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Abstract

Molybdenum silicides and borosilicides are promising structural materials for gas-turbine
power plants. A major challenge, however, is to simultaneously achieve high oxidation
resistance and acceptable mechanical properties at high temperatures. For example, molybdenum
disilicide (MoSi,) has excellent oxidation resistance and poor mechanical properties, while Mo-
rich silicides such as MosSi; (called T;) have much better mechanical properties but poor
oxidation resistance. One approach is based on the fabrication of MoSi,—T; composites that
combine high oxidation resistance of MoSi, and good mechanical properties of T;. Another
approach involves the addition of boron to Mo-rich silicides for improving their oxidation
resistance through the formation of a borosilicate surface layer. In particular, MosSiB, (called
T,) phase is considered as an attractive material. In the thesis, MoSi,—T; composites and
materials based on T, phase are obtained by mechanically activated SHS. Use of SHS
compaction (quasi-isostatic pressing) significantly improves oxidation resistance of the obtained
MoSi,—T; composites. Combustion of Mo—Si—B mixtures for the formation of T, phase becomes
possible if the composition is designed for the addition of more exothermic reactions leading to
the formation of molybdenum boride. These mixtures exhibit spin combustion, the
characteristics of which are in good agreement with the spin combustion theory. Oxidation
resistance of the obtained Mo—Si—B materials is independent on the concentration of Mo phase
in the products so that the materials with a higher Mo content are preferable because of better
mechanical properties. Also, T, phase has been obtained by the chemical oven combustion

synthesis technique.
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Chapter 1: Introduction

1.1 MOLYBDENUM SILICIDES AND BOROSILICIDES AS MATERIALS FOR UNLTRAHIGH-
TEMPERATURE STRUCTURAL APPLICATIONS

The ever present aspiration to enhance the efficiency of gas-turbine power plants by
operating at higher temperatures leads to the demand for new, ultrahigh-temperature structural
materials. In current turbines, components made of nickel-based superalloys can reach
temperatures approaching 1150 °C, which is about 200 °C below their melting points. Gas
temperatures within the turbines can be higher when the parts are protected by cooling systems
and thermal barrier coatings, but cooling drastically reduces the actual engine performance. A
preferred solution is the development of new structural materials, based on molybdenum silicides
and borosilicides, which can operate at temperatures higher than 1300 °C as well as provide

better performance.

1.1.1 Need for New Ultrahigh-temperature Structural Materials

For many years, investigations have been going on to introduce new materials for high
temperature structural applications. Currently, nickel-based superalloys are widely used in gas
turbine power plants as these alloys allow improved performance and better efficiency. However,
the limited operating temperatures due to lower melting point (1350°C) lead to the search of
alternatives to these alloys. Nickel-based alloys possess many attractive properties like high
tensile strength, sufficient ductility, and good oxidation resistance. So, in order to replace these
superalloys, the new alternatives should match or surpass the performance. In that perspective,
metals with high melting point such as Mo alloyed with Si have been treated as promising

alternatives [1].

1.1.2 Advantages and Disadvantages of MoSi,

MoSi, has been recognized as a promising high-temperature structural material. It



possesses a combination of many properties that make it attractive as a high-temperature
material. MoSi, possesses properties similar to ceramic such as excellent oxidation resistance at
higher temperature. Also, it possesses metal-like electrical conductivity. Due to combination of
attractive properties such as a high melting point (2030°C), reasonable density (6.24 g/cm’),
excellent high temperature oxidation resistance, and a brittle-to-ductile transition in the vicinity
0f 900°C, MoSi; can be used in oxidizing environments at temperatures that significantly exceed
1100°C, the Ilimit for current nickel-based superalloys. Further, MoSi, is non-toxic,
environmentally benign, and, due to a relatively high electrical conductivity, suitable for electro-
discharge machining (EDM) [2].

Currently, MoSi, is widely used as heating elements in electric furnaces, in production
environment for the production of glass, steel, electronics, ceramics, and in heat treatment of
materials because it can withstand up to 1800 °C. It is also used in microelectronics as contact
materials. Besides these applications, MoSi, has been recognized as a promising high-
temperature structural material for advanced boilers and turbines where the temperature
requirement is very high and environment is highly oxidizing.

A single MoSi; phase, however, cannot be used in structural applications because of poor
mechanical properties. Like ceramics, it shows brittleness at room temperature leading to poor
fracture toughness. Also, at elevated temperatures, it provides poor creep resistance. Low
fracture toughness at room temperature and low strength at elevated temperatures, however,
hinder widespread use of MoSi, in structural applications [2-7]. So, in order to use MoSi, for

high-temperature structural applications, it is necessary to improve these properties.

1.1.3. Methods for Improvement of MoSi, Properties

Promising solutions for improving the mechanical properties of MoSi, are based on the
incorporation and control of secondary phases [8, 9]. MoSi, can be alloyed with other high
melting point silicides such as MosSi;, WSi,, NbSi, CoSi, and TisSiz [2]. It is also

thermodynamically stable with a wide variety of potential ceramic reinforcements for
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composites, including SiC, Si3Ny4, ALOs, ZrO,, TiB,, and TiC [2].

A number of encouraging results have been obtained for some materials. The addition of
50 mol% WSi, to MoSi, increased the yield stress at 1500°C by a factor of 8-10 [10] and also
remarkably improved the hardness and toughness of MoSi, matrix at room temperature [11].
Silicon carbide (SiC) is excellent oxidation-resistant reinforcement and yields encouraging

mechanical property improvements. For example, by the incorporation of SiC, the room

1/2
[

temperature fracture toughness was improved from 2.5 to 9 MPa.m '~ [12]. The creep properties

of MoSi, have also been successfully enhanced by the addition of SiC whiskers and particles [6].
Other intermetallics in the Mo-Si system have been investigated as an alternative to

MoSi,; in particular, MosSi3, also called T, phase according to the phase diagram (see figure 1.1)

has been studied extensively.

-

\

1.0 , i 5 0.0
00\ 01 02/ 03 foa 05 06
Mo(ss) Mo,Si X Mo:Si;(T,)

Si

Figure 1.1: Isothermal section (1600°C) of the molybdenum-rich portion of the Mo-Si-B phase
diagram [13].



The composite of MoSi, — 50 mol% MosSi; shows a seven-fold increase in the yield
strength at 1200°C over the monolithic MoSi, [4]. However, although mechanical properties of
Mo-richer silicides such as MosSi; and MosSi are better, they have lower oxidation resistance
[14]. This is associated with the formation of volatile oxide MoOj3 in Mo-rich materials.

One approach to the improvement of oxidation resistance of Mo-rich silicides is the
addition of boron [15]. Working on the foundation laid by Nowotny et al.[13] who developed the
Mo-Si-B ternary phase diagram (see Figure 1.1), Berczik [15] discovered that silicon and boron
added in small amounts drastically improve the oxidation resistance of molybdenum while still
retaining its favorable high-temperature strength. This is attributed to the formation of a
borosilicate glass surface layer, which is highly protective to transport of oxygen. Currently,
MosSiB; (called T,) phase is considered as a promising component of advanced materials for
ultrahigh-temperature structural applications [1, 13-17]. For example, one promising material is a
three-phase mixture of Mo solid solution (0-Mogs), Ajs (Mo3Si) and T, (MosSiB;) where Mog
phase enhances toughness and the intermetallic phases provide oxidation resistance. All three
phases have the melting point above 2000°C, are thermodynamically stable, and exhibit

significant resistance to coarsening at elevated temperatures.

1.1.4 Fabrication of MoSi,-based Materials

This study is focused on the fabrication of MoSi,-MosSi; composites and materials based
on MosSiB; phase. A unique feature of this study is the use of combustion synthesis techniques
such as mechanically activated self-propagating high-temperature synthesis (MASHS) and SHS
compaction. The goal of using these techniques is to develop a novel and competitive processing
route for manufacturing ultrahigh-temperature structural materials based on molybdenum

silicides and borosilicides.

1.2 SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS (SHS)

Self-propagating high-temperature synthesis, commonly known as SHS, is a technique

that has been used to primarily to fabricate a wide range of alloys and metal composites. This

4



process involves the propagation of a high-temperature zone through a compact of reactants. In
SHS, the highly exothermic reaction between the reactants is the driving force. SHS has been
receiving significant attention by many research groups. However, to achieve a high degree of
microstructural control in SHS is very challenging since it involves intense reaction rates. To be
considered as a potential fabrication technique, there are some challenges that should be
addressed regarding process economics, residual porosity, and reproducible microstructures and

properties.
1.2.1 Classic SHS

Self-propagating high-temperature synthesis is an attractive technique to fabricate
MoSi,—T; composites and T, phase. This process is sustained by the heat of the exothermic

reaction between constituent powders.

Hot Wire

Combustion
Front

Initial Mixture

Figure 1.2: Self-propagating high-temperature synthesis.

During SHS process, energy input is required to start ignition only. Upon ignition, the
exothermic reaction generates sufficient heat that causes self-propagation of the combustion

front throughout the remaining mixture (Fig 1.2). So the major advantage of conventional SHS is



low energy consumption. As the energy problems become more alarming, the harnessing of heat
released by the process may be viewed as a step in right direction [18]. Other advantages of SHS
include simple and inexpensive equipment, short processing time, tailored microstructures and

properties, and higher purity of the products [18-20].
1.2.2 Mechanically Activated SHS

A major problem of using conventional SHS for the fabrication of MoSi,-based materials
is low exothermicities of the initial mixtures. The adiabatic combustion temperature of the
mixture 1 mol Mo and 2 mol Si is 1913 K (calculated at 1 atm using THERMO software [21]).
This allows a self-sustained combustion, but the required increase in Mo concentration decreases
the exothermicity to the level where conventional SHS is impossible unless the mixture is
preheated [22-25]. Preheating needs either electricity or an additional, highly exothermic system
around the mixture (a “chemical oven”). Both options diminish SHS advantages such as low
energy and low cost. The low exothermicity problems can be overcome or at least reduced with
the so-called mechanically activated SHS (MASHS), which was successfully used for synthesis
of MoSi, [26, 27] and other compounds [18].

The method adds a short-duration high-energy ball milling step, which precedes the
combustion process. The high-energy milling, also called mechanical activation, rapidly
produces nanostructured powders, so that intermixing of reactive components is obtained on a
nanometric scale. The fracture-welding process during milling increases the contact surface area
between reactants and destroys the oxide layer on their surface. As a result, mechanical
activation improves the reaction kinetics, leading to an easier ignition and stable combustion.
The MASHS technique combines the advantages of mechanical alloying (which is typically a
multi-hour procedure) and SHS. It also allows for the formation of materials that cannot be

obtained by either of these techniques if used alone.



1.2.3 SHS Compaction

SHS compaction involves densification of the SHS products to obtain dense, non-porous,
and stronger materials. SHS compaction involves different methods for densification. One of the
most promising techniques is quasi-isostatic pressing. This SHS densification process involves
uniaxial pressing of SHS products. This technique is based on the standard hydraulic or
mechanical pressing equipment. In this process pressure is applied through a pressure-
transmitting medium (PTM) to the products by means of a press. The most commonly used PTM

are sand and mixture of alumina and graphite powder.

1.3 RESEARCH OBJECTIVES

The goal of this study is to develop a novel and competitive processing route for
manufacturing materials based on MoSi, and MosSiB, that are promising candidates for using as
structural materials in advanced fossil energy applications. Specifically, this study investigates
the use of mechanically activated self-propagating high-temperature synthesis followed by
compaction for fabricating these materials. The objectives of this research are:

e To explore the feasibility of fabricating MoSi,—MosSi; and MosSiB,—based composites
by mechanically activated SHS.

e To explore the feasibility of fabricating dense composites using SHS compaction.

e To explore the feasibility of fabricating stoichiometric MosSiB, in chemical oven
combustion synthesis technique.

e Determine mechanical and oxidation properties of the materials produced by MASHS-

compaction.



Chapter 2: Literature Review on Different Techniques for Fabrication and
Densification of MoSi,-based Composites

2.1 FABRICATION METHODS

To fabricate MoSi, and MoSi,-based composites, various methods have been used such
as arc-melting and casting, hot pressing, reactive sintering, mechanical alloying, spray
processing, solid-state displacement reactions, chemical vapor deposition, exothermic dispersion,
shock synthesis, and self-propagating high-temperature synthesis (SHS), also called combustion
synthesis [6, 12]. Further improvements in the microstructure and behavior of MoSi, are possible
through the judicious combination of several synthesis techniques [12]. In this context, a recently
developed technique, called mechanically activated self-propagating high-temperature

synthesis (MASHS), is of great interest [26, 27].

2.1.1 Mechanical Alloying

Mechanical alloying has been used extensively, in recent years, for the synthesis and
fabrication of MoSi,. Mechanical alloying is a process that involves repeated fracturing and

welding of elemental powders during high-energy milling (Fig. 2.1) [28].

O% )
Mo Hot spot

Figure 2.1: Schematic of MoSi, compound formation by mechanical alloying [28].
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Four basic stages constitute this process: (i) stage 1: extreme cold welding; (ii) stage 2:
rapid fracturing, creating lamellae; (iii) stage 3: second stage cold welding, resulting more
convoluted lamellae; (iv) final stage: a steady state period.

Iwatomo and Uesaka first reported the formation of MoSi, by mechanical alloying of Mo
and Si powders [29]. In this study, it was reported that mechanical alloying provided highly
refined crystalline MoSi, with a grain size of 5 to 10 nm. Although, compared to the other
techniques, these products did not exhibit any significant improvement in mechanical and
electrical properties, it should be noted that the final density exceeded 97% of the theoretical
density.

Jayashankar and Kaufman [30] reported the synthesis of in-situ SiC-reinforced MoSi,
composites using mechanical alloying. In their work, Mo and Si powders were mixed with
4 wt% of C for mechanical alloying. The microstructures of the alloyed powders were highly
homogenous and clean.

Schwarz et al. [31] studied mechanical alloying for the synthesis of MoSi,-based alloys.
Following their study, they reported some advantages of mechanical alloying technique such as
higher density, lower hot-pressing temperatures for consolidation, better microstructure, and
improved mechanical properties at room temperature.

However, synthesis of silicides in mechanical alloying usually forms amorphous SiO,
phase, which is critical in applications requiring very good creep properties. Also, mechanical
alloying is limited to very small quantities so that large-scale production becomes difficult.
Another problem is contamination of the powders by gases and environments. Moreover,

mechanical alloying is a time-consuming process.

2.1.2 Shock Synthesis

In shock synthesis process, a high-energy shock wave is applied to facilitate reactions in
a mixture of elemental powders. Shock synthesis of mixtures undergoes extensive plastic

deformation and particle comminution, leading to homogenous and clear microstructures.



Yu and Mayers used shock synthesis and successfully synthesized molybdenum

disilicides (Fig. 2.2) [32]. However, the products exhibited a large porosity.

Detonator

High-speed Explosive

Low-speed Explosive
’// Main Charge
/ l Fly Plate
Steel Capsule
Stand-off — T T
-
Steel Capsule hokier

Powders e J i

Momentum Trap

%

Figure 2.2: The cross-section of the shock processing system used by Yu and Mayers [32].

2.1.3 Chemical Vapor Deposition

Chemical vapor deposition involves the formation of a coating from vapor phase
reactants. This process is commonly used to deposit coatings on a heated substrate for improving
mechanical and electrical properties. Pierson et al. reported the use of chemical vapor deposition

technique to deposit molybdenum silicides [?7?].

2.1.4 Combustion synthesis

Various intermetallic compounds can be synthesized by combustion synthesis technique.
This technique uses the heat of exothermic reaction between the constituent powders. During this

process, the reaction is initiated at the top or bottom of the sample. Then the self-propagating
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reaction occurs and combustion front propagates throughout the sample without additional
energy.

Combustion synthesis has been used by many research groups to fabricate molybdenum
silicides and borosilicides. Deevi in 1991 studied self-propagating high-temperature synthesis to
fabricate single phase MoSi, from elemental Mo and Si powders [33]. In their experiments, the
maximum combustion temperature was equal to 1886 K, very close to the adiabatic flame
temperature (1900 K). The product was confirmed as a single-phase MoS1, and the purity of the
product was very high as compared to the reactants with significantly reduced oxygen impurity.
This study has not provided any mechanical and microstructural analysis.

Zhang and Munir (1991) investigated SHS for the synthesis of molybdenum silicides
such as MosSi, MosSi3, and MoSi, [23]. MoSi, reacted in a self-sustaining mode without any
prior heating. However, the other silicides reacted only with preheating. The activation energy
for MoSi, was 139.4 KJ/mol which was significantly lower than the other silicides.

Another investigation of SHS was carried out to produce MosSi; in a chemical furnace
(Fig. 2.3) [24]. 5Ti + 3Si mixture was used as the chemical fuel. The study confirmed the

formation of single-phase MosSi;.

LWWJ ——— Ignition coil

Graphitic crucible

“Chemical fuel™

Reactant pellet

Figure 2.3: Schematic diagram of the chemical furnace used for combustion synthesis [24].
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A recent study by Yeh and Chen involved the preparation of MoSi, and MoSi,—MosSi3
composites by SHS [25]. Six different compositions corresponding to the Si content in the range
of 45.5-66.7 at% were tested. Experimental results concluded that the starting stoichiometry and
preheating temperature greatly affects the propagation mode of the combustion front, the
combustion wave velocity, and the reaction temperature. Chrysanthou et al. also successfully
investigated combustion synthesis of MoSi,, MoSi,/TiC and (Mo, W) Si, composites [34]

Zhang et al. used both mechanical alloying and self-propagating high-temperature
synthesis for fabrication of MoSi, matrix composites reinforced by WSi, and La;Os;. They
concluded that it was difficult to synthesize Mo—W-Si-La;O3; powder mixture by mechanical

alloying. SHS was found to be more suitable for that composite [11].

2.1.5 Mechanically activated combustion synthesis

Self-propagating high-temperature synthesis becomes more effective when it is combined
with mechanical activation of the reactants. A brief literature search on mechanical activation
revealed that MoSi, powders prepared by mechanical activation can be composed of
nanostructured particles that do not require a large evolution of chemical composition [27].
Under the same experimental conditions, the combustion front velocity can be increased
significantly by mechanical activation compared to that observed in conventional SHS. High-
energy ball-milling (mechanical activation) provides pure a-MoSi, with nanometric structure (D
Mosiz= 88 nm).

Gras et al. used MASHS technique to study the combustion wave structure during the
production of MoSi, [26]. In the MASHS process, the reaction Mo+2Si—MoSi, was greatly
enhanced by the oxide-free interfaces between Mo and Si. Mechanical activation resulted in
special nanostructure that facilitated self-sustained combustion. In addition, mechanical
activation enhanced the solid—solid interactions and facilitated the initial SHS reaction by

producing sufficient heat. Mechanical activation also ensured a stable combustion wave.
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Xu et al. in 2009 worked with mechanical activation followed by combustion synthesis to
synthesize MoSi,-SiC composite [35]. Mo and Si nanocrystallites were obtained during the ball-
milling process that was easily ignited compared to the unmilled Mo +Si + C mixture and
confirmed the formation of MoSi,/SiC composite. Also, a significantly higher combustion
temperature was obtained. Different mechanical tests revealed that the composite exhibited good
properties with relative density, flexural strength, Vicker’s hardness and fracture toughness as
99%, 468.7 MPa, 15.5 GPa and 9.35MPam”2, respectively.

Another study with mechanical activation was performed by Xu et al. in 2010 to
synthesize MoSi,/WSi, composites [36]. The experimental results confirmed that, like in their
previous study with MoS1,/SiC composites, mechanical activation facilitates combustion and
MoSi,/WSi, composite was successfully synthesized. However, mechanical properties were not

studied.

2.1.6 Chemical oven combustion synthesis

Chemical oven combustion synthesis or chemical oven SHS (COSHS) has been used by
various researchers for powders that are difficult to ignite in conventional SHS. In COSHS, the
main pellet is surrounded by a highly-exothermic booster mixture, which ignites easily.
Combustion of the booster mixture generates sufficient amount of heat to ignite the main pellet
and ensure its stable combustion.

COSHS was studied to investigate MoSi, composite reinforced with SiC whiskers
powders, produced from the mixing of Mo, Si, carbon black, and Si;N4 whiskers [37]. They used
mixture of Ti and Si (atomic ratio Si/Ti = 3/5) as the chemical oven. Also, carbon felt was used
between the chemical oven and main pellet. Figure 2.4 represents the schematic of the

experimental apparatus used in this study.
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Figure 2.4: Schematic of experimental apparatus used for chemical oven combustion synthesis
(a) W coil; (b) 3S1+ 5Ti (atomic ratio); (c) 2S1 + Mo (atomic ratio); (d) carbon felt [38].

In another study, Xu et al. reported the characterization of SiC,/MoSi, composite
obtained from COSHSed powder [38]. They Vickers hardness, flexural strength, and fracture
toughness of the SiC,/MoSi, composite were 11.15 GPa, 457 MPa, and 6.20 MPa'm”z,
respectively, which were higher by 26.1%, 134.3% and 47.3%, respectively, than for MoSi,
matrix,. Levashov et al. also used the chemical oven technique for SHS of Mo-B-Si system [39].
Since it is difficult to ignite stoichiometric MosSiB,, they followed COSHS to ensure complete

combustion.

2.2 SHS DENSIFICATION METHODS

Densification of SHS products has been a matter of great concern. Also, SHS of Mo—Si
and Mo—Si—B structural materials leads to a high porosity of the combustion products. Usually,
SHS products have to be crushed and then re-compacted using conventional methods of powder
metallurgy. Porosity depends largely on combustion temperature that can be controlled by
internal methods, while SHS products can be pressed externally after combustion. High pressure
can be applied to the product immediately after SHS, at high temperatures, to obtain non-porous
materials and items of intricate shape. There are several methods to accomplish SHS compaction
such as pressureless densification (sintering), dynamic shockwave, and quasi-isostatic pressing
[40-43].
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2.2.1 Pressureless Densification (Sintering)

During SHS, formation of a liquid phase is observed in some systems. This happens
mainly because of the high temperatures generated during SHS. The maximum temperature
during combustion can exceed the lower melting point of the intermetallic compound. According
to many researchers, by increasing the temperature of the reacting mixture, it is possible to
increase density of the combustion product. Here melting of intermetallic compounds produces
liquid-phase sintering. In this case, there is no need for applying external pressure. An
investigation of such a process has been conducted for Ni + Ti system [44]. At different
combustion temperatures, two different combustion modes were observed and the density of the
combustion product was influenced by these modes.

The second process for pressureless densification includes milling of SHS products
foolowed by sintering of the milled products. Thus, the size of the reactants can be controlled
leading to the fabrication of submicron ceramic powders. For Al,O3-TiC and ALO;-WC systems,
pressureless sintering of the obtained products provided mechanical and microstructural
characteristics similar to those of commercially available powders [20]. Although this process

includes an additional step, it is cost-effective for fabricating dense materials.

2.2.2 Dynamic Shockwave

Another method of SHS densification is dynamic shockwave or explosive compaction.
This method uses explosives to improve product properties. There are two main approaches to
perform explosive compaction. Figure 2.5 (a) shows the apparatus that consists of a thin-walled
cylinder surrounded by explosives. During detonation, it causes the compaction of the SHS
products. In second approach shown in Fig. 2.5 (b), the explosive shockwave causes the
movement of a massive piston that leads to the compaction of reaction products. In dynamic

shockwave, it is possible to achieve 97 — 99 % of the theoretical density of the material [45].
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A 5

Figure 2.5: SHS dynamic shockwave compaction schemes: 1) electric fuse; 2) explosive; 3)
metal container; 4) green mixture; 5) electric ignited; 6) massive piston.

2.2.3 Quasi-Isostatic Pressing

Uniaxial pressing with a pressure-transmitting medium (PTM) (Fig. 2.6) is commonly
known as quasi-isostatic pressing (QIP). This process is also known as Ceracon Process. In the
patented Ceracon process, both the pressure-transmitting medium (PTM) and the initial mixture
are preheated to achieve an isostatic state and higher combustion temperatures. This method has

been used in manufacturing sector.
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Figure 2.6: Schematics of different densification processes [46].

Recently, the combination of self-propagating high-temperature synthesis (SHS) and
quasi-isostatic pressing has attracted attention as a method for producing dense materials.
Merzhanov and co-workers are the pioneers of this method [??]. By the combined SHS—QIP
method, it is possible to produce hundreds of industrially useful materials with low porosity and
high density. In this technique, alumina, silica, or alumina with graphite powder are usually used
as the pressure transmitting media (PTM). In addition to be used as the pressure transmitters,
these powders also reduce heat loss during SHS by acting as a thermal insulator.

The SHS—QIP method had been used by Xinghong et al. [47] to produce dense TiC/TiB,
ceramics, an attractive material for aircraft propulsion systems, cutting tools, machine tools, etc.
The conventional densification processes that were used previously to produce such ceramics
were complicated and expensive. Figure 2.7 represents the SHS densification apparatus used by
Xinghong et al. [47]. In their study, pellets made from the mixtures of titanium, B4C, and carbon
powders were placed inside the apparatus. Sand was used as the pressure transmitting medium. A

heating coil was connected at one end of the pellet for ignition. After complete combustion of the
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pellet, about 160 kPa pressure was applied to the SHS product. It was reported that quasi-
isostatic pressing increased the product density to 90-97%. Also, very good mechanical

properties were achieved.

— Punch
lgnition
Upper block
Sample T TisC
: Sand
Down block
Mould

Figure 2.7: Experimental setup of SHS and quasi-isostatic pressing used by Xinghong et al. [47]

Martinez Pacheco reported the use of a combination of SHS and quasi-isostatic pressing
for fabricating TiC-NiFe, a promising functional graded material [48]. In this study, Ti, C, and
NiFe were mixed according to the composition of 5 to 20 wt% of NiFe with the balance TiC.
The mixtures were then compacted into cylindrical pellets. The green pellet was placed inside a
die and the remaining space was filled with pressure transmitting medium. Loosely packed
mixture of high purity alumina and graphite powders was used as PTM. Figure 2.8 shows the

apparatus for SHS compaction used in this study.
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Figure 2.8: Uniaxial pressing SHS compaction schematic used by Martinez Pacheco [48].

A booster pellet made from the stoichiometric mixture of Ti and B (Ti + 2B) was used to
start ignition. Initially, this booster pellet was ignited by a resistance wire which was connected
to the power supply. After 3 to 6 seconds of ignition of the igniter pellet, SHS process over the
green pellet was completed. A jet of PTM escaping from the die provided the indication of
ignition. The delay time for compaction, i. e., the time needed for combustion to propagate
throughout the pellet was determined in another experiment with the same composition. Two K-
type thermocouples were used at the top and bottom of the pellet and average combustion wave
velocity was measured. The pressure exerted on the pellet varied from 150 to 400 MPa. The

pressing time was 100 seconds.
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The product after quasi-isostatic pressing indicated that porosity was predominant in
areas with highest ceramic content. Also, the relative density of the product was less than 70%
(measured by Archimedes technique). The pressure distribution in the PTM was investigated by
small sensor films (10 mm by 5 mm strips) that indicated that instead of being isostatic, it
exerted more in the horizontal plane. Further investigation was carried on to improve the
densification process as the areas with highest ceramic contents were too porous.

Kvanin et al. used the SHS-QIP technique for the fabrication of dense intermetallic
compounds, namely, y-TiAl [49]. In their study, a mixture of 50 at% Ti and 50 at% Al was used
as the charge material. After the self-propagating combustion, the sample was compacted with a
quasi-liquid medium inside a die with 100 to 200 MPa pressure. The relative density of the final
product reached 99%.

Delgado and Shafirovich used the SHS-QIP technique in their study of combustion of
JSC-1A lunar regolith with Mg for the production of construction materials on the Moon [42].
They performed quasi-isostatic pressing immediately after combustion that increased the density
of the product. The compression test of the final product has shown that the compressive strength
was about 10 MPa, higher than that of common brick (5 MPa).

The combination of SHS and pseudo-hot-isostatic pressing (PHIP) was used by Kholghy
et al. in their research of producing dense Al,O3/TiB,/TiC multi-ceramic composite [50]. This
process resulted in 92.7% relative density of the composite. Also, the hardness and fracture
toughness of the product were much stronger than for conventional ceramics.

Another research using QIP was performed by Zhang et al. [51]. They investigated
densification of boron carbide ceramics and could densify the samples to 98% of the theoretical

density.
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2.4 SUMMARY

The development of new high-temperature structural materials for gas-turbine power
plants suggests, considering both mechanical and oxidation properties, a need for fabricating
molybdenum silicides and borosilisides. It would be attractive to use mechanically activated
combustion synthesis for this because it incorporates low energy consumption as well as simple
and inexpensive equipment. Also, the chemical oven combustion synthesis technique looks
promising for the synthesis of MosSiB..

Among the densification methods, quasi-isostatic pressing technique looks promising
because of the following:

e Pressureless densification eliminates the need for mechanical work, but it cannot produce
fully dense materials.

e Although dynamic shockwave yields greater relative densities, it requires special
consideration during experiments since the use of explosives in the lab would require
much more safety/hazard analysis and special handling.

e (Quasi-isostatic pressing is the most feasible technique as it can be performed in the lab

with simplicity, but it requires further optimization to obtain high density materials.

21



Chapter 3: Experimental Facilities and Techniques

3.1 SAMPLE PREPARATION

Molybdenum (99.95% pure, Climax Molybdenum), silicon (crystalline, 99.5% pure, Alfa
Aesar), and boron (amorphous, 94-96% pure, Alfa Aesar) powders were used in this study.
Particle size distributions for these powders were determined with a multi-laser particle size
analyzer (Microtrac Bluewave). These measurements have shown that the used molybdenum has
the volume mean diameter of 16.64 um and median diameter of 11.25 pm, while silicon has the

volume mean diameter of 10.15 pm and median diameter of 7.72 pm.

3.1.1 Preparation of MoSi;-MosSi; Composites

To obtain MoSi,-MosSiz composite, a mixture of Mo (34.70 — 44.57 at%) and Si (65.30 —
55.43 at%) was prepared. These mixtures correspond to the expected product composition of 60
— 90 vol% MoSi; and 10 — 40 vol% MosSiz (80.95 - 98.11 mol% MoSi; and 1.89 — 19.05 mol%
MosSi3).

3.1.2 Preparation of Materials Based on MosSiB; Phase

To obtain materials based on MosSiB, Phase, a mixture of Mo (58.3 — 62.5 at %), Si (8.3
—12.5 at %), and B (25 — 33.4 at %) was prepared. These mixtures correspond to the expected
product composition of 10 — 67 mol% MoB with the balance MosSiB;.

The powders were mixed uniformly in a three-dimensional inversion kinematics tumbler
mixer (Inversina 2L, from Bioengineering, Inc.) (Fig. 3.1), with the mixing time of 1 h. Usually,

100 g of powders were mixed in one process.
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Figure 3.1: Three-dimensional inversion kinematics tumbler mixer (Inversina 2L).

The mixture was then milled in a planetary ball mill (Fritsch Pulverisette 7 premium line)
(Fig. 3.2).

Figure 3.2: Planetary ball mill (Fritsch Pulverisette 7 Premium Line).
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Zirconia-coated 80-mL bowls were used. The grinding media were 1.5-mm zirconia
balls. The milling was conducted in an argon environment using bowls with special lids
(Fritsch). The procedure included several milling and cooling cycles, which was necessary to
avoid overheating the bowls and the mixture. The mixture to ball mass ratio was equal to 1:6.
The milling process included 4 milling-cooling cycles (10 min milling at the maximum rotation
speed of 1100 rpm and 75 min cooling).

The as-milled powders were compacted into cylindrical pellets in a uniaxial hydraulic
press (Carver) using a 13 or 25-mm-diameter pellet die (Fig.3.3). Usually, the pressing varied
from 30-40 kN. The pellet diameter was 13 mm in most experiments. Some SHS compaction
tests were also conducted with 25-mm diameter pellets. The pellet height was 20-25 mm. The
relative density of the pressed samples was 55-60 %. A booster pellet was also prepared from
the stoichiometric titanium/boron (1 mol Ti + 2 mol B) mixture following the same process as

the main pellet except that milling was not performed to prepare the booster pellet.

25 mm

Figure 3.3: Hydraulic press and compressed pellet.
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3.2 EXPERIMENTAL SETUP AND PROCEDURE FOR SHS IN AN ARGON ENVIRONMENT

For combustion in argon (SHS), the pellet was installed on a ceramic fiber insulator
(Fiberfrax) in a 30-L stainless steel reaction chamber (Fig 3.4). A booster pellet was placed at the
top of the sample. The chamber was evacuated and filled with ultrahigh purity argon at 1 atm. In
that process, the chamber was purged three times using a vacuum pump (Fisher Scientific,
Maxima C Plus) and argon. As the pressure in the lab is usually 885 mbar, the pressure inside the
chamber was set close to the 2-psi mark in the pressure gauge (138 mbar) to adjust the difference

of that to standard ambient pressure.

Ar Tank

| oo W,

Figure 3.4: Experimental setup for SHS.
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The booster pellet was heated by a 0.43 mm-diameter tungsten wire coil (Midwest
Tungsten Service Inc.), connected to a DC power supply (Mastech). After fast combustion of the
booster mixture, the power supply was shut off. However, propagation of the combustion front
over Mo/Si mixture was observed. That means, it didn’t need additional energy for the
combustion front to propagate throughout the sample. The reaction between the constituent
powders sustained the complete combustion. This is an important advantage of SHS that ensures
low energy consumption.

Chromel—Alumel thermocouples (type K, wire diameter: 0.25 mm, Omega Engineering)
were used to measure the temperature in the middle of the sample during the combustion
process. The thermocouples, located in two-channel ceramic insulators, were inserted into pellets
through drilled channels. The thermocouples were connected to a USB-based data acquisition
system (National Instruments USB-9211). Video recording through a glass window was used for

observation of the combustion process and further investigation of combustion behavior.

3.3 SHS COMPACTION

A recently developed cylindrical steel die for SHS compaction [42] was used. The die has
an inner diameter of 7 cm and the wall thickness of 2.5 cm (CAD design of the die is shown in
Fig. 3.5). There are six horizontal channels in the wall of the cylinder that has the diameter of
2.7 mm. These channels were used for the ignition wires, thermocouples, and removal of gases
that may form during combustion. During experiments, upper horizontal channels were kept
open for removal of gases, the mid horizontal channels served for thermocouple wires and the

bottom channels were used for ignition wires.
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Figure 3.5: CAD design of SHS compaction die.

The pellet was installed inside this die and the igniter (a tungsten wire, folded in a waffle
pattern and connected to the power supply) was located at the bottom of the pellet. Silica powder
was used as a pressure-transmitting medium. This powder (150 g) was poured into the die to

fully surround the pellet (Fig. 3.6)

Die
Silica
Pellet
Thermocouples
Igniter

Figure 3.6: SHS compaction apparatus.
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The die was placed under the aforementioned hydraulic press (Fig. 3.7). Once ignition
was achieved, the power supply was turned off. A jet of silica escaping from the apparatus
through one of the horizontal channels indicated that combustion was occurring. Immediately
after the end of combustion, the press was operated (force: 60—80 kN). After natural cooling of
the die for about one hour, the obtained product pellet was removed. A thin layer of silica,

adhered to the pellet surface, was removed using grinding paper.

=5 '\

Thermocouples
and
Ignition wires

SHS Compaction
Apparatus

BN

Power Supply

Figure 3.7: Experimental setup for SHS compaction.

3.4 ANALYSIS OF PRODUCTS

3.4.1 X-ray Diffraction Analysis

X-ray diffraction analysis was performed using Bruker D8 Discover XRD (Fig. 3.8). The
aim was to identify the phase compositions. First, the as-milled powders were characterized.
Then, XRD analysis was performed for the as-synthesized powder to investigate if there was any

reaction between the constituent powders during milling. After that, the combustion products
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were investigated. To do so, the product pellet was crushed and the obtained powder was
characterized. The goal was to identify different phases that were formed during combustion as
well as to see if there was any unreacted Mo phase — an extremely desired phase in the product

for better mechanical properties.

Figure 3.8: Experimental setup for XRD analysis.

3.4.2 Scanning Electron Microscopy Analysis

The particle size and morphology of the powders were characterized by scanning electron
microscopy (Hitachi S-4800) (Fig. 3.9). Initially, the powders before and after milling were
investigated to learn about the effect of mechanical activation (high energy ball milling). Then
the product was crushed and the obtained powder was characterized to see the structure of the

particles.
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Figure 3.9: Experimental setup for SEM analysis.

3.4.3 Compression Test

To determine the strength of SHS compaction products, a compression test was
performed using INSTRON 5866 testing machine (Fig. 3.10) in accordance with ASTM standard
C773.

Figure 3.10: Fatigue test machine (Instron 8801).
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The sample had a height of 18.4 mm. A rate of 5 mm/min was used for the displacement
of the top fixture. The load-strain curve of the test was investigated, from which the compressive

strength of the product was calculated.
3.4.4 Thermogravimetric Analysis

A thermogravimetric analyzer (Netzsch TGA 209 F1 Iris) was used to study the oxidation
resistance of the obtained materials obtained by two methods: SHS in argon environment and
SHS compaction. A sample mass of about 20 mg was taken in an alumina crucibles, the diameter
of which was 5.85 mm. The samples were heated in oxygen-argon environment. 20% O, and
80% Ar was selected as the environment. The heating rate was 10 °C/min. The flow rates of

oxygen and argon were 6 mL/min and 24 mL/min, respectively.

Figure 3.11: Thermogravimetric analyzer (Netzsch TGA 209 F1 Iris).
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Chapter 4: Fabrication and Characterization of MoSi,-MosSi; Composites

4.1 EFFECT OF MECHANICAL ACTIVATION

SHS experiments were conducted in argon environment. Both the milled and unmilled
powders were tested. In the experiments, it was possible to ignite 12.7-mm-diameter pellets
without mechanical activation. The experiments, however, revealed a remarkable effect of
mechanical activation on the velocity of the combustion front propagation: it increased from
2 mm/s to about 13 mm/s.

Figures 4.1and 4.2 show the images of combustion front propagation over Mo/Si mixture.
Figure 4.1 represents combustion without mechanical activation, whereas Fig 4.2 with
mechanically activated powders. It is clear from the images that mechanical activation improved
the reaction kinetics of the mixture and led to a faster and easier ignition. Apparently,
mechanical activation reduced the particle size and increased the contact surface area between

the constituent powders, thus facilitated ignition.

T
0s 3s 6s 9s 12's
Figure 4.1: Propagation of combustion front over unmilled mixture. Time zero selected
arbitrarily.
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0 Is 2s 3s 4s
Figure 4.2: Propagation of combustion front over milled mixture. Time zero selected arbitrarily.

4.2 COMBUSTION CHARACTERISTICS

The maximum temperatures generated during combustion were recorded. Three
experiments were conducted for each composition. It was observed that the average maximum
temperature varied from about 1235°C to 1362°C (See Table 4.1). The temperature decreased
with increasing the concentration of Mo in the mixture, which corresponds to increasing T,
phase in the products. In addition, Table 1 shows the average combustion front velocities that
were determined using the recorded videos. For clarity, the same data are also shown in Figs. 4.3

and 4.4.

Table 4.1: Compositions and combustion characteristics of the tested Mo—Si mixtures.

Expected product Combustion front Maximum
No c.omposmon - velocity, temperature,
: MoSi, MosSi3
vol% vol% mm/s °C

1 100 0 5.23+£0.23 1259 + 14

2 90 10 6.83 £ 0.66 1362 £ 103

3 80 20 7.67 £2.89 1368 =163

4 70 30 6.71 £ 1.81 1244 + 38

5 60 40 5.59+0.84 1235+ 179
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Figure 4.3: Maximum combustion temperature.
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Figure 4.4: Combustion front velocity.

It can be concluded that the combustion characteristics of the tested mixtures are not
strongly dependent on the concentration of T; phase in the products. The increase in the
concentration to 50 vol% leads to a significant drop in the combustion temperature and front

velocity and makes the mixture non-combustible.
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4.3 X-RAY DIFFRACTION ANALYSIS

The powder after milling has been investigated with XRD analysis to see that if there was
any reaction between Mo and Si during milling. Also, the combustion product was analyzed. The
results are shown in Figs, 4.5 and 4.6. It is seen that the as-milled powder consists of Mo and Si.
As there was no formation of MoSi, or MosSis, it can be concluded that no reaction occurred
during milling. XRD pattern of the combustion product shows that MoSi, is the major phase and
MosSi; is the secondary phase of the composite. No unreacted molybdenum or silicon was

detected.

* Mo
X Si

20 30 40 50 60 70 80
20 (degree)

Figure 4.5: XRD pattern of Mo—Si powder of as-milled powder.

* * MoSi,
X MogSiy

Trrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr|

20 30 40 50 60 70 80 90 100
20 (degree)

(@) (b)
Figure 4.6: XRD pattern of Mo—Si powder of SHS products.
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4.4 SCANNING ELECTRON MICROSCOPY ANALYSIS

As mentioned above, measurements with the particle size analyzer have shown that
before milling Mo has the volume mean diameter of 16.64 pm and median diameter of 11.25 pm,
while Si has the volume mean diameter of 10.15 pm and median diameter of 7.72 um. Figure 4.7
shows the SEM images of Mo/Si mixture before and after milling. The image analysis indicates
that milling decreased the particle size from about 10 pm to the submicron range (200—500 nm).
Based on the SEM observations, it can be concluded that the structure of the as-milled powder
may be considered as aggregates composed of Mo and Si nanocrystals. This nanostructured

Mo—Si material is easily ignited during SHS process.

15.0kV 8.7mm x4.00k SE(M) 3/8/2013 10. 15.0kV 8.6mm x30.0k SE(M) 3/8/2013

Figure 4.7: SEM micrographs of Mo—Si mixture (left) before milling and (right) after milling.

From the SEM image of the combustion products (Fig. 4.8), it is seen that most particles

have a size of 0.5—1 pum; they are agglomerated and form a three-dimensional network structure.
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15.0kV 8.6mm x10.0k SE(M) 3/8/2013 5.00um

Figure 4.8: SEM micrographs of Mo—Si1 mixture after combustion in Argon.

4.5 SHS COMPACTION

The SHS product was investigated and it was found that the relative density was only
39% (Fig 4.9 (a)). Also, porosity was very high. So, the same composite was fabricated by SHS
compaction technique. The product obtained after SHS compaction (Fig 4.9 (b)) had a lower
porosity and was significantly denser than that obtained after combustion in argon. Specifically,
SHS compaction products exhibited an increase in density of 55—60% as compared to non-
compacted products. The volume decreased due to decreasing the length, while the diameter

remained almost the same as before the compaction. The XRD pattern obtained after SHS

compaction was similar to that obtained by combustion in argon.

(a) (b)
Figure 4.9: Products (a) after combustion in Ar (b) after SHS compaction.
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4.6 COMPRESSION TEST

The SHS compaction product (diameter 25 mm; height 17 mm) was subjected to the
compression test. The displacement rate of the top fixture was equal to 5 mm/min. During the
test, when the load reached 37.9 kN, the product started to break (see the load-strain curve in Fig.

4.10). Based on the test results, compressive strength was determined to be 79 MPa.

40000

35000 -

30000 -

25000 ~

20000 -

Load (N)

15000 -

10000 +

5000 -

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Strain (mm/mm)
Figure 4.10: Compressive load-strain curve of the SHS compaction product.

4.7 THERMOGRAVIMETRIC ANALYSIS

Oxidation of the materials obtained by combustion in argon and by SHS compaction was
studied using thermogravimetric analysis. The samples (mass: about 20 mg) in alumina crucibles
(diameter: 5.85 mm) were heated in oxygen-argon (20% O,) environment at a heating rate of
10 °C/min. The flow rates of oxygen and argon were 6 mL/min and 24 mL/min, respectively.
Figure 4.11 shows the thermogravimtetric (TG) curves for the products obtained by combustion

in argon and by SHS compaction.
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Figure 4.11: TG curves for the oxidation of MoSi,—MosSi; materials obtained by combustion in
Ar (dotted lines) and by SHS compaction (solid lines).

It is seen that qualitatively the two TG curves are similar. In both cases, the mass increase
due to oxidation started at about 400 °C and reached the maximum at 720—750 °C. Further
increase in the temperature led to dramatic loss of mass. Note that the mass loss during oxidation
of Mo-rich silicides at temperatures over 700 °C is well known in the literature [1, 13-16]; it is
explained by volatilization of MoOs phase formed in the temperature range from 400 to 700 °C.
Comparison of the two TG curves clearly shows that the use of SHS compaction significantly
improves the oxidation resistance of MoSi,—MosSi; materials obtained by combustion synthesis.
This effect is apparently associated with the lower porosity of SHS compaction products, which
inhibits transport of oxygen to the inner surface of the obtained porous sample. It is expected that

an increase in pressure during SHS compaction will further improve the oxidation resistance of

the obtained MoSi,—MosSi; materials.

39



Chapter 5: Fabrication and Characterization of Materials Based On MosSiB,

Phase

5.1 SHS OF M0sSI1B,-MOB COMPOSITES

The attempts to ignite (in argon) a mechanically activated mixture of Mo, Si, and B that

corresponds to MosSiB, phase were unsuccessful. To increase the exothermicity, the

composition of the initial mixture was designed according to the stoichiometry of reactions that

produce two phases: MosSiB, and MoB. The idea of adding more boron is based on the higher

exothermicity of Mo—B mixture: the adiabatic flame temperature of Mo—B equimolar mixture is

equal to 2310 K (calculated at 1 atm using THERMO software [20]), i.e., by about 400 K higher

than for Mo—Si (1:2 mole ratio) mixture. Table 5.1 shows the compositions of the prepared

mixtures and of the expected products.

Table 5.1: Compositions and combustion characteristics of the tested Mo—Si—B mixtures.

No. Initial mixture Expected product " . s i , ez
Mo Si B MOSSiB2 MoB
mol% | mol% mol% mol% mol% mm/s | mm | Hz mm/s mm2 /s

1 62.5 12.5 25 100 0 - - - - - -
2 62.16 12.16 25.68 90 10 * * * * * -
3 61.76 11.76 26.47 80 20 25 1094 | 2.6 1 121 2.4
4 61.13 11.13 27.74 67 33 29 085 | 3.4 3 47 2.5
5 60 10 30 50 50 36 [ 073 49 | >3* * 2.6
6 | 59.09 9.09 31.82 40 60 4.1 1064 | 6.3 | >3* * 2.6
7 | 58.29 8.29 33.42 33 67 5.6 [0.56|10.0 | >3* * 3.1

* Accurate measurements were impossible in this case.
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5.1.1 Combustion Characteristics

The combustion experiments were conducted with 12.7-mm-diameter pellets in an argon
environment. The results confirmed that the proposed method for increasing the mixture
exothermicity works: mixture #2 (see Table 5.1) ignited and the combustion front stopped before
reaching the middle of the pellet, while for mixture #3, the front traveled 90% of the pellet height
and for mixtures 4—7, the front reached the bottom of the pellet. All the pellets burned in the spin
combustion regime where the combustion wave propagates as the motion of one or several hot
spots along a helix on the pellet surface [52-55].

For mixture 3, initially one hot spot propagated (Fig. 5.1) and after passing the middle of
the pellet height, a transition to the regime with two counter-propagating spots occurred. For
mixture 4, the combustion started from two counter-propagating hot spots and after three cycles
transformed into the so-called three-head spin where three hot spots are moving in the same
direction along a helix (Fig. 5.2). For mixtures 5—7, the number of spots was larger and they
were moving rapidly along the luminous zone boundary while this zone propagated toward the
bottom end of the pellet. For all the samples, a distinct trace of the spinning front remained on

the product surface.

0 0.04 s 0.07 s 0.10s 0.14 s

Figure 5.1: Propagation of a single spin over mixture #3 (Table 5.1) pellet. Time zero selected
arbitrarily.
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0.17 s 0.20s 0.23s 0.27s 0.30s

Figure 5.2: Propagation of a three-head spin over mixture #4 (Table 5.1) pellet. Time zero
selected arbitrarily.

The measured characteristics of the spinning front such as the axial velocity (u), pitch (z),
frequency (f), number of spin heads (#), and tangential velocity (v), are shown in Table 5.1. The
pitch and frequency were measured using the trace on the product surface. Note that one of the
three characteristics u, f, and z can also be calculated using the other two and an obvious
relationship u =f"z.

Different analytical and modeling approaches have been utilized to explain the spin
combustion of solid systems [56-58]. A simplified theory of spin combustion developed by
Novozhilov [56] predicts that the product uz (or uz'f ) is constant and of the same order of
magnitude as the thermal diffusivity of the medium (the pitch plays a role of the preheat zone in
the flame). The obtained values of uz are, indeed, close to each other (see Table 5.1). It is also

well known that for many powdered mixtures used in SHS, the thermal diffusivity is of the order
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of 1 mm?/s [59, 60] so that the obtained values of uz are of the same order of magnitude as the
thermal diffusivity. In addition, the measured values of the tangential velocity v for mixtures 3
and 4 (121 and 47 mm/s, respectively) correlate with the values 106 and 45 mm/s, respectively,
obtained using the mass conservation equation: v = wdwnz", where d is the pellet diameter.
Thus, the obtained characteristics of spin combustion are in good agreement with Novozhilov’s
theory.

Thermocouple measurements have shown that in any of the tested Mo-Si-B mixtures the
maximum temperature did not reach the melting point of Si, 1414 °C (the melting points of Mo
and B are much higher). Thus, the reaction mechanism during the observed spin combustion was
based on solid-phase diffusion, with no liquid involved. Also, the temperature profiles contained

a single maximum, indicating that the reactions occurred simultaneously.

5.1.2 X-ray Diffraction Analysis

X-ray diffraction analysis of the combustion products has shown that in each experiment,
the obtained composition was not a binary (MosSiB,—MoB) mixture. Figure 5.3 shows an XRD
pattern for mixture #4. The composition includes MosSiB,, MoB, MoSi,, MosSi;, Mo;B, and
Mo. It is possible that the product also contains B, which cannot be seen in the pattern because
amorphous boron was used in the experiments. It is seen that MosSiB, and Mo exhibit the
highest peaks and MoB is apparently the third major component. XRD patterns obtained for
mixtures 5, 6, and 7 are similar (figs 5.4, 5.5, and 5.6), but they report an important trend: the
Mo-to-MosSiB, intensity ratio, determined using the highest peaks for each phase, is equal to
1.39, 1.18, 0.75, and 0.62 for mixtures 4, 5, 6, and 7, respectively. Thus, with increasing the

content of MoB in the product composition, the content of Mo phase decreases.
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Figure 5.3: XRD pattern of products obtained by combustion of Mo—Si—B mixture #4 (Table
5.1).

# *  MosBSi,
MoB
MoSi,
MosSi,
Mo,B
Mo

> 0 X

H*H +
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Figure 5.4: XRD pattern of products obtained by combustion of Mo—Si—B mixture #5 (Table
5.1).
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Figure 5.5: XRD pattern of products obtained by combustion of Mo—Si—B mixture #6 (Table

5.1).
*  MogBSi,
* x MoB
o MoSi,
. * A MosSis
X + Mo,B
#

20 30 40 50 60 70 80
20 (degree)

Figure 5.6: XRD pattern of products obtained by combustion of Mo—Si—B mixture #7 (Table
5.1).
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5.1.3 Thermogravimetric Analysis

It is well known that increasing the amount of Mo phase improves mechanical properties
of molybdenum silicides and borosilicides, but decreases the oxidation resistance because of the
formation and volatilization of MoOs [1, 13-17]. To determine the effect of Mo phase on the
oxidation resistance of the obtained materials, mixtures 3, 4, and 7 were subjected to
thermogravimetric analysis in oxygen—argon flow. The flow rate and the heating rate were the
same as in the aforementioned tests of MoSi,—MosSi; composites. For all the samples, the TG
and calculated differential thermal analysis (c-DTA) curves were virtually identical (Figs. 5.7,
5.8, and 5.9). The mass increases are 54.5%, 54.8, and 54.2% for mixtures 3, 4, and 7
respectively. Thus, it can be concluded that oxidation resistance of the obtained Mo—Si—B
materials is independent on the concentration of Mo phase in the products so that the materials
with higher Mo contents are preferable because of better mechanical properties. The oxidation
resistance of these materials could be improved by using SHS compaction as shown in Section

4.1.5.

TG /% c-DTA® /K
N Mass Change: 64.52 % | ex
2.0
1401 1.5
120+ 1.0

0.5
100 /\

v o-o
801

-0.6
60 -1.0

-1.5
40

-2.0

100 200 300 400 500 600 700 800 900
Temperature /°C

Figure 5.7: TG and c-DTA curves for the oxidation of the product obtained by combustion of
Mo—Si—B mixture #3 (Table 5.1).
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Figure 5.8: TG and c-DTA curves for the oxidation of the product obtained by combustion of

Mo—Si—B mixture #4 (Table 5.1).
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Figure 5.9: TG and c-DTA curves for the oxidation of the product obtained by combustion of

Mo—Si—B mixture #7 (Table 5.1).
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5.2 COMBUSTION SYNTHESIS OF A SINGLE MOsSIB; (T,) PHASE

To fabricate a single T, phase, we used the “chemical oven” technique. Both milled and
unmilled powders were tested. We prepared composite pellets that included a core of Mo-Si-B
(5:1:2 mole ratio) mixture inside a shell made of Ti/B (1:2 mole ratio) mixture. The highly-
exothermic T1/B mixture was used as a source of additional heat to enable ignition of the core.
To make the composite pellet, first, Mo-Si-B mixture was compacted into a pellet (diameter: 13
mm, height: 15-20 mm). Then this pellet was submerged into T/B mixture inside a 25-mm die
and pressed again. The resulting composite pellet is shown in Fig. 5.10. This pellet was ignited in

an argon environment at 1 atm.

Compressed
MOSSiB )

mixture

Compressed
TiB s mixture

Figure 5.10: Composite pellet for chemical oven experiments.

5.2.1 SHS products

Figure 5.11 shows photographs of the combustion products. The product in the left image
was obtained by combustion of the unmilled powder mixture, while the right image shows the
product obtained from the milled (mechanically activated) powder. Although the product in the

right image looks more metallic and less porous than the left one, it had large cracks throughout.
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Figure 5.11: Combustion Products (left) without and (right) with mechanical activation.

5.2.2 X-ray Diffraction Analysis

XRD patterns of both products are shown in Figs. 5.12 and 5.13. These patterns are quite
similar. They confirm the abundance of MosSiB, phase in each sample. Small peaks of Mo and

MosSi are also observed.

* Mo,SiB,
i # Mo,Si
* + Mo

20 30 40 50
20 (degree)

Figure 5.12: XRD pattern of products obtained by chemical oven SHS of unmilled mixture.
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# Mo,Si
+ Mo

50
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Figure 5.13: XRD pattern of products obtained by chemical oven SHS of milled mixture.

5.2.3 Scanning Electron Microscopy Analysis

The powder before and after milling (Fig. 5.14) were analyzed in SEM that shows the

particle distribution and confirms the reduction of particle size by milling.

54800 15.0kV 8.8mm x5.00k SE(U) 71 81'2(.1l14I

10.0um

Figure 5.14: SEM micrograph of Mo—Si—B mixture (left) before milling and (right) after milling.
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Also, the combustion product was analyzed in SEM. Figure 5.15 shows the SEM image
of the combustion product obtained from unmilled powder, while the SEM image of the product

obtained from the milled powder is shown in figure 5.16.

Figure 5.15: SEM micrograph of Mo—Si—B mixture after chemical oven combustion synthesis
with unmilled powder.

Figure 5.16: SEM micrograph of Mo—Si—B mixture after chemical oven combustion synthesis
with milled powder.
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Due to some limitation to obtain electron backscatter (BSE) images, these micrographs
have been compared with the results of other researchers to identify the phase contents. Two

such results are shown in Fig. 5.17.

il
e AN

i -\ '
e bW " T"J:' 3|

Figure 5.17: Backscattered electron image of (left) as-cast Mo—13Si—15B alloy [61] and (right)
as-cast Mo-14.2Si-9.6B alloy [62].

Comparing with the aforementioned images, it can be inferred that the resulting
microstructures consisted of Mo particles distributed throughout a network of the intermetallic
phases Mo3Si and MosSiB,. Bright grains in the micrograph correspond to a-Mo phase. Due to
its higher average atomic number, molybdenum appears lighter than the intermetallic phases. It
is difficult to distinguish T, and Mo3Si phases. The presence of molybdenum particles improves
the mechanical properties of the material. However, it is experimentally proved that for
significant improvement, these alloys need to be processed in such a way that molybdenum is

present as a continuous network.
5.2.4 Compression Test

The compressive strength of the product obtained by chemical oven combustion synthesis
with the unmilled powder was investigated using the fatigue test machine. Same ASTM standard

and displacement rate was maintained as described in chapter 4. Three different combustion
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products were tested and the maximum compressive strength was found as 53 MPa. Figure 5.18

shows the obtained stress-strain curves.

60
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50

40

30
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0.00 0.02 0.04 0.06 0.08 0.10 0.12
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Figure: 5.18: Stress-strain curves obtained in three tests.

53



Chapter 6: Conclusion

MoSi,—MosSi; composites and materials based on MosSiB, phase have been obtained by
mechanically activated SHS. It has been shown that use of SHS compaction (quasi-isostatic
pressing) significantly improved oxidation resistance of the obtained MoSi,—MosSi; composites.
Also, it increased the product density by over 50% as compared to the product obtained by SHS
in argon. The compressive strength of the product was also significantly improved.

Combustion of Mo—Si—B mixtures for the formation of MosSiB; phase becomes possible
if the composition is designed for the addition of reactions leading to the formation of
molybdenum boride. These mixtures exhibit spin combustion, the characteristics of which are in
good agreement with the spin combustion theory.

Oxidation resistance of the obtained Mo—Si—B materials is independent on the
concentration of Mo phase in the products so that the materials with a higher Mo content are
preferable because of better mechanical properties.

Chemical oven combustion synthesis technique can be used to fabricate MosSiB, and
MosSiB;- based materials. However, to obtain better mechanical properties, it is necessary to
select compositions and experimental parameters in such a way that the intermetallic phases

MosSiB; and Mo3Si are distributed uniformly in the continuous network of a-Mo.
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