
vii 

 

Table of Contents 

 

Acknowledgements ......................................................................................................................... v 

Abstract .......................................................................................................................................... vi 

Table of Contents .......................................................................................................................... vii 

Table of Figures .............................................................................................................................. x 

Chapter 1: Introduction ................................................................................................................... 1 

1.1 Project Rationale .............................................................................................................. 1 

1.1.1 Advantages and problems of molybdenum silicides as structural materials for 

ultrahigh-temperature applications ...................................................................... 1 

1.1.2 The addition of boron to molybdenum borosilicides ........................................... 2 

1.1.3 Synthesis of molybdenum borosilicides .............................................................. 2 

1.2 Objectives ........................................................................................................................ 3 

Chapter 2: Literature Review on Molybdenum Borosilicides for Ultrahigh-Temperature 

Applications ........................................................................................................................... 5 

2.1 Oxidation resistance of Mo-Si-B materials ..................................................................... 5 

2.2 Mechanical properties of Mo-Si-B materials ................................................................... 9 

2.3 Mo5SiB2 phase ............................................................................................................... 12 

2.4 Mo5SiB2-TiC material.................................................................................................... 13 

Chapter 3: Experimental Procedures and Facilities ...................................................................... 14 

3.1 Sample preparation ........................................................................................................ 14 

3.1.2 Preparation of Mo5SiB2-TiB2 materials ............................................................. 17 

3.1.3 Preparation of Mo5SiB2-TiC materials. ............................................................. 17 

3.2 Combustion experiments ............................................................................................... 17 

3.2.1 Mechanically activated self-propagating high temperature synthesis 

(MASHS) ........................................................................................................... 19 

3.2.2 Chemical oven combustion technique ............................................................... 19 

3.3 Characterization of products .......................................................................................... 20 

3.3.1 X-ray diffraction analysis .................................................................................. 20 

3.3.2 Thermogravimetric analysis (TGA) ................................................................... 20 









23 

 

 

Figure 3.3.4.1: INSTRON 5866 testing machine. 

 

3.3.5 Nano indentation tests 

To determine the elastic modulus and hardness of the material, the Hysitron TI 750H Ubi 

nanomechanical test instrument was used (Figure 3.3.5.1). The nanoindentator made around 36 

impacts on each sample at room temperature. The properties presented in this study are the average 

results of every impact. This nanoindentator is capable of calculating the hardness of the material 

directly. Also, the elastic modulus is determined by the following equation, 
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Figure 3.3.5.1: Hysitron TI 750H Ubi nanomechanical test instrument. 
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Chapter 4: Results and Discussion 

4.1 Mo5SiB2-TiC materials fabricated by MASHS 

As it was previously stated, four compositions (10 wt%, 20 wt%, 30 wt%, and 40 wt%) of 

stoichiometric Ti/C (1:1 mol ratio) were added to the main mixture of stoichiometric Mo5SiB2 

(5:1:2 mol ratio). Efforts were made to ignite the mixture using a booster mixture (Ti/B, 1:2 mol 

ratio) on the top of the pellet. The booster mixture ignited, but the main mixture did not. 

 

4.2 Mo5SiB2-TiB2 materials fabricated by MASHS 

Five compositions (10 wt%, 15 wt%, 20 wt%, 30 wt%, and 40 wt%) of stoichiometric Ti/B 

(1:2 mol ratio) were added to the main mixture of stoichiometric Mo5SiB2 (5:1:2 mol ratio). A 

booster mixture was placed on the top of each pellet. Almost all experiments were successful. The 

combustion behavior was different depending on the composition. 

The first composition tested was Mo5SiB2-10% TiB2. The mixture ignited, but the 

combustion front stopped in the middle of the pellet. In Figure 4.2.1 it is seen that when the 

combustion front reaches the middle of the pellet, two hot spots moving in opposite directions 

along the front appear on the pellet surface. Therefore, the combustion front is planar at the 

beginning of the propagation, but heat losses lead to spin combustion. 
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Figure 4.2.1: Combustion of Mo-Si-B-Ti mixture designed for 90% Mo5SiB2 and 10% TiB2. 

 

The second composition tested was the mixture designed for 15 wt% TiB2. Figure 4.2.2 

shows the combustion propagation over this mixture. It is seen from the top series of images that 

the combustion front propagates downward with an approximately constant axial velocity (about 

4 mm/s). The bottom series of images in Fig. 1 reveals a spinning structure of the combustion 

wave. Specifically, a counter-propagating motion is seen in the images with time labels 0.08 s and 

0.1 s. 
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Figure 4.2.2: Combustion of Mo-Si-B-Ti mixture designed for 85% Mo5SiB2 and 15% TiB2 [44]. 

 

The mixture designed for 20 wt% TiB2 was the third composition tested. The combustion 

was different from the previous two. Upon ignition of the booster pellet, the main mixture 

exhibited a fast and uniform planar combustion. The main pellet completely burned, but the 

reaction was so violent that the pellet was split into two parts near the base (Figure 4.2.3). 

 

Figure 4.2.3: Combustion of Mo-Si-B-Ti mixture designed for 80% Mo5SiB2 and 20% TiB2. 

 

* * * * * * * * 
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The fourth combustion experiment was with the mixture designed for 30 wt% TiB2. The 

combustion is similar to the mixture designed for 20 wt%: fast and uniform propagation of the 

planar combustion front. However, the combustion product exhibited cracks along its height, 

apparently due to the high energy of the combustion (Figure 4.2.4). 

 

Figure 4.2.4: Combustion of Mo-Si-B-Ti mixture designed for 70% Mo5SiB2 and 30% TiB2. 

 

The last composition tested was the mixture designed for 40 wt% TiB2. The combustion 

front was planar, but it was constantly interrupted by the pellet splitting along the process (Figure 

4.2.5).  

 

Figure 4.2.5: Combustion of Mo-Si-B-Ti mixture designed for 60% Mo5SiB2 and 40% TiB2. 
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It is seen that as the content of the secondary mixture increased, the combustion was faster 

and more violent. This excess of energy brought as a consequence cracked combustion products. 

However, high exothermicities and high combustion temperatures are needed in order to decrease 

the formation of unwanted phases.  

On the other hand, one of the goals of this project is to explore the feasibility of using 

MASHS for fabricating Mo5SiB2-TiB2 materials. It has been shown that materials with 

compositions higher than 15 wt% TiB2 were damaged during MASHS. This means that MASHS 

is not a viable technique to fabricate materials with high concentrations of this secondary mixture. 

For this reason, further investigation was made to materials with composition of 15 wt% TiB2.  

The temperature readings in Figure 4.2.6 shows that the maximum temperature achieved 

during MASHS for the mixture designed for 15 wt% TiB2 was about 1140 °C. The temperature 

fluctuates around this temperature for about 4 s and then it starts to cool for 50 s. The maximum 

temperature is lower than the melting point of any of the reactants. This means that the reaction 

mechanism is solid-solid combustion leading to a relatively slow flame propagation [45]. 

 

Figure 4.2.6: Time variation of the electromotive force (relative to 0 °C) generated by a C-type 

thermocouple during combustion (SHS) of Mo/Si/B/Ti mixture designed for 85% Mo5SiB2 and 

15% TiB2. 
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The combustion products had relatively low densities. Figure 4.2.7 shows the combustion 

product after conventional SHS. Visible pores and cracks can be seen on the surface of the pellet 

(the top layer consisted of the remains of the booster mixture). The density of the product obtained 

by conventional SHS was 4.0 g/cm3. 

 

Figure 2.4.7: Combustion products of Mo/Si/B/Ti mixture designed for 85% Mo5SiB2 and 15% 

TiB2 by conventional SHS 

 

These visible defects and the low density determined that SHS may not be adequate to 

fabricate these materials. For reference, the theoretical density of this material is 8.2 g/cm3. This 

means that the relative density obtained was about 50%. Thus, the products fabricated with 

MASHS do not deliver fully dense materials. However, there are other alternatives explored in 

this project to fabricate the desired materials.  

 

4.2.1 X-ray diffraction analysis of Mo5SiB2-TiB2 materials fabricated by MASHS 

Mo5SiB2-TiB2 materials fabricated by MASHS were characterized using X-ray diffraction 

analysis. As mentioned above, five different amounts (10 wt%, 15 wt%, 20 wt%, 30 wt%, and 40 

wt %) of stoichiometric Ti-B (1:2 mol ratio) were added to the main mixture of stoichiometric Mo-

Si-B (5:1:2 mol ratio).  
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Figure 4.2.1.1 shows the spectrum of the mixture designed for Mo5SiB2-10 wt% TiB2. It is 

seen that the desired Mo5SiB2 and TiB2 phases were obtained. However, those two phases are 

accompanied by Mo5Si3, Mo, and MoB. It is seen that those three phases have the highest peaks 

in the spectrum.  

 

Figure 4.2.1.1: XRD pattern of products obtained by combustion (SHS) of Mo/Si/B/Ti mixture 

designed for 90% Mo5SiB2 and 10% TiB2. 

 

Figure 4.2.1.2 shows the spectrum for the mixture designed for Mo5SiB2-15 wt% TiB2. 

Again, the desired Mo5SiB2 and TiB2 were accompanied by Mo, Mo5Si3, and MoB phases. 

However, the highest peak corresponds to T2 phase, while the height of the Mo peak at 40.6° 

decreased significantly. Also, the three peaks of Mo5Si3 between 41° and 43° completely 

disappeared. Thus, the two major peaks correspond to T2 phase and MoB. 
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Figure 4.2.1.2: XRD pattern of products obtained by combustion (conventional SHS) of 

Mo/Si/B/Ti mixture designed for 85% Mo5SiB2 and 15% TiB2. 

 

Figure 4.2.1.3 corresponds to the mixture designed for 20 wt% TiB2. Again, the desired 

phases T2 and TiB2 were obtained and the highest peak corresponds to the former. However, 

Mo5Si3 phase reappears between 42° and 43° and the MoB was the second highest peak. Also, it 

can be seen that the Mo peak at 40.6° kept decreasing in height. 

 

Figure 4.2.1.4: XRD patterns of products obtained by combustion (conventional SHS) of 

Mo/Si/B/Ti mixture designed for 80% Mo5SiB2 and 20% TiB2 [44]. 
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Likewise, Figure 4.2.1.5 shows the spectrum for the mixture designed for 30 wt% TiB2. It 

is observed that the two desired phases, T2 and TiB2, were obtained, but the intensity of the Mo 

peak at 40.6 ° significantly decreased. Also, the main phases were MoB and Mo5Si3. This is 

undesirable due to the fact that the mixture was designed to only contain Mo5SiB2 and TiB2. In 

fact, T2 peaks at 32.5° and 53.8° completely disappeared from the spectrum. 

 

Figure 4.2.1.5: XRD patterns of products obtained by combustion (conventional SHS) of 

Mo/Si/B/Ti mixture designed for 70% Mo5SiB2 and 30% TiB2. 

 

Lastly, Figure 4.2.1.6 shows the spectrum for the mixture designed for 40 wt% TiB2. As 

expected, Mo5SiB2 and TiB2 were obtained. However, the Mo phase completely disappeared and 

MoB was again the dominant phase. From these spectra, it can be concluded that as the 

concentration of Ti/B mixture increases, the peak of Mo decreases, which is accompanied by an 

increase in MoB peaks. 
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Figure 4.2.1.6: XRD patterns of products obtained by combustion (conventional SHS) of 

Mo/Si/B/Ti mixture designed for 60% Mo5SiB2 and 40% TiB2. 

 

These results lead to the conclusion that it is impossible to obtain desired two-phase 

Mo5SiB2–TiC and Mo5SiB2–TiB2 materials by a conventional SHS with ignition at the top of the 

pellet. For this reason, it was decided to focus on the use of the chemical oven technique. 

 

4.2.2 Thermogravimetric analysis of Mo5SiB2-TiB2 materials fabricated by MASHS 

Two samples of Mo5SiB2-TiB2 materials with a composition of 15 wt% TiB2 were tested 

for oxidation using the thermogravimetric analysis. Figure 4.2.2.1 shows the oxidation behavior 

of these samples. 


