pressed in the center of the sample.
This configuration is referred to as “Igniter in cylinder” in text and “Ign- in
cylinder” in sample names.

Figure 3.10a illustrates the initial configuration, where an igniter pellet was pressed into a
Zr-Si beam. This configuration will be referred to as “Igniter in beam end” in text and “Ign-
in beam” in sample names. The configuration illustrated in Figure 3.10b was attempted
to insure that the all the heat generated in the igniter would be transferred to the sample
and not be dissipated into the furnace atmosphere. This configuration will be referred to
as “Igniter in cylinder” in text and “Ign- in cylinder” in sample names

3.5.2 Configuration utilizing furnace temperature gradient
An experiment was done were the temperature gradient in the tube furnace was utilized
by placing a “long” samples with one end in the center of the furnace. A previous mea-
surement done by technical staff suggests that when setting the furnace to 1400 ◦C, the
center of the furnace will reach approximately 1391 ◦C. By adding a 2nd degree polyno-
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mial trend line in MS Excel, the temperature at the far end was estimated to be 1337 ◦C,
which can be considered as T0 at the far end, while T0 increases towards the center of the
furnace and the other end of the sample. The configuration is illustrated in Figure 3.11.
This configuration is referred to as “Temperature gradient” in text and “Temp. grad.” in

Figure 3.11: Illustration of the set-up used for an SHS experiment only utilizing the inher-
ent temperature gradient in the tube furnace. This configuration is referred to
as “Temperature gradient” in text and “Temp. grad.” in samples

samples.

3.5.3 SHS at room temperature
In all these experiments, a current was passed through the filament with increasing voltage
until ignition of the igniter pellet was observed. The heating duration was 1–2 min for all
the samples, and the voltage across the filament was 8–12 V just before ignition.

Experiments with Zr+2Si samples

Four experiments done with Zr+2Si beams at room temperature were found to be of rele-
vance. In the first SHS experiment, the igniter pellet was pressed from magnesium chips
and BaO2-powder. This was the only experiment where magnesium chips were used in-
stead of magnesium powder. The experiment was set-up with the “Independent igniter”-
configuration (see section 3.5.1 and Figure 3.9a) in an alumina ship. The mass of the
igniter pellet was not documented. The sample will be referred to as “Zr+2Si(Room temp,
Indep. Ign.)1”. Two powder samples were made from the beam; one from the end of the
beam which had been in contact with the igniter, and one a few millimeters from the same
end. These powder samples were characterized by XRD and composition was estimated
using combined Pawley and Rietveld refinement.

The second experiment was done with the same configuration. The differences were that
the igniter pellet was made from magnesium powder instead of chips, and that sample,
igniter, and filament was placed in a closed-end alumina tube. The mass of the igniter
pellet was 0.220 g. The sample will be referred to as “Zr+2Si(Room temp, Indep. Ign.)2”.
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Two powder samples were made from this sample, one from the contact point with the
igniter, and one some millimeters away from the contact point.

The third experiment at room temperature was done with the configuration illustrated in
Figure 3.9b. This experiment was done in the same alumina tube that was used in the
experiment presented in the previous paragraph. The mass of the igniter pellet was 0.110 g.
The samples will be referred to as “Zr+2Si(Room temp, Pressed in ign.)”. Three powder
samples were made from the sample; one from the end of the sample which had been in
contact with the igniter, one a few millimeters from the same end, and one from the middle
of the sample. These powder samples were characterized qualitatively by XRD.

The final Zr+2Si beam experiment was set-up according to the configuration “Igniter in
filament” (see section 3.5.1 and Figure 3.9c) in an alumina tube. The mass of the ig-
niter pellet was 0.254 g. A current was passed through the filament with increasing volt-
age until ignition of the igniter pellet was observed. This sample will be referred to as
“Zr+2Si(Room temp, Ign. in fila.)” Three powder samples were made from the beam; one
from the end of the beam which had been in contact with the igniter, one a few millimeters
from the same end, and one from approximately one centimeter of one of the long side
of the beam, taken a few millimeters from the igniter side. These powder samples were
characterized qualitatively by XRD.

Experiment done with Zr+Si sample

One experiment was done with a Zr+Si beam in the “Igniter in filament”-configuration in
an alumina ship. The mass of the igniter pellet was 0.126 g. The sample will be referred
to as “Zr+Si(Room temp, Ign. in fila.)”. Two pieces of the beam that had been struck by
exploding igniter were taken, where one were milled down and characterized by XRD.
The other was used to prepare a sample for SEM-imaging in BSE mode. The sample was
polished for 4 min with Struers 30 µm SiC-paper, and for 30 min with Struers MD-Dur
polishing cloth. The sample was then imaged with SEM in BSE-mode, and characterized
by EDS.

3.5.4 SHS at 600 ◦C

Experiments done with Zr+2Si samples

Two experiments done with Zr+2Si samples at 600 ◦C were found to be of relevance.
The first was done with the “Igniter in beam end”-configuration (see section 3.5.1 and Fig-
ure 3.10a). The igniter mass was 0.327 g. The sample will be referred to as “Zr+2Si(600 ◦C,
Ign. in beam)”. Two powder samples were taken for XRD, and the composition of these
samples were estimated with combined Pawley and Rietveld refinement.

The second was done with the “Igniter in cylinder center”-configuration (see section 3.5.1
and Figure 3.10b). The igniter mass was 0.104 g and the pellet mass Zr+2Si cylinder
mass was 3.437 g. The sample will be referred to as “Zr+2Si(600 ◦C, Ign. in cylinder)”.
After the experiment a powder sample was characterized by XRD, and the composition of
each piece was estimated with combined Pawley and Rietveld refinement. A sample for
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SEMimaging in BSE-mode was prepared and polished for4 min with Struers 30 µm SiC-
paper, and for 30 min with Struers MD-Dur polishing cloth. The sample was then imaged
with SEM in BSE-mode, and characterized by EDS.

Experiment done with Zr+Si sample

One experiment done with Zr+Si samples at 600 ◦C was found to be of relevance. This
sample was done in the same experiment as the sample Zr+2Si(600 ◦C, Ign. in cylinder)
which was presented in the previous section, i.e. with the “Igniter in cylinder center”-
configuration. The igniter mass was 0.104 g and the Zr+Si cylinder mass was 3.511 g.
This sample will be referred to as “Zr+Si(600 ◦C, Ign. in cylinder)”. The sample was also
characterized in the same manner as Zr+2Si(600 ◦C, Ign. in cylinder).

3.5.5 Experiment using furnace temperature gradient

An Zr+2Si mixture was used in an experiment with the “Temperature gradient”-configuration
(see section 3.5.1 and Figure 3.11). The sample was made by filling an alumina ship and
lightly compacting the powder while it was slightly moist with isopropanol. There was no
dwell after the heating, and the heating and cooling rate was 200 ◦C h−1. The sample will
be referred to as “Zr+2Si(1400 ◦C, Temp. grad.)”. After synthesis, three powder samples
were characterized by XRD and the composition of each sample was estimated with com-
bined Pawley and Rietveld refinement. Two SEM samples were prepared from where it
seemed to be a reaction front, one where the top of the sample (i.e. side exposed to the
furnace atmosphere) was to be imaged in BSE-mode and characterized with EDS, and the
other of one of the horizontal sides of the sample.

3.5.6 Sample table

All the samples that were presented in the previous sections are gathered in Table 3.5.
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Table 3.5: Samples from SHS-experiments, with the Zr-Si mixture used to make the sam-
ple, and the configuration and temperature of the experiment

Sample name Zr-Si mixture Configuration

Experiments at room temperature

Zr+2Si(Room temp, Indep. Ign.)1 Zr+2Si
Independent (magnesium chips) ig-
niter (Figure 3.9a) (In alumina ship)

Zr+2Si(Room temp, Indep. Ign.)2 Zr+2Si
Independent igniter (Figure 3.9a)
(in closed-end alumina tube)

Zr+2Si(Room temp, Pressed in ign.) Zr+2Si Pressed in igniter (Figure 3.9b)

Zr+2Si(Room temp, Ign. in fila.) Zr+2Si Igniter in filament (Figure 3.9c)

Zr+Si(Room temp, Ign. in fila.) Zr+Si Igniter in filament (Figure 3.9c)

Experiments at 600 ◦C

Zr+2Si(600 ◦C, Ign. in beam) Zr+2Si Igniter in beam end (Figure 3.10a)

Zr+2Si(600 ◦C, Ign. in cylinder) Zr+2Si
Igniter in cylinder center (Fig-
ure 3.10b)

Zr+Si(600 ◦C, Ign. in cylinder) Zr+Si
Igniter in cylinder center (Fig-
ure 3.10b)

Experiment with furnace temperature gradient at 1400 ◦C

Zr+2Si(1400 ◦C, Temp. grad.) Zr+2Si Temperature gradient

3.6 Other experiments

3.6.1 Silicothermic reduction of ZrO2

Silicothermic reduction of ZrO2 by Si is a possible reason for asymmetric oxidation of
zirconium and silicon. In order to study the effect of this reaction, zirconium powder was
oxidized in synthetic air, mixed with silicon powder, and studied with TGA/DSC -analysis.

A sample of zirconium powder was weighed out and poured into an alumina ship. The
ship was then placed in a tube furnace, where it was heated with a gas flow of synthetic
air (80 % N2 20 % O2 to 1500 ◦C) where it was held for one hour before cooling to room

57



Chapter 3. Experimental

temperature. The sample was then characterized by XRD over a 2θ-range of 20–80° with
1.2 per step.

A part of the obtained powder was then mixed with the Si(40-100) powder with a Si/Zr-
ratio of 3. This silicon powder was chosen since the SiO2-fraction is expected to decrease
with increasing powder size. A sample of this powder was characterized by DSC/TGA
while heating up to 1550 ◦C in argon atmosphere.

3.6.2 Reactivity between zirconium silicides and precursors
To study the formation of high-zirconium zirconium silicides, a powder mixture of the
Zr-powder and the Si(<75)-powder was used to make a 3Zr+Si mixture. This mixture was
pressed to a pellet by combined uniaxial pressing followed by CIP, and heated to 1500 ◦C
in argon atmosphere where it was held for 1 h and then cooled down to room temperature.
The heating and cooling rate was 200 ◦C h−1 The sample was then characterized by XRD,
and the composition was estimated by combined Pawley and Rietveld refinement. Then
the sample - hereby referred to as “Zr(3)Si” - was mixed with Si(<75)-powder to study the
reactivity with silicon. Si(<75)-powder was added to a total Si/Zr-ratio of 2, i.e. the result-
ing mixture can be described as “Zr(3)Si+5Si”. Two pellets were made from this mixture
first pressing uniaxially and then by CIP. One was heated to 1500 ◦C in argon atmosphere
and held for 1 h before cooling to room temperature. The other was heated to 1400 ◦C
in argon atmosphere and cooled to room temperature with no dwelling. The heating and
cooling rate in both experiments was 200 ◦C h−1. Both samples were characterized by
XRD, and the compositions were estimated by combined Pawley and Rietveld refinement.
The Zr(3)Si+5Si sample that had been heated to and held at 1500 ◦C was mixed with Zr-
powder to a desired Si/Zr-ratio of 1/3. Thus this sample can be described as ZrSi2+Zr, and
it was aimed to have the same Si/Zr-ratio as the initial mixture of zirconium and silicon
-powders. This mixture was treated in the same manner as the Zr(3)Si+5Si -mixture, i.e.
one pellet heated to 1500 ◦C and held for 1 h, and the other to 1400 ◦C and instantaneously
cooled down again. The samples were characterized by XRD over a 2θ-range of 10–90°
with 0.9 per step and the composition was estimated by combined Pawley and Rietveld
refinement. The experimental route is illustrated as a flow scheme in Figure 3.12
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Figure 3.12: Flow scheme illustrating the preparation of an treatment samples for studying
reactivity between zirconium silicides and zirconium and silicon powders
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4
Results

4.1 Characterization of precursor powders

4.1.1 SEM images

Figure 4.1 shows SEM-images of the precursor powders taken in SE-mode at 100 X magnification
at a working distance of 10 mm with 10.0 kV accelerating voltage.
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Figure 4.1: SEM-images in SE-mode, with 100 X magnification of the zirconium and sil-
icon powders, where a) shows the zirconium powder, b) the Si(<75)-powder,
c) the Si(10-75)-powder, and d) the Si(40-100)-powder.

The zirconium powder appears “fuzzy” and with a broad particle size distribution. The
Si(<75) and Si(10-75) -powder resemble each other apart from the large amount of small
particles in the Si(<75)-powder. The Si(40-100)-powder particles appears to be less sym-
metric than the particles of the other powders, and it has a large variation of morphology.
Figure 4.2 shows the smallest observed particles in the zirconium and Si(<75) powders.
Both images are taken in SE-mode with a working distance of 10 mm and an accelerating
voltage of 10 kV. Figure 4.2a is taken at 16 kX magnification, and Figure 4.2b is taken at
40 kX magnification.
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Figure 4.2: SEM-images in SE-mode of the smallest particles observed in the a)
zirconium powder at 16 kX magnification and b) Si(<75) powder at
40 kX magnification

Based on these images, the zirconium powder appears to contain the smallest particles of
all the powders.
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4.1.2 Powder XRD

Figure 4.3: XRD diffractograms of the received silicon powders, where a) shows the full
diffractograms and b) shows a low intensity range that reveals the smaller
peaks
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Figure 4.3 shows the resulting diffractograms of XRD of the silicon powders. The con-
centration of Fe2O3 and SiC appeared to be too low for combined Pawley and Rietveld
refinement to produce consistent and sensible concentrations. Thus, the concentration of
these impurities is considered to be negligible in further application of the powders.

Figure 4.4: XRD diffractogram of the received Zr powder

Figure 4.4 shows the resulting diffractogram og XRD of the zirconium powder, and which
phases that make a major contribution to each peak during combined Pawley and Rietveld
refinement. The resulting composition is shown in Table 4.1

Table 4.1: Resulting composition from combined Pawley and Rietveld refinement of the
diffractogram shown in Figure 4.4. Rwp and GOF were 4.39 and 3.23 respec-
tively

Phase Amount [at.%]

Zr 94
ε-ZrH2 4
γ-ZrH 1

By element
Zr 96
H 4
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4.2 Co-milling of zirconium and silicon
The Zr+2Si mixtures milled in an attritor mill with different parameters (see section 3.3)
were characterized by XRD and SEM in SE-mode. The diffractograms of the samples are
shown in Figure 4.5

Figure 4.5: Diffractograms of attritor-milled Zr+2Si mixtures where one was milled with
5 mm zirconia balls, and the other was milled with 2 mm zirconia balls.

From the two diffractograms, it is evident that neither the zirconium or the silicon powder
reacted during milling. Comparing with the diffractogram of the received silicon powder
(see Figure 4.3), the only observable change is broadening of the peak at around 69°,
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which is caused by diffraction in the [4 0 0] plane, in both the milling experiments. As
for zirconium there is are some significant differences between the two diffractograms.
The peak intensities are closer to the peak intensities of silicon in diffractogram from the
experiment with the large balls. Also, the peak intensity of the peak at around 35° relative
to the other zirconium peaks is much higher in the experiment with the large balls. This
peak is caused by diffraction in the [0 0 0 2] plane. Comparing the two diffractograms with
the diffractogram of the received zirconium powder (see Figure 4.4) a substantial peak
broadening in almost all the zirconium peaks is evident. SEM-images in SE-mode of the
mixture milled with 5 mm zirconia balls is shown in Figure 4.6.

Figure 4.6: SEM-image taken in SE-mode of a Zr+2Si powder mixture attritor-milled with
5 mm zirconia balls in isopropanol

Figure 4.6 indicates that the zirconium particles have been smudged into large, flat flakes,
instead of being crushed. The mixture milled with 2 mm zirconia balls is shown in Fig-
ure 4.7
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Figure 4.7: SEM-image taken in SE-mode of a Zr+2Si powder mixture attritor-milled with
2 mm zirconia balls in isopropanol

Figure 4.7 indicates that both the zirconium and silicon particles have been crushed, but
that the silicon particles have been crushed to smaller particles than the zirconium parti-
cles.

4.3 SHS experiments
In this section, mainly results from characterization of the SHS-samples (see Table 3.5)
will be presented. Some important observations done during the experiments will also be
presented, and photographs of these observations are gathered in section D.

4.3.1 SHS at room temperature
In all the SHS-experiments at room temperature, it was obvious whether the filament was
able to ignite the chemical igniter, as it was observable when the filament started glowing
from the filament, when the igniter exploded and eventually stopped glowing along with
the broken filament (see section D.1 for stills of a video). There were several attempts
where the filament broke or the voltage was turned off (it was assumed that heating over
long periods of time would weaken the assumption of the synthesis occurring at room
temperature) without ignition of the igniter. However, in all the experiments presented in
section 3.5.3 the igniter exploded as imaged in Figure D2b.
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Experiments with Zr+2Si mixtures

After the experiment with sample Zr+2Si(Room temp, Indep. Ign.)1 (see Table 3.5), it
was evident that the igniter had exploded, and that on the side that was in contact with the
igniter, a melt from generated form the igniter had been stuck to the side (see section D.2).
The origins of the XRD-samples taken from the sample are illustrated in Figure 4.8.

Figure 4.8: Illustration of where the powder samples for XRD were taken from the sample
Zr+2Si(Room temp, Indep. Ign.)

Figure 4.9 shows the resulting diffractograms from XRD of the gathered powder samples.
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Figure 4.9: Resulting diffractograms from XRD of the Zr+2Si(Room temp, Indep. Ign.)1-
The indicators indicate which phases contributed to which peaks in the com-
bined Pawley and Rietveld refinement

Combined Pawley and Rietveld refinement was done to estimate the compositions of the
samples, and the indicators show which phases contributed to which peaks during the
refinement. It should be noted that β-Mg was not included during the initial qualitative
analysis in Bruker Eva - which is why it is not included in Table 3.3 - but was added during
the refinement. The resulting composition is shown in Table 4.2.
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Table 4.2: Composition estimated by combined Pawley and Rietveld refinement of the
diffractograms shown in Figure 4.9. Rwp and GOF were 9.36 and 4.0 for
the “Igniter contact”-diffractogram and 7.40 and 3.0 for the “Igniter adjacent”-
diffractogram

Amount [mol%] in
Compound Igniter contact Igniter adjacent

ZrSi2 16 -
α-Zr 4 11

Si 69 89
ε-ZrH2 <1 <1
γ-ZrH <1 <1
α-Mg 7 -
β-Mg 3 -

The results indicate that ZrSi2 was formed at the side in contact in the igniter, but not
elsewhere in the sample. In the similar experiment with the sample Zr+2Si(Room temp,
Indep. Ign.)2 (see Table 3.5), ignition of the igniter pellet was observed to split the alumina
tube containing the sample in two (see section D.3). The resulting diffractograms of the
powder samples taken for XRD is shown in Figure 4.10.
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Figure 4.10: Diffractograms of samples taken from Zr+2Si(Room temp, Indep. Ign.)2 (see
Table 3.5). The indicators illustrate which phases were attributed to which
peaks during a qualitative assessment in Bruker Eva

A qualitative assessment of present phases indicate that no reaction has occured, as no
zirconium silicicdes are present. Ignition of the igniter was observed in the experiment
using the sample Zr+2Si(Room temp, Pressed in ign.) (see Table 3.5). The origins of the
XRD-samples are illustrated in Figure 4.11

72



4.3 SHS experiments

Figure 4.11: Illustration of the powder samples taken from Zr+2Si(Room temp, Pressed in
ign.) (see Table 3.5)

The diffractograms from XRD of the powder samples taken from this is shown in Fig-
ure 4.12.
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Figure 4.12: Resulting diffractograms from XRD of the samples from the room temper-
ature SHS experiment where the heating filament was adjacent to the end
of the Zr+2Si beam which had an igniter pellet pressed into it. The indica-
tors indicate which phases are attributed to which peaks based on qualitative
assessment in Bruker Eva.

The qualitative assessment in Eva showed that no zirconium silicides were formed in any
part of the beam during the experiments.

Practically the same results were obtained from the sample Zr+2Si(Room temp, Ign. in
fila.) (see Table 3.5). The origins of the XRD-samples are illustrated in Figure 4.13
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Figure 4.13: Illustration of the powder samples taken of the Zr+2Si samples from the SHS
experiment with the configuration illustrated in Figure 3.9c

The resulting diffractograms are shown in Figure 4.14.
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Figure 4.14: Resulting diffractograms from XRD of Zr+2Si(Room temp, Ign. in fila.) (see
Table 3.5). The indicators indicate which phases are attributed to which peaks
based on qualitative assessment in Bruker Eva.

Experiment done with Zr+Si sample

Zr+Si(Room temp, Ign. in fila.) (see Table 3.5) was struck by igniter pieces when the
igniter exploded which stuck to the sample (see section D.4). Some places that where
struck by a piece of the igniter pellet were characterized by either XRD or SEM-imaging
in BSE-mode and EDS. The resulting diffractogram from the XRD-characterization is
shown in Figure 4.15
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Figure 4.15: Resulting diffractogram from piece of Zr+Si(Room temp, Ign. in fila.) (see
Table 3.5) struck by a igniter piece. The indicators illustrate which phases
contribute to which peaks during combined Pawley and Rietveld refinement

The composition of the XRD-sample was estimated by combined Pawley and Rietveld
refinement. The resulting composition is shown in Table 4.3

Table 4.3: Composition estimated by combined Pawley and Rietveld refinement of the
diffractogram shown in Figure 4.15. Rwp and GOF were 7.48 and 3.1

Phase Amount [mol%]

ZrSi2 1
Si 67
α-Zr 31
ε-ZrH2 <1
γ-ZrH <1

The results indicate some ZrSi2 had been formed at a point struck by a piece of the igniter.
Figure 4.16 shows SEM-images taken in BSE-mode, along with performed EDS-mapping
in Figure 4.16a and Figure 4.16d, and points characterized with EDS point-scanning in
Figure 4.16b
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Figure 4.16: SEM-images taken in BSE-mode of a of Zr+Si(Room temp, Ign. in fila.)
(see Table 3.5. In the EDS-maps, red indicates zirconium, yellow zirconium
silicides, and green silicon. a) shows an overview of the center of the samples,
b) shows the edge of the sample where the igniter struck, with points where
EDS point scans were done, c) shows a close up of an area in b), and d) shows
the same area with an EDS-map overlay

Figure 4.16a shows that the majority of the sample consists of unreacted zirconium and
silicon particles. The composition of the assigned phases in Figure 4.16b is shown in
Table 4.4
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Table 4.4: The result of the EDS point scans of points shown in Figure 4.16b, and what
phases are assumed to be present at these points based on the composition.
Epoxy, which contributes with a large amount of carbon and a small amount of
oxygen, is ignored when assuming which phases are present in each point

Amount of element [at.%]
Assigned phase C O Mg Si Zr Ba

Si 17 1 0 74 8 0
ZrSi2, Igniter, Si 34 6 1 42 17 0

ZrSi2, Igniter 42 5 <1 37 16 <1
Zr, ZrxSiy, ZrO2 30 11 0 22 38 0

Zr 31 11 0 0 59 0
ZrSi2 41 5 0 36 18 0

Figure 4.16b indicates that a phase which embeds silicon, zirconium silicides, and zir-
conium particles has been formed at the contact point with the igniter. Figures 4.16c
and 4.16d shows that the embedding phase is silicon with a dendritical shape, and that the
zirconium silicides forms a “grainy” phase. The dendritical shape may be due to melting
and subsequent precipitation of silicon in molten igniter.

4.3.2 SHS at 600 ◦C

Experiments done with Zr+2Si samples

The origins of the XRD-samples taken from Zr+2Si(600 ◦C, Ign. in beam) (see Table 3.5)
are illustrated in Figure 4.17.

Figure 4.17: Illustrations of XRD-samples taken from Zr+2Si(600 ◦C, Ign. in beam) (see
Table 3.5)
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The resulting diffractograms from XRD of the three powder samples are shown in Fig-
ure 4.18.

Figure 4.18: Diffractograms taken from powder samples of Zr+2Si(600 ◦C, Ign. in beam)
(see Table 3.5). The indicators illustrate which phase contributed to which
peaks during combined Pawley and Rietveld refinement

The composition of the XRD-samples was estimated with combined Pawley and Rietveld
refinement. The results are shown in Table 4.5
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Table 4.5: Composition estimated by combined Pawley and Rietveld refinement of the
diffractograms shown in Figure 4.18. Rwp and GOF were 9.81 and 2.2 for the
“Igniter contact”-diffractogram and 13.37 and 3.0 for the “Igniter adjacent”-
diffractogram

Amount [mol%] in
Compound Igniter contact Igniter adjacent

ZrSi2 <1 -
α-ZrSi <1 -
Zr2Si <1 -
α-Zr 9 11

Si 90 89
ε-ZrH2 <1 <1

The results indicate a slight formation of zirconium silicides in the contact point with the
igniter, but that there was no propagation.

The sample Zr+2Si(600 ◦C, Ign. in cylinder) (see Table 3.5 appeared to have been split in
two by the exploding igniter (see section D.5). The resulting diffractograms from XRD of
the powder samples taken from Zr+2Si(600 ◦C, Ign. in cylinder) (see Table 3.5) is shown
in Figure 4.19

Figure 4.19: Resulting diffractograms from XRD of the powder sampleZr+2Si(600 ◦C,
Ign. in cylinder) (see Table 3.5). The indicators illustrate which phases con-
tributed to which peaks in the combined Pawley and Rietveld refinements
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The composition of the XRD-samples was estimated by combined Pawley and Rietveld
refinements. The results are shown in Table 4.6.

Table 4.6: Resulting composition from combined Pawley and Rietveld refinement of the
diffractogram shown in Figure 4.19. Rwp and GOF were 5.27 and 2.0 respec-
tively

Phase Amount [mol%]

ZrSi2 1
Zr2Si <1
α-Zr 3

Si 95
ε-ZrH2 <1

The results indicate formation of trace amounts of ZrSi2 and Zr2Si.

Figure 4.20 shows SEM-images taken in BSE-mode of the SEM-sample prepared from
Zr+2Si(600 ◦C, Ign. in cylinder). Figure 4.20b includes an overlay made by EDS-mapping.

Figure 4.20: The figure shows SEM-images taken in BSE-mode of the sample
Zr+2Si(600 ◦C, Ign. in cylinder) (see Table 3.5). a) shows the difference
between the reacted zone, the reaction front, and the unreacted front, and b)
is close-up of the reaction front with an EDS-map overlay. In the EDS-map,
red refers to zirconium, yellow refers to zirconium silicides, and green refers
to silicon

Figure 4.20a depicts three zones with distinctively different microstructures. The different
microstructures have been attributed to one zone being reacted, the second zone being a
reaction front, and the third zone being unreacted. In the reacted zone, white particles are
surrounded by a gray phase. The large amount of epoxy, i.e. the black phase, indicates
a high degree of porosity before moulding. Figure 4.20b shows that the white particles
are zirconium and that the gray phase is zirconium silicides. The second zone consists of
white particles embedded in a dense gray phase. Figure 4.20b shows that the dense phase
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is silicon, the white particles are zirconium, and that there is a layer of zirconium silicides
on the zirconium particles. The dense silicon phase is attributed to melting and subsequent
cooling. The third phase consists of white and gray particles, and Figure 4.20b shows that
the white particles are zirconium and the gray particles are silicon.

Experiment done with Zr+Si sample

The resulting diffractograms from XRD of the powder sample taken from Zr+Si(600 ◦C,
Ign. in cylinder) (see Table 3.5) is shown in Figure 4.21

Figure 4.21: Resulting diffractogram from XRD of the powder sample taken from
Zr+Si(600 ◦C, Ign. in cylinder) (see Table 3.5)The indicators illustrate which
phases contributed to which peaks in the combined Pawley and Rietveld re-
finements

The composition of the XRD-sample was estimated by combined Pawley and Rietveld
refinements. The results are shown in Table 4.7.
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Table 4.7: Resulting composition from combined Pawley and Rietveld refinements of
diffractogram shown in Figure 4.21. Rwp and GOF were 10.55 and 4.2 in
respectively

Phase Amount [mol%]

ZrSi2 17
α-ZrSi 55
β-ZrSi 26
Zr3Si2 1
Zr5Si3 2
Zr2Si 1
α-Zr <1

SEM-images taken in BSE-mode are shown in Figure 4.22

Figure 4.22: SEM-images taken in BSE-mode of a sample taken from Zr+Si(600 ◦C, Ign.
in cylinder) (see Table 3.5) a) shows an area of the microstructure and com-
position that extended from the edge that was in contact of the igniter and
across the majority of the sample. In the EDS-map overlay, red refers to zir-
conium, yellow refers to zirconium silicides, and green refers to silicon. b)
shows an area of the microstructure that extends from the far edge from the
igniter contact point and inwards to before the middle of the sample.

The XRD-results indicate a nearly consumption of zirconium an silicon in formation of
a wide array of zirconium silicides, including the high-temperature phases β-ZrSi and
Zr5Si3. The SEM-images reveals that there is unreacted zirconium spread out in the sam-
ple. The SEM-results also show that the majority of the sample has a microstructure con-
sisting of relatively small zirconium particles embedded in a matrix of zirconium silicides,
while the edge of the cylinder (i.e. the part of the sample furthest away from the igniter
and most exposed to the furnace atmosphere) had a microstructure consisting of zirconium
silicides surrounding larger Zr-particles.
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4.3.3 SHS with inherent tube furnace gradient

After the experiment with the sample Zr+2Si(1400 ◦C, Temp. grad.), two different regions
with a defined border could be observed. The border was located where the temperature
was expected to be 1370–1376 ◦C based on the existing measurement of the furnace tem-
perature gradient (see section D.6). These regions were suspected to be a reacted region
and an unreacted region, and XRD-samples of the border between the regions and each re-
gions were characterized The resulting diffractograms from XRD of powder these samples
are shown in Figure 4.23
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Figure 4.23: Resulting diffractograms of powder samples taken from an alumina ship filled
with a lightly compacted attritor-milled Zr+2Si powder mixture which was
placed with one end in the center of the tube furnace, after heating to 1391 ◦C
at on end and approximately 1337 ◦C at the other. The indicators illustrate
which phases contributed to which peaks during combined Pawley and Ri-
etveld refinements

The composition of the XRD-samples was estimated with combined Pawley and Rietveld
refinement. The results are shown in Table 4.8.
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Table 4.8: Resulting compositions from combined Pawley and Rietveld refinements of
diffractograms shown in Figure 4.23. Rwp and GOF were 10.93 and 4.4 in
“Unreacted”, 12.56 and 4.8 in “Reaction front”, and 14.95 and 5.8 in “Reacted”

Amount [mol%] in
Phase Unreacted Reaction front Reacted

ZrSi2 8 66 93
α-ZrSi 3 4 2
β-ZrSi 10 1 <1
Zr2Si <1 <1 1
α-Zr 1 <1 4

Si 78 29 <1

‘SEM-images were taken in BSE-mode of the top of the sample (i.e. side exposed to
atmosphere) and the side of the sample, and the areas were also characterized by EDS-
mapping. The images with EDS-map overlay are shown in Figure 4.24

Figure 4.24: SEM-images taken in BSE-mode with EDS-map overlay of samples taken
from an alumina ship filled with a lightly compacted attritor-milled Zr+2Si
powder mixture which was placed with one end in the center of the tube
furnace, after heating to 1391 ◦C at on end and approximately 1337 ◦C at the
other. In the EDS-maps, red refers to zirconium, yellow refers zirconium
silicides, and green refers to silicon

The results indicate that both the regions were reacted to a degree, but the region referred
to as the reacted region is more reacted than the unreacted region. The “reacted” region
is in fact almost completely reacted. The concentration of ZrSi2 was increased from a
minor amount to being the main phase, and the concentration of other zirconium silicides
than ZrSi2 is reduced from a significant amount to only trace amounts. Figure 4.24 shows
that zirconium silicide is found as a shell-like structure on unreacted zirconium particles
in both zones, but that the “unreacted” zone contain unreacted silicon particles opposed
to “reacted” region. The absence of silicon particles in the most reacted zone indicates
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either complete consumption of silicon or formation of a liquid. The side of the sample,
both when studied by the naked aye and when imaged with SEM showed that the “reacted
zone” extended longer at the bottom of the sample i.e. than at the top of the sample.
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4.3.4 Summary of results

Table 4.9: The Zr-Si mixture and experiment configuration used in the SHS-experiments,
and the amount of product formed in different ares of the samples. The config-
urations are described in section 2.1.2

Mixture
Configuration

Igniter contact Igniter adjacent Rest

Experiments at room temperature

Zr+2Si
Independent igniter

Major amount of ZrSi2 No reaction -

Zr+2Si
Independent igniter No reaction No reaction -

Zr+2Si
Press in igniter No reaction No reaction No reaction

Zr+2Si
Igniter in filament No reaction No reaction No reaction a

Zr+Si
Igniter in filament

Small amounts of zirconium
silicides No reation No reaction

Experiments at 600 ◦C

Zr+2Si
Igniter in beam end

Trace amounts of ZrxSiy No reaction No reaction

Zr+2Si
Igniter in cylinder center

Major amount of ZrxSiy Minor amount of ZrxSiy No reaction

Zr+Si
Igniter in cylinder center

Mainly ZrxSiy Mainly ZrxSiy Mainly ZrxSiy

Experiment with furnace temperature gradient at 1400 ◦C

Reacted Reaction Front Unreacted

Zr+2Si
Termperature gradient

Mainly ZrxSiy Major amount of ZrxSiy Major amount of ZrxSiy
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4.4 Silicothermic reduction

4.4.1 Oxidation of zirconium powder

The zirconium powder heated to 1500 ◦C in a synthetic air atmosphere (see section 3.6.1
was characterized by XRD, resulting in the diffractogram shown in Figure 4.25

Figure 4.25: Diffractogram from powder XRD of zirconium powder heated to 1500 ◦C in
synthetic air

The diffractogram indicates that the zirconium powder was fully oxidized to ZrO2 after the
heat treatment, which made it possible to isolate the reaction shown in Eq. (2.18) between
ZrO2 and Si from the reaction between zirconium and silicon.

4.4.2 DSC/TGA measurement of siliocthermic reduction

Shortly after reaching the maximum temperature of the DSC/TGA measurements (1550 ◦C),
the platinum sample holder broke, which caused the apparatus to perform an emergency
shut-down. Figure 4.26 shows the TGA- and DSC measurements from start to shut-down.
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Figure 4.26: DSC/TGA characerization of a ZrO2 and Si powder mixture in an alumina
crucible in argon atmosphere during heating to 1550 ◦C

Figure 4.26 indicates a large mass loss occurring simultaneously as one or more reactions
which is in sum is highly endothermic. The mass loss is attributed to formation of SiO
(g) by reduction of ZrO2 by Si. The absorbed heat is in part attirbuted to this reaction, in
addition to melting of silicon. Figure 4.27 shows the resulting diffractogram from powder
XRD of the analyzed powder, and which phases makes a major contribution to each peak
during the Rietveld refinement.
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Figure 4.27: Diffractogram from powder XRD of ZrO2 and Si powder mixture analyzed
with TGA/DSC. Which phase(s) contributed to each peaks during Pawley
and Rietveld refinement is shown by the indicators

Figure 4.27 shows the resulting diffractogram from XRD of the ZrO2-Si after the DSC/TGA
-measurement. Which phases made a major contribution to each peak during combined
Pawley and Rietveld refinement is shown with indicators. The resulting composition is
shown in Table 4.10, along with the composition of the sample before the DSC/TGA mea-
surement.

Table 4.10: Composition of ZrO2-Si sample before DSC/TGA measurement, and after
measurement which was given by combined Pawley and Rietveld refinement
of the diffractogram shown in Figure 4.27. Rwp and GOF were 8,72 and 2,3
respectively

Amount [mol%] in
Compound Initial mixture After DSC/TGA

ZrSi2 0 10
ZrO2 24 21

Si 76 59
SiO2 0 10

By elements [mol%]
Zr 8 10
Si 76 69
O 16 21
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The compositions in Table 4.10 show that the amount of elemental silicon was substan-
tially reduced after the DSC/TGA measurement. However, not all the reacted silicon was
depleted from the sample, but rather reacted to SiO2. The ZrSi2 found in the sample after
the thermal analysis can only have been formed (at least at measurable level) by reduction
of ZrO2 by silicon as the ZrO2-powder contained did not contain a measurable amount of
Zr.

4.5 Reactivity between zirconium silicides and precursors
The diffractograms of each heat treated sample is given in section E. The resulting compo-
sition from combined Pawley and Rietveld refinement of these diffractograms are shown
in Table 4.11

Table 4.11: Resulting compositions from combined Pawley and Rietveld refinement of
diffractograms of samples generated by the experiments presented in sec-
tion 3.6.2

3Zr + Si ZrSi2+Zr Zr(3)Si + 5Si

Max temperature [◦C]
Dwell time [h]

1500
1

1500
1

1400
-

1500
1

1400
-

α-Zr [at.%] 29 34 28 - -

Zr2Si [at.%] 69 64 42 - -

Zr3Si2 [at.%] 2 2 5 - -

α-ZrSi [at.%] - - 2 3 -

β-ZrSi [at.%] - - 23 - -

ZrSi2 [at.%] - - 2 97 100

Diffractogram Figure E8 Figure E9 Figure E10 Figure E11 Figure E12
Rwp 8.7 16.6 17.07 9.7 10.4
GOF 2.3 3.8 8.2 6.3 6.3
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5
Discussion

Since this thesis revolves around SHS, the results of the SHS-experiments will be inter-
preted and discussed first. These discussions will be divided into reaction completeness,
factors that affected ignition of the mixture, and factors that affected the propagation of
the reaction. Some figures from the results will be combined and presented to highlight
the significance of the results. The following discussions of the results from co-milling
of zirconium and silicon, development of SHS-reactor, silicothermic reduction, and re-
activity between zirconium silicides and precursors will be tied to the discussions of the
SHS-experiments.

5.1 SHS experiments
All together, a self-propagating synthesis of ZrSi2 was not achieved in this thesis. Since
the synthesis has been shown to be viable in previous literature, there must be features of
the experiments in this thesis that causes sub-optimal synthesis conditions for ignition and
propagation of the combustion reaction. Pinpointing these features may give insight on
which factors affect the synthesis, and which requirements there are for a self-propagating
combustion reaction.

5.1.1 Reaction completeness in different experiments
From the results of the SHS experiments, summarized in Table 4.9, four main types of
synthesis completion can be defined:

1. Initiation of silicon melt and formation of zirconium silicides. Observed in SEM-
images of Zr+Si(Room temp, Ign. in fila), and assumed to have occured in Zr+2Si(Room
temp, Indep. Ign)1 and Zr+2Si(600 ◦C, Ign. in beam).

2. Ignition of Zr-Si mixture and establishment of combustion front. Observed in SEM-
images of Zr+2Si(600 ◦C, Ign. in cylinder).
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3. Ignition of Zr-Si mixture and semi-complete propagation. Observed in SEM-images
of Zr+2Si(1400 ◦C, Temp. grad.).

4. Ignition of Zr-Si mixture and complete propagation. Observed in SEM-images of
Zr+Si(600 ◦C, Ign. in cylinder).

Even though the first type involves formation of zirconium silicides from a silicon melt,
it will not be considered as ignition of the Zr-Si mixture as the reactivity was too low to
establish a reaction front. SEM-images of the four types are shown in Figure 5.1

Figure 5.1: SEM-images showing four types of synthesis completion. a) is an image of
Zr+Si(Room temp, Ign. in fila.) and depicts initiation of silicon melt and
formation of zirconium silicides without ignition in the Zr-Si mixture. b) is
an image of Zr+2Si(600 ◦C, Ign. in cylinder) and depicts combustion at the
igniter contact point, and establishment of combustion front adjacent to the
igniter, but no propagation. c) is an image of of Zr+2Si(1400 ◦C, Temp. grad.)
and depicts well-defined border between a nearly completely reacted zone and
a somewhat reacted zone. d) is an image of Zr+Si(600 ◦C, Ign. in cylinder)
and depicts the microstructure of the nearly fully reacted sample. Experimental
details of each sample is given in Table 3.5.
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5.1.2 Effect of synthesis temperature and igniter explosivity on the
ignition of Zr-Si mixtures

At room temperature, the results indicate that a silicon melt and formation of zirconium
silicides was only initiated in samples Zr+2Si(Room temp, Indep. Ign.)1 and Zr+Si(Room
temp., Ign. in fila.). A key difference between these samples and the samples that did not
react at room temperature was that igniter that appeared to have been melted was stuck to
the sample after the experiments. The explosive nature of the igniter was reflected in all
these experiments, especially in the unreacted sample Zr+2Si(Room temp, Indep. Ign.)2
where the explosive force was enough to split the alumina tube the sample was contained
in (see section D.3). When the igniter was pressed in to the Zr-Si beam as in Zr+2Si(Room
temp, Pressed in Ign), it exploded away from the beam and may thus have been unable to
transfer a sufficient amount of heat to the Zr-Si sample.

The experiments at 600 ◦C allowed the pellet to be incorporated into the center of the
samples, which was done in samples Zr+2Si(600 ◦C, Ign. in cylinder) and Zr+Si(600 ◦C,
Ign. in cylinder). These samples were successfully ignited, which in part can be attributed
to better heat transfer from igniter to Zr-Si mixture as the igniter did not explode away.
The higher temperature in the samples and tube furnace did also reduce the required heat
transmission and the heat dissipation from sample to furnace atmosphere. The contribu-
tion of the higher temperature is reflected in the difference between Zr+2Si(Room temp,
Pressed in ign.) and Zr+Si(600 ◦C, Ign. in beam) where the only difference between the
samples was the temperature the experiment was done at. The sample from the room tem-
perature experiment did not react, while formation of zirconium silicides was initiated in
the sample from the experiment at 600 ◦C. In turn, synthesis completion of this sample
compared to the synthesis completion of the two other samples at 600 ◦C indicates that the
positive effect of having the igniter contained in the center of the sample was larger than
the positive effect of increased synthesis temperature.

5.1.3 Propagation of combustion in a Zr-Si mixture
Effect of heat dissipation, reaction mechanism, and zirconium particle size

The results show that the samples Zr+2Si(600 ◦C, Ign. in cylinder), Zr+Si(600 ◦C, Ign. in
cylinder), and Zr+2Si(1400 ◦C, Temp gradient) were successfully ignited and propagation
was initiated, but that only sample Zr+Si(600 ◦C) experienced full propagation.

Effect of heat dissipation

Figure 5.1b indicates that heat was dissipated from the combustion front faster than heat
was generated as the propagation was extinguished. In the set-up of the SHS-experiments,
the tube furnace can in regard to heat transfer be seen as an infinitely large atmosphere
compared to the small samples. In addition, the argon flux causes forced convection, which
increases the heat transfer. It is likely that heat dissipation from the samples to the furnace
atmosphere played a detrimental role in the results of the SHS-experiments. As imaged
in Figure D6, Zr+2Si(600 ◦C, Ign. in cylinder) and Zr+Si(600 ◦C, Ign. in cylinder) were
cracked upon upon ignition of the igniter, so heat dissipation to the furnace atmosphere
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may have played a key role in the extinguishing of the combustion front in Zr+Si(600 ◦C,
Ign. in cylinder).

Effect of reaction mechanism and zirconium particle size

As ZrSi has a lower formation enthalpy than ZrSi2, (see Table 2.2) and subsequently a
higher combustion temperature (see Table 2.3) it is expected that the combustion in a
Zr+Si mixture is less sensitive than in a Zr+2Si mixture since the ignition in both is caused
by formation of the same liquid. However, the difference in reaction mechanism in the
Zr+Si mixtures and Zr+2Si mixtures may have a substantial influence. In section 2.6.1 the
findings by Bertolino et al. [67] and available data on the Zr-Si system was used to deter-
mine that the reaction mechanism during combustion of a Zr+Si mixture is a liquid-liquid
reaction, and a solid-liquid reaction in Zr+2Si mixture. This is reflected by Figure 5.1b
and Figure 5.1d. In Figure 5.1d the unreacted zirconium particles are significantly smaller
than in Figure 5.1b, and the zirconium silicide phase is not mainly found as a shell around
zirconium particles as in Figure 5.1b. This indicates that the zirconium particles were dis-
solved in the melt during combustion in the Zr+Si mixture, but not in the Zr+2Si mixture.
This makes the Zr+Si mixture less sensitive to the particle size in the zirconium powder
since combustion does not rely on diffusion of liquid silicon into the zirconium particles.

The microstructure at the bottom of the Zr+Si(600 ◦C, Ign. in cylinder) sample was differ-
ent from the microstructure in the rest of the sample, as shown in Figure 4.22b. This mi-
crostructure consisted of larger unreacted zirconium particles surrounded by a zirconium
silicide shell, which indicate that combustion in this area did not involve liquid-liquid
interaction, but interaction between solid zirconium and liquid silicon. This shows that
propagation can occur in a Zr+Si mixture even though the temperature is too low to initi-
ate the liquid-liquid interactions that govern the combustion at ideal conditions. This may
be the case for all Zr-Si mixtures that react by liquid-liquid mechanisms. However, the
product may contain unreacted zirconium even though the reaction propagates throughout
the sample.

Hence, the incomplete propagation in Zr+2Si(600 ◦C, Ign. in cylinder) can be partly at-
tributed to the zirconium powder particles being too large. A high reaction rate is one of
the most important requirements in SHS since the heat generated by the combustion com-
petes with heat dissipation in the sample and to the surroundings, and extended diffusion
distance from the molten silicon to the zirconium particles vastly reduces the reaction rate.

The effect of solid-state diffusion

The results of experiment done on sample Zr+2Si(1400 ◦C, Temp-grad) indicated a clear
boundary between a nearly completely reacted zone and a less reacted zone. The mi-
crostructure in the sample (imaged in Figure 5.1c) indicates that the unreacted zone only
reacted by solid-state diffusion. The figure also illustrates an absence of silicon particles
in the most reacted zone, which was attributed to either formation of a liquid or complete
reaction of silicon. The complete absence opposed to large presence of silicon particles
suggests significantly higher reaction rate in the most reacted zone, which in turn verifies
that a liquid was formed. The XRD results show that the the composition in the least re-
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acted zone consists of similar amounts of ZrSi2 and ZrSi, while the most reacted zone is
almost pure ZrSi2. This indicates that the main differences between the zones is a more
complete reaction between silicon and zirconium, and reaction between ZrSi and Si to
form ZrSi2 by the reaction shown in Eq. (2.21).

The temperature in most of the sample, including at the boundary, is expected to have
been above the ignition temperature of Zr-Si mixtures. This leads to ambiguation on how
the boundary occurred. One possibility is that the hottest part of the mixture, i.e. the
side of the sample that was in the middle of the furnace was ignited and the combustion
propagated outwards where the temperature was below the ignition temperature until the
propagation stopped and thus creating the boundary. Another possibility is that the reaction
did not propagate due to the dissipation of heat to the furnace atmosphere being equal to
the generation of heat during combustion, and that each part of the sample reacted when
it reached the ignition temperature by heating from the furnace. Since the reacted zone
was longer in the bottom of the sample than the top of the sample, there has probably been
propagation at least at the bottom. Either way, the results give some interesting insight
into the negative effect of solid-state diffusion before ignition.

As discussed in section 2.6.1 and illustrated in Eq. (2.19), Eq. (2.20), and Eq. (2.21), the
products of solid-state diffusion reduces the exothermicity of combustion as the reaction
enthalpies for formation of ZrSi2 between zirconium silicides and silicon is less negative
than the reaction enthalpy between zirconium and silicon. This leads to less release of
reaction heat during combustion, and hence a lower combustion temperature and less heat
supplied to adjacent mixture. The fact that there was insufficient generated heat to prop-
agate the reaction across a temperature gradient of a little over 50 ◦C reflects the loss of
exothermicity in the mixture.

The maximum temperature in the furnace atmosphere at the point of the boundary is es-
timated to have been 1370–1376 ◦C, which is significantly above the ignition temperature
of 1356 ◦C in the preceding work for this thesis. The heating rate during the investigation
of ignition temperature in the preceding work was three times faster than the heating rate
in the temperature gradient experiment in this thesis, so less solid-state diffusion products
is expected. As previously discussed, this results in a more reactive mixture. Since melt-
ing occurs gradually over a temperature interval, this difference in ignition temperature
suggests that less liquid was required for ignition in the preceding work than in the tem-
perature gradient experiment in this thesis, which reflects the difference in reactivity in the
mixtures. All in all, the difference in ignition temperatures indicates that extensive solid-
state diffusion may increase the ignition temperature. The most viable way of decreasing
the solid-state diffusion before ignition in combustion synthesis, including both volume
synthesis and self-propagating synthesis, is to increase the heating rate. As the heating
rate in the tube furnace utilized in this experiment was only 200 ◦C h−1, it should be man-
ageable to achieve far less solid-state diffusion than what was observed in Zr+2Si(1400 ◦C,
Temp. grad.).
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5.1.4 SHS of ZrSi2 compared to SHS of MoSi2

Of all the challenges related to SHS of ZrSi2, only the sensitivity to zirconium particle size
stands out as a bigger challenge in ZrSi2 than in MoSi2. The other challenges – explosivity
in igniter, depletion of supplied heat, and reduced exothermicity from solid-state diffusion
– are expected to have nearly the same negative effect on SHS of MoSi2 based on the
information presented in section 2.5.1.

5.2 Co-milling of zirconium and silicon

The XRD characterization of the attritor-milled Zr+2Si mixtures shows that isopropanol
is a viable milling dispersant, as neither zirconium or silicon reacted (see Figure 4.5).
The results also illustrate the influence of size of the milling medium, as the zirconium
particles were extensively flattened when 5 mm balls were used, but not when 2 mm balls
were used. As discussed in section 2.6.1, an advantage of the flattening is that the mixture
can become more active, but there are advantages related to further pre-treatment of the
powder. It is therefore important to be able to predict if flattening will occur or not, and
these results illustrate the influence of the chosen milling media.

The peak broadening observed in zirconium can be attributed to microscopic strain, which
is more likely to occur in the ductile zirconium than the brittle easily crushed silicon, which
in turn is reflected in the lack of peak broadening in silicon. Broadening of one silicon peak
was observed, but peak broadening caused microscopic strain should be independent of the
crystallographic planes. The extinguishing of the combustion front observed in an ignited
Zr+2Si mixture shown in Figure 5.1b was partly attributed to the large size of the zirco-
nium particles causing an insufficient reaction rate. To further reduce the particle size in an
attritor-mill, which is a convenient milling apparatus for milling on a large scale, the force
subjected to mixture may be increased and the size of milling media can be decreased.
Additionally, the hydride-dehydride process described in section 2.4.3 can be utilized to
embrittle zirconium easier and hence make it more millable. This process does however
require heating of the mixture to liberate the hydrogen, but the added heat could be uti-
lized if the SHS is done while mixture is still hot after hydrogen liberation. As explained in
section 2.4.3, hydrogen is completely liberated at 800 ◦C, which would be unusually high
as a pre-heating temperature in SHS, and if extended time at this temperature is required
for complete liberation, solid-state diffusion may occur to a significant extent in the mix-
ture. However, it may not be necessary to liberate all the hydrogen before synthesis as the
zirconium may be sufficiently reactive even with a significant concentration of dissolved
hydrogen, and the combustion heat may liberate the rest of the hydrogen gas.

5.3 The SHS-experiment set-up

The thermal analysis of the Mg-BaO2 mixture and the glow observed in the heating fila-
ment during current flow is shown in Figure 5.2.
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Figure 5.2: Results of pre-experiment leading to the conclusion that resistive heating com-
bined with chemical ignition could be used in the room temperature SHS ex-
periments. a) shows the observed glow in a Kanthal A filament when a voltage
of 11 V was applied, and b) shows a DSC/TGA-analysis of a Mg-BaO2 powder
mixture heated to 600 ◦C and cooled back down
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The almost white glow observed in the filament and the highly exothermic ignition of the
chemical igniter at 550 ◦Clead to the conclusion that the combination of the two could
achieve high enough temperature to ignite the Zr+2Si mixture with the voltage and am-
perage that could be applied by the available equipment. As discussed in section 5.1.2,
this was confirmed by the results of the SHS-experiments, but also indicated that the ex-
plosivity reflected in the TGA-curve in Figure 5.2b was a disadvantage. In fact, in the
experiments where the Zr-Si was not ignited, this was mainly attributed to the explosivity
of the igniter. As discussed in section 2.2.2, the release of oxygen gas could be reduced
by increasing the reaction rate of oxidation of magnesium e.g. by using a finer magne-
sium powder. However, since the igniter seemed to melt when ignited but still exploded
due to rapid release of oxygen gas, the effect of decreased magnesium particle size can be
considered insufficient.

Explosivity may be a common challenge when using chemical igniters in general, as the
reaction they utilize often produce a gas. As discussed in section 5.1.2, encapsulating
the igniter so it does not explode away from the Zr-Si mixture increases the efficiency.
Therefore, chemical igniters may be more effective in a compact set-up where exploding
igniter is restricted to be within or in contact with the sample. In such a configuration, the
sudden pressure increase from the igniter may even give a shock wave effect. This was
presented as an independent way of ignition in section 2.1.2, so the combined pressure
increase and heat release from a chemical igniter could be beneficial if well-utilized in
SHS.

5.4 Silicothermic reduction

5.4.1 Reactivity
The results in section 4.4 gives some insight on the reactivity of silicothermic reduction at
the temperatures achieved during SHS. The reaction shown in Eq. (2.18) was successfully
isolated as zirconium powder used in the experiment was completely oxidized. Thus, the
presence of a substantial amount of ZrSi2 after the thermal analysis indicates that ZrO2
must have been reduced by silicon. Even though the composition of the sample (ZrO2 +
3Si) was less silicon-rich than the stoichiometric composition corresponding to complete
reaction to ZrSi2 (ZrO2 + 4Si), no other silicides than ZrSi2 were indicated by XRD. This
reflects that the reduction of ZrO2 was incomplete, but may also indicate that the reaction
between zirconium and silicon to form ZrSi2 is faster than the reduction of ZrO2 and
silicon.

5.4.2 Relevance for SHS
The results of the thermal analysis of the ZrO2+3Si mixture and the subsequent XRD
characterization shows that the reactivity is significant at the temperatures achieved during
SHS, and that the reaction absorbs heat and depletes silicon either by evaporating it out the
sample as SiO(g). If the produced SiO(g) was to be contained within the sample, it may
self-react to form Si and SiO2 which reduces silicon depletion but introduces SiO2 impuri-
ties. The quantitative XRD results shows that the reaction is incomplete, which should be
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expected from the low vapor pressure of SiO in the reaction (see Figure 2.10. The effect
of silicothermic reduction during SHS could not be estimated from the results of the SHS
experiments as the experiments were mostly unsuccessful in achieving complete combus-
tion. Based on the results from the isolated experiments on silicothermic reduction, it is
expected to have a low effect on SHS due to the relatively low oxide content in zirconium
and silicon powders.

5.5 Reactivity between zirconium silicides and precursors

5.5.1 Reactivity of silicon versus reactivity of zirconium
The results in Table 4.11 indicate that when heated to 1500 ◦C and held for 1 hour, zirco-
nium reacts completely with the existent zirconium silicides. At these conditions, solid-
state diffusion is fast enough to facilitate the complete reactions as the samples are at a
temperature above 1000 ◦C for six hours (200 ◦C h−1 heating and cooling rate). However,
when only heating to 1400 ◦C and cooling back down without dwelling the product of the
reaction between zirconium and zirconium silicides changed significantly. Specifically,
the results indicate that less Zr2Si and ZrSi was present in the final product as opposed
to the experiment at 1500 ◦C. Similar results were obtained by Bertolino et al. [67] in
experiments with diffusion couples. They found that only ZrSi2 and ZrSi was formed at
the Zr-Si interface up to 1570 ◦C, where Zr2Si. This indicates that the temperature in the
sample must have exceeded the furnace temperature in the heat treatment of zirconium and
zirconium silicide by a significant amount. As discussed in section 5.1.3 this is unlikely,
but the trend is similar to the findings by Bertolino et al. [67].

The reaction between silicon and zirconium silicides is essentially completed at both
1500 ◦C with 1 hour dwell and at 1400 ◦C with no dwell. Thus, silicon appears to be
more reactive with zirconium silicides than zirconium with zirconium silicides at 1400 ◦C
which can be attributed to the presence of a silicon melt or silicon-rich eutectic. The su-
perior reactivity of silicon is also reflected in that no Zr3Si was formed during heating of
3Zr+Si to 1500 ◦C with one hour dwell.

5.6 Relevance to SHS
The results show that at the temperatures achieved during SHS of ZrSi2, silicon is signif-
icantly more active than zirconium in the formation of zirconium silicides. The results
from heat treatment of silicon of with zirconium silicides support the observations that
zirconium-rich silicides formed by solid-state diffusion before ignition can be re-reacted
with silicon to form ZrSi2 in the combustion front. The results from heat treatment of
zirconium with zirconium silicides is not of much interest in SHS of ZrSi2, but may be of
interest in SHS of the other more zirconium rich silicides.

At optimal conditions, synthesis of other zirconium silicides than ZrSi2 achieves a high
enough temperature to melt both silicon and ZrSi2, and some even reach a high enough
temperature to melt zirconium and some zirconium rich silicides. However, extensive
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solid-state diffusion can reduce the combustion temperature. Dalene [6] and Bertolino et
al. [67] found that ZrSi2 is formed during solid-state diffusion. If the combustion tem-
perature has been lowered to below the melting point of ZrSi2, which is the case in the
experiments between zirconium and zirconium silicides in this thesis, reaction of ZrSi2
with the zirconium to form the desired product must happen through solid-state diffu-
sion. As shown in the experiment where zirconium and zirconium silicides were heated to
1400 ◦C and cooled back down with no dwelling, this reaction is likely to be incomplete
and the product may therefore be impure.

To summarize, “addition” of zirconium to “wrong” zirconium silicides that have been
formed before ignition is more difficult than “addition” of silicon to “wrong” zirconium
silicides, which makes SHS of zirconium-rich silicides more vulnerable to impurities
formed by solid-state diffusion.

Remarks on SEM results of Zr+2Si_RT_Ign-in-fila: The results indicate that zirconium
silicides only were formed in the contact point with the igniter, and that this formation was
initiated by melting of silicon by the igniter mixture. The microstructure of the zirconium
silicides have a “grainy” appearance, and the phase is mostly located around unreacted
zirconium.

Remarks on igniter explosion in Zr+2Si_RT_Indep-Ign1 Even though the DSC/TGA-
analysis of the igniter with magnesium powder does not reflect this behaviour (see Fig-
ure 3.7) this behaviour is well-reflected in the DSC/TGA-analysis of the igniter with mag-
nesium powder and the melt can be attributed to melting of the igniter reactants. Both the
increase in oxygen release and melting of reactants can in turn be attributed to the rapid
exothermic reaction between magnesium and BaO2.
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6.0.1 Factors causing incomplete SHS
Synthesis of ZrSi2 in the reactor developed in this thesis was unsuccessful. This has been
attributed to:

• Insufficient heating of the Zr-Si mixtures by the Mg-BaO2 igniter. It was shown
that the igniter reached a high enough temperature to ignite the mixtures, but that to
much of the generated heat was dissipated due to the explosive nature of the igniter.
The use of the chemical igniter could however be promising in a more compact
set-up as it can offer ignition by both heating and shock wave

• Dissipation of heat from Zr-Si mixtures and into the furnace atmosphere was consid-
ered to have a detrimental effect on the ignition and propagation of the combustion
reaction due to the small samples compared to the atmosphere and the forced con-
vection caused by the argon flux.

• Insufficient milling of zirconium in Zr-Si mixtures. The high sensitivity to zirco-
nium particle size was shown to be related to the reaction mechanism in the com-
bustion formation of ZrSi2 as propagation of the combustion formation of ZrSi was
successful. The combustion formation mechanism of ZrSi resembles the combustion
formation mechanism in MoSi2, which indicates the SHS of ZrSi2 is more senstive
to zirconium particle size than SHS of MoSi2.

• Reduced exothermicity from solid-state diffusion before ignition. It was shown that
extensive solid-state diffusion before ignition reduced the exothermicity of a Zr+2Si
mixture to the extent that the “combustion” was unable to release heat quicker than
the heat was dissipated to an argon atmosphere with a temperature only some tens
of ◦C lower than the ignited sample. The experiment where this effect was observed
is not especially representative of SHS, and the effect is expected the pre-heating
temperature is high and the heating rate is slow, or for volume synthesis with a low
heating rate.
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• Most of these factors are expected to be accounted for in large-scale SHS, and are
therefore not considered to be detrimental for development of large-scale SHS of
ZrSi2. MoSi2 has been produced on a large scale by SHS, and only the sensitivity
to the metal particle size (Mo or Zr) is expected to be of higher significance in syn-
thesis of ZrSi2. Large zirconium particles can be accounted for by increased milling
force, reduced milling medium, or embrittlement of zirconium during milling by the
hydride-dehydride process.

6.0.2 Reactions general for the Zr-Si system
Silicothermic reduction and reactivity between zirconium silicides and zirconium or sili-
con was studied. Some conclusions can be drawn from these experiments:

• Silicothermic reduction was shown to be a possible parasite reaction during combus-
tion in the Zr-Si system that absorbs heat and depletes silicon. Due to the relatively
low oxide content and the low yield of silicothermic reduction, it is expected to have
a negligible effect on SHS, but the effect will increase with increasing amount of
particle surface oxides.

• ZrSi2 is expected to be most vulnerable to being “deactivated” by solid-state diffu-
sion of all the zirconium silicides as it has the lowest combustion temperature, but
is expected to be the least vulnerable to presence of zirconium silicide impurities
formed by solid-state diffusion in the final product, given that the combustion is
fully propagated through the sample. However, the effect of this on SHS at room
temperature is considered to be negligible as there will too little time for solid-state
diffusion to occur in a significant degree before combustion.
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7.1 Future studies of SHS of ZrSi2
Based on the results of this thesis, future studies of SHS of zirconium silicides should uti-
lize a more compact SHS-reactor. That is, the sample should completely fill the reactor, so
the green reactive mixtures can be reacted directly without pre-synthesis pressing, the dis-
sipation of heat is reduced, and explosive chemical igniter can be used for ignition without
dissipation of the heat generated by the igniter. A more repeatable and robust SHS synthe-
sis is required to study the possible effect of silicothermic reduction as well. Other heating
techniques should be studied as well. Laser heating could be a promising alternative as
it can be extremely rapid, which can make it easier to study the ignition and propagation
in detail. Microwave heating has a poor performance at low temperature but its perfor-
mance increases with temperature, and especially in silicon as this is a semiconductor. So,
applying microwave heating after a sample is ignited by another technique can make the
combustion wave more robust while maintaining the steep temperature gradient between
reaction front and unreacted mixture. This can be especially helpful as the combustion
temperature in ZrSi2 is close to the ignition temperature.

7.2 Large scale synthesis of ZrSi2 by SHS
Based on the literature review and the conclusions drawn from the experiments, some ideas
regarding an efficient large scale synthesis route of ZrSi2 have emerged.

7.2.1 SHS from ZrH2 and Si
Since it was concluded that zirconium was insufficiently milled before SHS, it may be
necessary to utilize the the hydride-dehydride technique to obtain sufficiently small zir-
conium particles. As discussed in section 5.2the temperature where hydrogen is com-
pletely liberated is higher than what is usually used for pre-heated SHS. However, SHS
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with 600 ◦C, only 200 ◦C was used in this thesis without signs of detrimental solid-state
diffusion. Additionally, complete dehydration may not be required to obtain sufficiently
reactive zirconium, and the combustion will liberate hydrogen. However, since the lib-
eration of hydrogen is an endotherm reaction it may be absorb significant heat from the
combustion wave.

All in all, the required hydration to achieve sufficient embrittlement and the required dehy-
dration to achieve sufficient reactivity would be important to optimized, which may require
empiric studies of the proposed synthesis route.

7.2.2 SHS from ZrO2 and Si
An interesting study was done by Cho et al. [72], who synthesized ZrSi2 from ZrSiO4,
SiO2, and Mg through a thermite type reaction. This reaction requires a large amount of
magnesium, and results in impurities of ZrSi. However, by using silicon instead of SiO2,
the required amount of magnesium is reduced. ZrSiO4 is one of the main raw materials
used to produce zirconium, and the process that is used (Kroll process), involves redcution
of ZrCl2by magnesium [34]. So from a standpoint of atom economy, the consumption
of magnesium in this SHS reaction is justified. Additionally, the use of silicon instead
of SiO2 may result in a purer product as SiO2-reduction step is removed which makes
the silicon more available for reaction, and there is less risk of formation of SiO(g) from
reduced silicon and SiO2.

Considering the complete route from raw materials to ZrSi2, this reaction route bypasses
the refinement process of zirconium from raw materials, which may result in substantial
economic and energetic savings.
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Appendices

A Estimation of SiO(g) partial pressure
In this thesis, the partial pressure of SiO(g) as a result of different reactions is estimated
in a temperature range by determining the equilibrium constant of the reaction at discrete
temperatures based on the Gibbs free energy of the reaction. For the reaction

iA(s, l) + jB(s, l −→ nC(s, l) +mD(g) ↑ (A.1)

the partial pressure of D(g) (which corresponds to SiO(g) for the applications in this thesis)
can be estimated through the equations:

∆rG(T ) = −RT lnK(T ) (A.2)

where ∆rG(T ) is the Gibbs free energy of the reaction at the given temperature R is the
universal gas constant (8.314 J K−1 mol−1) T is the given temperature, and K(T ) is the
equilibrium constant at the given temperature which in turn is described by

K(T ) =
anC(s, l)a

m
D(g)

aiA(s, l)aB(s, l)

(A.3)

where anC(s, l) is the chemical activity of substance C(s, l) in the reaction in Eq. (A.1), etc.
The partial pressure of D(g) can be estimated at discrete temperatures by solving Eq. (A.2)
for K(T ), and assuming that the chemical activity of condensed phases is 1 and that the
activity of a gas is equal to it’s partial pressure divided by the standard pressure (1 bar).
∆rG(T ) is in turn calculated by

∆rG(T ) = n∆fGC(s, l)(T )+m∆fGD(g)(T )−i∆fGA(s, l)(T )−j∆fGB(s, l)(T ) (A.4)

where ∆fGC(s, l) is the Gibbs free energy formation of substance C(s, l) at temperature T
etc., which was collected from HSC Chemistry . referanse
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B Properties of reactants
Table B1 summarizes a selection of compound properties presented in chapter 2. The
selection is made based on which properties will be compared between the compounds as
part of discussion of expected system behavior or observed results. The table serves as a
clear and easy way to verify the comparisons that are made during discussion.

Table B1: Collection of presented chemical and mechanical properties zirconium and sil-
icon compounds

Property Zr Si ZrO2 SiO2

Density
[g cm−3] 6.51 cd: 2.33

Liquid: 2.54

Phase transition
temperature

(at 1 bar) [◦C]

hcp→ bcc: 862
bcc→ liquid: 1857 cd→liquid: 1412

α→ β: 1205
β → γ: 1525-2377

Fracture toughness
[MPa m1/2]

0.6

E-modulus
[GPa] 91-98.8 130-169

Stress-strain response ductile brittle below 607 ◦C

UTS
[MPa] 280

max strain
[%] 55

∆fG
−◦

[kJ mol−1] 0 0 -1043 -856
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C Customized flange
The sketch the flange used for room temperature SHS was based on is shown in Fig-
ure C1a, and the technical drawing used for machining of the flange is shown in Fig-
ure C1b.

Figure C1: Drawings of the custom flange needed for the room temperature experiments.
a) is the initial sketch, and b) is the technical drawing used for machining of
the flange.
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D Observations during SHS

During the SHS-experiments, some interesting observations were made simply by the
naked the eye, and these observations were photographed. These photographs are listed
below.

D.1 Heating of igniter in tube furnace

The course of events during an heating of the an igniter during SHS-experiments was
filmed, and stills from the video are shown in Figure D2.

Figure D2: Images of course of events during an SHS-experiment. a) shows the filament
glowing when a current is passed through, b) shows the explosion of the igniter
pellet, c) shows a fading glow likely coming from the igniter, and d) shows that
the glow from both filament and igniter disappears after the explosion

D.2 Zr+2Si(Room temp, Indep. Ign)1 after experiment

Figure D3 shows an image from above and one of the side in contact with the igniter of
the sample Zr+2Si(Room temp, Indep. Ign)1 (see Table 3.5).
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Figure D3: Images of the sample Zr+2Si(Room temp, Indep. Ign)1 (see Table 3.5). a) is a
top view of the sample, and b) is an image of the side that was in contact with
the igniter

D.3 Cracking of alumina tube by Zr+2Si(Room temp, Indep. Ign)2

The alumina tube and the part of the sample Zr+2Si(Room temp, Indep. Ign)2 (see Ta-
ble 3.5) that was in contact with the igniter is shown in Figure D4

Figure D4: Image of alumina tube sample container and part of Zr+2Si beam that was
in contact with igniter during a room temperature SHS experiment where the
filament was adjacent to the igniter pellet which was in contact with the Zr+2Si
beam

D.4 Igniter pieces on Zr+Si(Room temp, Ign. in fila.)

Figure D5 shows an image of the sample Zr+Si(Room temp, Ign. in fila.) (see Table 3.5)
after the experiment.
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Figure D5: Zr+Si(Room temp, Ign. in fila.) (see Table 3.5) after experiment. The small
white pieces are pieces of the exploding igniter.
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D.5 Samples Zr+2Si(600 ◦C, Ign. in cylinder) and Zr+2Si(600 ◦C,
Ign. in cylinder) before and after the experiment

Figure D6: Images of Samples Zr+2Si(600 ◦C, Ign. in cylinder) and Zr+2Si(600 ◦C, Ign.
in cylinder) a) before and b) after the experiment

D.6 Zr+2Si(1400 ◦C, Temp. grad.) after synthesis

A top view of the sample Zr+2Si(1400 ◦C, Temp. grad.) (see Table 3.5) after the experi-
ment is shown in Figure D7.
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Figure D7: Top view of Zr+2Si(1400 ◦C, Temp. grad.) (see Table 3.5) after the experiment
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E Reactivity between zirconium silicides and precursors
- diffractograms

The diffractograms used to determine the compositions in Table 4.11 by combined Pawley
and Rietveld refinement are presented below.

E.1 3Zr + Si

Figure E8: The resulting diffractogram of XRD of the sample “3Zr+Si”(see section 3.6.2)
at 1500 ◦C for one hour, with a heating rate of 200 ◦C h−1. Which phases
contribute to each peak is shown with indicators.
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E.2 ZrSi2 + 3Zr

Figure E9: The resulting diffractogram of XRD of the sample “ZrSi2+Zr” (see sec-
tion 3.6.2) after it was heated and held at 1500 ◦C for one hour, with a heating
rate of 200 ◦C h−1. Which phases contribute to each peak is shown with indi-
cators.
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Figure E10: The resulting diffractogram of XRD of the sample “ZrSi2+Zr”(see sec-
tion 3.6.2) after it was heated to 1400 ◦C with a heating rate of 200 ◦C h−1.
Which phases contribute to each peak is shown with indicators.
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E.3 Zr(3)Si + 5Si

Figure E11: The resulting diffractogram of XRD of the mixture “Zr(3)Si + 5 Si” (see sec-
tion 3.6.2), after it was heated and held at 1500 ◦C for one hour, with a heating
rate of 200 ◦C h−1. Which phases contribute to each peak is shown with in-
dicators.
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Figure E12: The resulting diffractogram of XRD of the mixture “Zr(3)Si + 5 Si” (see sec-
tion 3.6.2), after it was heated to 1400 ◦C with a heating rate of 200 ◦C h−1.
Which phases contribute to each peak is shown with indicators.
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F Documentation for received powders
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Result Analysis Report

Vol. Weighted Mean D[4,3]:

%

m²/g

Surface Weighted Mean D[3,2]:

0.82 21.527

Accessory Name:

Span :
2.335 um

Specific Surface Area:

2.68
Obscuration:

7.316

Volume

Scirocco 2000

Result units:

um

Weighted Residual:
0.252 %

Size range:
Silicon
Particle RI:

1.000

Absorption:
to 2000.000

0.1
Dispersant RI:

3.500

Particle Name:
um0.20

um d(0.9):17.852 45.153d(0.1): um um3.473 d(0.5):

Size (µm) Vol Under %
0.010 0.00
0.011 0.00
0.013 0.00
0.014 0.00
0.016 0.00
0.018 0.00
0.020 0.00
0.022 0.00
0.025 0.00
0.028 0.00
0.032 0.00
0.035 0.00
0.040 0.00
0.045 0.00
0.050 0.00
0.056 0.00
0.063 0.00

Size (µm) Vol Under %
0.071 0.00
0.079 0.00
0.089 0.00
0.100 0.00
0.112 0.00
0.126 0.00
0.141 0.00
0.158 0.00
0.178 0.00
0.200 0.00
0.224 0.00
0.251 0.00
0.282 0.00
0.316 0.02
0.355 0.10
0.398 0.21
0.447 0.35

Size (µm) Vol Under %
0.501 0.51
0.562 0.69
0.631 0.89
0.708 1.10
0.794 1.34
0.891 1.61
1.000 1.90
1.122 2.24
1.259 2.61
1.413 3.05
1.585 3.55
1.778 4.14
1.995 4.84
2.239 5.64
2.512 6.58
2.818 7.65
3.162 8.88

Size (µm) Vol Under %
3.548 10.27
3.981 11.82
4.467 13.54
5.012 15.43
5.623 17.47
6.310 19.69
7.079 22.08
7.943 24.65
8.913 27.42

10.000 30.41
11.220 33.66
12.589 37.21
14.125 41.07
15.849 45.28
17.783 49.84
20.000 54.84
22.387 59.90

Size (µm) Vol Under %
25.119 65.25
28.184 70.66
31.623 75.96
35.481 81.01
39.811 85.62
45.000 89.89
50.119 93.02
56.234 95.67
60.000 96.85
70.795 98.90
75.000 99.36
89.125 99.93

100.000 100.00
110.000 100.00
125.893 100.00
141.254 100.00
150.000 100.00

Size (µm) Vol Under %
177.828 100.00
199.526 100.00
223.872 100.00
251.189 100.00
281.838 100.00
316.228 100.00
354.813 100.00
398.107 100.00
446.684 100.00
501.187 100.00
562.341 100.00
630.957 100.00
707.946 100.00
794.328 100.00
891.251 100.00

1000.000 100.00

Particle Size Distribution
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Result Analysis Report

Vol. Weighted Mean D[4,3]:

%

m²/g

Surface Weighted Mean D[3,2]:

0.23 32.285

Accessory Name:

Span :
1.297 um

Specific Surface Area:

1.58
Obscuration:

26.080

Volume

Scirocco 2000

Result units:

um

Weighted Residual:
0.472 %

Size range:
Silicon
Particle RI:

1.000

Absorption:
to 2000.000

0.1
Dispersant RI:

3.500

Particle Name:
um0.20

um d(0.9):29.218 53.514d(0.1): um um15.625 d(0.5):

Particle Size Distribution

0.1 1 10 100 600 
Particle Size (µm)

12 

10 

 8 

 6 

 4 

 2 

 0

V
ol

um
e 

(%
)

Size (µm) Vol Under %
0.010 0.00
0.020 0.00
0.030 0.00
0.040 0.00
0.050 0.00
0.060 0.00
0.070 0.00
0.080 0.00
0.090 0.00
0.100 0.00
0.200 0.00
0.300 0.00
0.400 0.00

Size (µm) Vol Under %
0.500 0.00
0.600 0.00
0.700 0.00
0.800 0.00
0.900 0.00
1.000 0.00
2.000 0.00
3.000 0.00
4.000 0.00
5.000 0.00
6.000 0.00
7.000 0.00
8.000 0.00

Size (µm) Vol Under %
9.000 0.07

10.000 0.60
11.000 1.48
12.000 2.72
13.000 4.33
14.000 6.27
15.000 8.48
16.000 10.95
17.000 13.61
18.000 16.44
19.000 19.39
20.000 22.42
25.000 37.84

Size (µm) Vol Under %
30.000 52.10
35.000 64.14
40.000 73.80
45.000 81.27
50.000 86.93
55.000 91.11
60.000 94.15
65.000 96.30
70.000 97.79
75.000 98.79
80.000 99.42
85.000 99.78
90.000 99.94

Size (µm) Vol Under %
95.000 100.00

100.000 100.00
110.000 100.00
120.000 100.00
130.000 100.00
140.000 100.00
150.000 100.00
160.000 100.00
170.000 100.00
180.000 100.00
190.000 100.00
200.000 100.00
300.000 100.00

Size (µm) Vol Under %
400.000 100.00
500.000 100.00
600.000 100.00
700.000 100.00
800.000 100.00
900.000 100.00

1000.000 100.00
1500.000 100.00
2000.000 100.00

Si(10-75) particle size distrubution



From : Elkem Bremanger

CERTIFICATE OF ANALYSIS

CHEMICAL ANALYSIS

Elements %  

% Si 99,70 

% Fe 0,031 

% Al 0,099 

% Ca 0,012 

% Ti 0,002

Fe, Al, Ca and Ti are measured with XRF. 

Si= 99,9% - Al-Ca-Fe-Ti.

Si(10-75) chemical analysis



Zr-powder particle size distriburion



Zr-powder chemical analysis
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