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Chapter I: Introduction 

 Ultrahigh temperature ceramics (UHTCs) are a group of ceramics, which possess 

very high melting points (above 3000 °C). Transition metal carbides and borides of 

groups IV and V are both considered as UHTCs [1–4]. These ceramics have a unique 

combination of properties such as high hardness, high melting point, high electrical and 

thermal conductivity, which makes them promising materials for cutting tools and 

ultrahigh temperature applications such as critical parts for engines and hypersonic 

vehicles that may need to tolerate temperatures even above 2000 °C [5–10]. However, it 

has been noticed that conventional binary UHTCs are not sufficient for the oxidizing and 

rapid heating environments [9,10]. Previous studies show that, by controlling the 

composition via using alloying elements, ternary UHTC solid solutions/composites could 

provide better properties compared to binary systems such as higher oxidation resistance, 

higher melting point and enhanced mechanical properties [11,12]. In addition to 

composition, refining microstructure plays a significant role in improving the UHTCs 

properties such as hardness and toughness. Obtaining UHTC powders with reduced 

particle size will help achieving finer microstructure of the fabricated parts, and it also 

helps simplify the post synthesis processing such as milling/grinding and improves the 

sintering activity. All of these motivate the research on synthesis and processing of nano-

scale ternary UHTC powders [13,14].   

 Among transition metal carbide UHTCs, hafnium carbide (HfC, Tm=3900°C) and 

tantalum carbide (TaC, Tm=3985°C) are of particular interest due to their very high 

melting points, high hardness (TaC: ~19GPa and HfC: ~20GPa),  high electrical and 
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thermal conductivity [1,2,5–10]. However, these properties could improve further 

through forming solid solutions and/or composites. It has been observed that compared to 

binary HfC and TaC, (Ta,Hf)C solid solutions provide better properties such as higher 

melting point (above 4000 °C), higher electrical resistivity and microhardness [15–17]. 

TaC and HfC can form continuous solid solutions in a broad composition range thanks to 

their similar crystal structure and also physical-chemical properties. Nevertheless, the 

solid solution may go through phase separation because of the presence of a miscibility 

gap at temperatures below 887 °C. Therefore, it is critical to understand how to control 

the synthesis process to avoid phase separation, which is an energetically favorable 

process under certain condition. There are a few studies on synthesis of TaxHf1-xC solid 

solution powders using different approaches[18][16][19]. However, all these approaches 

suffer from certain drawbacks such as high cost of the starting materials (e.g., 

organometallic precursors, organic solvents), applying vacuum, long processing time, or 

introducing impurities. Moreover, the suggested methods are only used to synthesize a 

single composition of Ta0.8Hf0.2C solid solution and there is no study on the synthesis of 

other compositions, which show even greater properties such as higher oxidation 

resistance and better mechanical properties [20]. Therefore all these bring the question of 

how to control the phase separation of TaC-HfC during the synthesis process using low-

cost methods without any composition constraints. 

 Among refractory UHTC diborides hafnium diboride (HfB2, Tm=3250°C) and 

zirconium diboride (ZrB2 Tm=3000°C) are top candidates for thermal protection materials 

in both reentry and hypersonic vehicles due to their high melting point and superior 

oxidation resistance and thermal-mechanical properties [3,4]. Similar to UHTC carbides, 
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different properties of diborides such as oxidation resistance, toughness, mechanical and 

electrical properties could be improved using alloying elements [21–24]. For example, it 

has been observed that adding TaB2 improves the oxidation resistance of HfB2 noticeably. 

This is mainly because of the formation of tantalum pentoxide (Ta2O5, Tm=1880°C), 

which has lower melting point than hafnium oxide (HfO2, Tm=2758°C). Hence, during 

the oxidation process Ta2O5 melts before HfO2 and form a more dense oxide layer leading 

to less oxygen transport [25]. Up to now there is only one study by Xie et al. [26][27]on 

the synthesis of TaB2-ZrB2 composite powders. However, in addition to not being able to 

synthesize single phase TaxZr1-xB2 solid solution, their method suffers from several 

drawbacks such as high cost of the starting materials and issues with waste disposal. On 

the other hand, there is no study on the synthesis of TaxHf1-xB2 solid solution/composite 

powders, which could have even higher melting point than TaxZr1-xB2 composite/solid 

solution thanks to the higher melting point of HfB2 when compared with ZrB2. 

Additionally, there are several studies reporting rapid coarsening and abnormal grain 

growth during the synthesis of boron containing ceramics even at moderate temperatures 

[28][29][30][31]. All these bring the fundamental question of how to precisely control the 

phase and microstructure of TaxHf1-xB2 solid solution powders using low cost methods. 

 On the other hand, synthesis of high temperature ceramics (HTC) of boron 

carbide (B4C, Tm=2763°C) powders was also of interest since it is closely related to the 

synthesis of both TaxHf1-xC and TaxHf1-xB2 solid solutions considering the fact that B4C 

contains both carbon and boron in its structure. Therefore, studying the synthesis of 

nano/submicron-sized B4C with the emphasis on understanding the composition-

processing-microstructure relationship is also very important as it will provide guidance 
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to low cost synthesis of other carbides and borides with controlled microstructure and 

properties.  

 Thus, the main objective of this work is to study the synthesis and formation 

mechanisms of nanocrystalline ternary TaxHf1-xC and TaxHf1-xB2 solid solution powders 

with a focus on the interrelationships between composition, processing and 

microstructure. This is critical as it will provide better understanding about how to 

precisely control stoichiometry, phase, morphology and properties of the synthesized 

ternary UHTC materials. The secondary objective of this research is to synthesize 

nano/submicron-sized high temperature B4C ceramic powders using a low-cost method, 

study the interrelationships between composition-processing-microstructure and develop 

understanding about the reaction kinetics and mechanisms of formation for such a highly 

applicable ceramic, which would help guide the synthesis of ternary UHTC carbides and 

borides. 

 This thesis will be organized into 6 chapters. Chapter 1 provides an introduction 

for B4C and ternary carbide and boride UHTCs. Chapter 2 details the historic researches 

on the synthesis of nano B4C and ternary UHTCs and their challenges with particularly 

focuses on the TaxHf1-xC and TaxHf1-xB2 solid solutions/composites. Chapter 3 contains 

the materials, methods used for the synthesis of fine B4C powders as well as the obtained 

results and detailed analysis of them. Materials, methods, results and detailed discussion 

for synthesis of TaxHf1-xC andTaxHf1-xB2 solid solutions could be found in chapter 4 and 

5, respectively. Summary of the major findings in this work and recommendations for 

future work are provided in Chapter 6. 
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Chapter II: Literature Review  

2.1 Boron Carbide (B4C) 

 Synthesis methods used to produce B4C powders are reviewed below. Advantages 

and also disadvantages of each method are explained in details in order to provide a 

rationale for the synthesis approach used in this work. These methods are: elemental 

synthesis, magnesiothermic reduction reaction, vapor phase reaction (e.g., chemical vapor 

deposition) and carbothermal reduction reaction. Most of these approaches are not 

practical for synthesis of nano-scale boron carbide on a large industrial scale.  

2.1.1 Elemental Synthesis  

 There are some studies on the synthesis of B4C powders via elemental synthesis 

method. For example,  Chang et al. [32] synthesized submicron-sized B4C powders 

(~ 350 nm) through heat treating a mixture of amorphous boron and carbon powders at 

1550 °C for 4 hours under argon flow. Wei et al. [33]  synthesized B4C nanorods through 

mixing the carbon nanotubes (CNT) with amorphous boron (B) powders followed by heat 

treating at 1150 °C for 2 hours under flowing of argon gas. However, synthesis of B4C 

powders using elemental synthesis method is not economically preferred for industrial 

production due to the high cost of the elemental boron.  

2.1.2 Magnesiothermic Reduction Reaction  

 B4C powders can also be synthesized via magnesiothermic reduction reaction. 

Equation below shows the formation of B4C using magnesium as the reducing agent:[34] 

6MgOCBC6MgO2B 432                                                                           Eq. 2.1 
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However, the above reaction does not occur in a single step but they rather in two 

subsequent steps see equations below: 

6MgO4B6MgO2B 32                                                                                    Eq. 2.2 

CBC4B 4                                                                                                           Eq. 2.3 

Nevertheless, the B4C powders synthesized by this method always contain residual 

magnesium compounds. Although hot acids could be applied to purify the synthesized 

powders, those impurity compounds would not be removed completely. Moreover, the 

high cost of magnesium and the need for treating the waste acid make this method less 

favorable to be implemented for industrial scale synthesis of B4C. There has been a report 

by Singh et al. [35], which describes the synthesis of uniform B4C nanoparticles by one 

step reduction of boric acid using activated magnesium at very low temperatures (800 °C) 

for 20 hours. However, that method utilized a specially designed high pressure autoclave, 

which is expensive and has safety and productivity concerns. 

2.1.3 Vapor Phase Reaction  

 Vapor phase reaction  method  has been widely used to synthesize B4C powders, 

thin film coatings, and whiskers[36][37][38][39]. In this method, the boron containing 

gaseous species such as boron trichloride (BCl3) and boron triiodide (BI3) will be reduced 

by carbon containing gaseous species such as carbon tetrachloride (CCl4) and  

hydrocarbon gases (e.g., CH4) to form B4C [34,40] .The equation below refers to the 

formation of B4C through the reduction of gaseous BCl3 with CH4 : 

12HClCB4HCH4BCl 4243                                                                         Eq. 2.4 
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It should be noted that in this method, hydrogen (H2) gas must be added to CH4 during 

the whole process in order to covert the chlorine to hydrogen chloride (HCl). Although 

this method leads to formation of B4C products with high purity, it is not ideal for 

synthesis of B4C nano powders on large scale due to the high cost of gaseous materials 

and equipment. As a result, it is not appropriate for large industrial B4C powders 

production. 

2.1.4 Carbothermal Reduction Reaction 

 Among all the methods mentioned earlier, carbothermal reduction reaction (CTR) 

is most commonly carried out since it is an inexpensive method that uses low cost 

starting materials such as boron trioxide (B2O3) and carbon and relative simple 

equipment. In fact, it is used for industrial production of B4C (e.g., via the Acheson 

process). Eq. 2.5 shows the overall reaction for boron carbide synthesis through CTR 

[40]: 

6CO(g)C(s)B7C(s)g)(l,O2B 432                                                                   Eq. 2.5 

 Researchers have made numerous reports on the synthesis of B4C powders based 

on CTR process. For example, Weimer et al. [40,41] has synthesized uniform and fine 

B4C particles (~100 nm) at 2000 °C for a few seconds  in a graphite transport reactor 

using rapid CTR reaction of B2O3 and carbon from cornstarch. Miler et al. [42] also has 

synthesized submicron B4C particles (~0.4μm) through rapid CTR reaction of B2O3 and 

carbon lamp black at 1750 °C in a specially designed graphite furnace.  Gao et al. [43,44] 

has also synthesized submicron B4C particles (~0.35μm) using an aqueous solution of 

boric acid and carbon as precursors followed by pyrolysis (to remove the low molecule 
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species such as excess water) and rapid CTR at 1850 °C. Kakiage et al. [45] synthesized 

micron-sized B4C particles (~5 μm) using PVA and boric acid through conventional CTR 

at a low temperature of 1100°C. Najafi et al. [46,47] synthesized a mixture of nano B4C 

particles and whiskers using sol-gel process of phenolic resin and boron alkoxide 

followed by pyrolysis and conventional CTR reaction at 1270 °C. However, despite the 

successful synthesis of B4C powders via CTR method there are still some issues that need 

to be addressed, especially in terms of product microstructure. 

 In spite of CTR advantages over other B4C synthesis methods, there are not 

enough studies on a detailed examination of interrelationships between composition-

processing-microstructure and there is still a significant lack of a systematic study on the 

effect of different parameters (e.g., CTR processing conditions and precursors) on final 

morphology and as a result properties of B4C. For example, Alizadeh et al.[28]reported 

the formation of highly non-uniform B4C powders via CTR reaction between boric acid 

and carbon (see Figure 2.1).  

 

Figure 2.1: SEM image of the B4C powders synthesized by Alizadeh et al.[28] 
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Ma et al. [48] reported formation of B4C nanowires through CTR of B2O3/B/C mixture 

without adding any catalyst. On the other hand, Weimer et al. [40][41] reports the 

synthesis of highly uniform B4C powders via CTR method using essentially the same 

kinds of starting materials. All these bring questions of: 

1- What causes such large variations in B4C powder microstructure?  

2-How to better control the B4C product morphology? 

Study aimed at revealing the interrelationships between composition-processing-

microstructure for synthesis of nano/submicron-sized B4C powders via CTR method will 

help answer those questions and also influence the scaling up of the synthesis process to 

industrial production for fine B4C powders.  

2.2 UHTC Carbides and Borides Synthesis  

All the methods used to synthesize UHTC carbides and borides along with their 

advantages and disadvantages are discussed in the following section.  

2.2.1 Direct Reaction Using Elemental Metals  

 In this method, the elemental transition metal powders react with boron or carbon 

powders in order to form UHTC borides and carbides, respectively. There are several 

studies on the synthesis of UHTC borides and carbides using this method [49–51]. For 

example, Matsudaira et al. [49] synthesized a mixture of niobium diboride (NbB2) and 

niobium boride (NbB) with particle size of ~5-10 μm at 1000 °C for 1 hour using 

elemental niobium metal and amorphous boron powder. However, as earlier explained in 

section  2.1.1, elemental synthesis suffers from several drawbacks including high cost of 

the elemental precursors. On the other hand, the use of coarse starting materials (in 
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particular transition metal powders) along with the relatively high reaction temperatures 

leads to a noticeable grain growth.  

 Moreover, there are also several studies on the synthesis of UHTC borides and 

carbides from the elements using self-propagating-high-temperature synthesis (SHS) 

method [50,51][52]. However, the obtained products from the SHS process may have 

non-uniform morphology due to the temperature non-uniformities during the synthesis 

procedure (see Figure 2.2). In other words, there would be almost no control on the 

microstructure of the synthesized powder via SHS process due to the very fast reactions 

with high transient reaction temperature (~2000 °C)[27].  All these make the elemental 

synthesis an unfavorable process to produce nanocrystalline UHTCs.  

 

Figure 2.2: SEM image of  synthesized ZrB2+SiC composite via SHS method [50]. 
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2.2.2 Vapor Phase Reaction  

 Both carbides and borides of transition metals could be synthesized via vapor-

phase reaction method [53–55]. Eq. 2.6 shows the reduction of the gaseous transition 

metal chloride and boron trichloride with hydrogen gas. 

10HClMB(g)5H(g)2BCl(g)MCl 2234                                                       Eq. 2.6
 

Eq. 2.7 shows the formation of transition metal carbides through the reaction between the 

gaseous transition metal chlorides with gaseous hydrocarbons (e.g., propene). 

12HCl3MC(g)3H(g)HC(g)3MCl 2634                                                        Eq. 2.7 

However, as earlier mentioned in section  2.1.3 this method suffers from some 

disadvantages such as high cost of the gaseous precursors and equipment and also safety 

concerns with using such flammable gases (e.g., CH4) and the byproduct of highly 

corrosive HCl.  

2.2.3 Carbothermal and Borothermal Reduction Reactions  

 Carbothermal reduction reaction (CTR) is commonly used for commercial 

production of the UHTC carbides and borides. Compared with the methods explained 

previously, CTR reaction is low cost, scalable and environmentally friendly.  

Example CTR reactions for formation of carbides and borides could be written as 

follows, assuming product of MC and MB2: 

2CO(g)MC(s)3CMO2                                                                                  Eq. 2.8 

5CO(g)(s)MB5C(s)(s)OB(s)MO 2322                                                        Eq. 2.9 

The transition metal oxides need to react with carbon and carbon plus boron trioxide to 

from UHTC carbides and borides, respectively.  
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Borothermal reduction reaction (BTR) is another method used to synthesize 

UHTC borides. In this method the transition metal oxide reacts with B to from boride as 

shown below [56][57]: 

(g)OB(s)MB4B(s)(s)MO 2222                                              Eq. 2.10 

The reaction temperature for Eq. 2.10 could further decrease by adding carbon to help 

reducing the metal oxide[57]: 

2CO(g)(s)MB2C(s)2B(s)(s)MO 22                                                         Eq. 2.11 

B4C can also be used instead of elemental boron in the above reaction [31] However, 

similar to elemental boron, B4C is also expensive especially for the ones with smaller 

particle size. In comparison B2O3 is much less expensive and could be used as B source 

for the synthesis of UHTC borides via CTR reaction (see Eq. 2.9).  

 In conventional CTR processing method used for synthesis of UHTC carbides and 

borides, very high temperature and long holding times on the order of several hours are 

required due to the non-homogenous mixture of coarse reactants, which result in 

formation of micron-sized particles instead of uniform UHTC nanopowders. On the other 

hand, CTR reaction can use soluble precursor materials that can offer intimate, molecular 

mixing of reactants. This would result in lower CTR temperatures and shorter dwell time 

giving rise to formation of UHTC powders with smaller particle size. Moreover, more 

uniform powders would form via solution processing followed by CTR thanks to the 

homogeneous distribution of all reactants at molecular level.  

 It should also be mentioned that there would be a large choices of precursors and 

processing conditions for CTR, which offers the flexibility to have better control on the 
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morphology and stoichiometry of the synthesized powders, and is not applicable in the 

earlier mentioned methods.  

2.2.4 Alkali Metal Reduction 

 Alkali metal reduction reaction (AMR) method has been used for the synthesis of 

UHTC diborides before. In this approach, the alkali metals or their active compounds 

such as sodium borohydride (NaBH4) are used to react with transition metal chlorides in 

order to form UHTC diborides. The overall AMR reaction is written as below [58,59] 

2244 3H2HCl2NaClMB2NaBHMCl                                                    Eq. 2.12 

The reaction above occurs at low temperatures, while at higher temperatures (>500 °C) 

NaBH4 starts to decompose (see  Eq. 2.13) and  the metal chlorides will react with 

decomposition products of NaBH4 sodium hydride (NaH) and boron hydride (BH3) in 

order to form metal diborides (see Eq. 2.14).  

NaHBHNaBH 34                                                                                             Eq. 2.13 

2234 3H2HCl2NaClMB2BH2NaHMCl                                           Eq. 2.14 

 This method provides some advantages such as lower reaction temperature 

(<1000 °C), which would help obtaining very small crystallite size in range of few 

nanometers. However, there are also a few difficulties associated with this approach. For 

example, alkali borohydrides, which are used as the reducing agent as well as the boron 

source, may bring safety concerns. Moreover, both transition metal chlorides and alkali 

borohydride are sensitive to air/moisture. Therefore, rigorous atmosphere control is 

required in order to prevent their reaction with air/moisture, otherwise the product of the 
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AMR reaction might contain metal oxides instead of pure borides. Additionally, as can be 

seen in Eq. 2.14 alkali halides are the byproduct of the AMR reaction, which need to get 

removed by washing the products via water.   

2.3 Synthesis of Ternary UHTCs 

 Preparing solid solutions and composites of UHTC carbides and borides enable 

flexibility in tuning the composition and properties such as mechanical, thermal and 

chemical properties [9,60][24]. The solid solutions and/or composites of UHTC borides 

and carbides often show the potential to be used for certain aerospace applications thanks 

to the improved mechanical or chemical properties [24][61]. For example, Mroz [61] 

reported that (Ti,Zr)C and (Ti,Zr)B2 solid solutions show better mechanical properties 

(e.g., higher hardness) compared with the end members for each system (see Figure 2.3). 

 

Figure 2.3: Hardness of single-phase TaZrB2 solid solution with different compositions[61] 

 For thermal properties, Andrievskii et al. [15] studied the melting points for 

different compositions of (Ta,Hf)C solid solutions. It was found that Ta0.8Hf0.2C has 

higher melting point (~4010 °C) than both pure HfC and TaC. Additionally, Monteverde 
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et al.[62] reported that addition of 10 vol.% HfB2 into ZrB2+15vol.%SiC enhanced the 

thermal shock resistance of the sintered ceramic from 385 °C to 475 °C through 

formation of (Zr,Hf)B2 solid solution during the consolidation process. For chemical 

property, Zhang et al. [20] performed oxidation tests on sintered (Ta,Hf)C solid solutions 

with different compositions such as Ta0.5Hf0.5C using a plasma gun. The oxidation test 

results showed that the formed oxide layer on the surface of the sintered Ta0.5Hf0.5C 

sample is noticeably thinner than those formed on the surfaces of the sintered pure TaC 

and HfC, suggesting better oxidation resistance for the system of Ta0.5Hf0.5C under 

certain testing condition. 

Table 2.1: The thickness of oxide layers formed at ~2720 °C after different times [20] 

 

PT: Pure TaC 

T8H2: Ta80Hf20C solid solution 

T5H5: Ta50Hf50C solid solution 

T2H8: Ta20Hf80C solid solution 

PH: Pure HfC 
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  In another example, Talmy et al. [63] observed that addition of TaB2 to ZrB2-SiC 

composite would improve the oxidation resistance at temperatures up to 1400 °C. All 

these motivate the research on synthesis and processing of ternary UHTCs. 

2.3.1 Previous Study on Synthesis of Ternary UHTC Carbides and Borides 

 As discussed earlier, synthesis of binary UHTC powders has been extensively 

studied. However, there have not been many studies on the synthesis of ternary UHTC 

carbides and borides powders. It should be noted that there are some studies on synthesis 

of bulk UHTC solid solutions and/or composites from binary carbides and borides using 

high temperature and/or high pressure processes. For example, Valvoda et al. [64] 

synthesized (Ta,Hf)C solid solution by annealing the TaC and HfC cold pressed powder 

mixture for 200 hours at 1900 °C. Ghaffari et al. [65] fabricated bulk Ta0.8Hf0.2C in the 

presence of molybdenum disilicide (MoSi2) sintering aid by pressureless sintering at 

2000 °C for 1 hour using a micron-sized mixture of TaC-HfC ceramic powders. Ghaffari 

et al. [66]  also fabricated bulk TaC-HfC solid solution at 1650 °C for 5 minutes under 

pressure of 30 MPa using the spark plasma sintering (SPS) method.  

  However, these methods could only produce bulk ceramic materials with 

relatively coarse scale of mixing. On the other hand, as mentioned before, obtaining 

UHTC powders with reduced particle size will help achieving finer microstructure of the 

fabricated parts, and it also helps simplify the post synthesis processing such as 

milling/grinding and improves the sintering activity. Additionally, powders enable 

flexibility for different applications such as input materials for coatings via plasma spray.  

https://en.wikipedia.org/wiki/Molybdenum_disilicide
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Figure  5.1: XRD patterns of all samples synthesized via CTR method from different recipes at 

various temperature and time. 

Figure  5.2 (a) is the SEM image of this sample showing the formation of uniform 

submicron-sized (~ 200-300 nm) powder despite the sample is actually a composite of 

HfB2 and Ta-rich Ta1-xHfxB2 (x ≈ 0.38) solid solution as suggested by XRD. Because 

increasing the CTR dwell time to 6 hours at 1500 °C for a sample from the same recipie 

R8 did not seem to make much difference in reducing the extent of phase separation 

between the two diborides (see Figure  5.1 (b)), the CTR temperature was increased to 

accelerate the diffusion rate in the hope to achieve a single phase solid solution. 

 Figure  5.1(c) shows the XRD pattern for a sample from recipe R8 after CTR at 

1650 °C for 1.5 hours.  The merging of diffraction peaks appear more obvious and the 
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Figure  5.1 (d) shows the XRD pattern for a sample after CTR at 1500 °C for 3 hours from 

recipe R9, which is identical to recipe R8 with the exception that 2 wt.% Cu metal 

powders was added to the dried precursor powders (obtained from aqueous solution 

processing followed by drying on an hot plate) as the “catalyst” or diffusion promoter. 

Compared to the sample without Cu at the same CTR temperature and time (see 

Figure  5.1(a)), the sample with Cu addition shows much greater extent of solid solution 

formation with diffraction peaks of HfB2 decreased significantly, while the peaks for Ta-

rich solid solution shift more towards lower 2θ angle and broaden and merge more with 

the HfB2 peaks, suggesting more Hf incorporation into the lattice (see Figure  5.1 (a) vs. 

Figure  5.1(d)). When the CTR temperature was increased further to 1650 °C, as shown in 

Figure  5.1 (e), the individual HfB2 and Ta-rich TaB2 peaks have almost completely 

merged together, implying that Ta0.5Hf0.5B2 solid solution powder with very little residual 

HfB2 phase has been successfully prepared. Compared to the sample from recipe R8 

synthesized via CTR under the same condition (see Figure  5.1 (c)), the samples show 

better results in terms of solid solution formation.  It is noted that for both samples, no Cu 

were detected. This suggests most of the Cu added had evaporated, which is reasonable 

due to its low melting point (~ 1085 °C) and relatively high vapor pressure. On the other 

hand, although Cu addition seems to facilitate inter-diffusion of cations and formation of 

solid solution, characterization of the samples microstructure indicates that it also leads to 

coarsening of the obtained powders.  As shown from the SEM images for the sample 

from recipe R9 synthesized via CTR at 1650 °C for 1.5 hours, the particle size for the 

powder increased to ~ 600-700 nm (see Figure  5.4 (a)), which is significantly larger than 

the sample obtained from recipe R8 (without Cu) synthesized at the same CTR 
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temperature and time showing particle size of ~300-400 nm (see Figure  5.4 (b)).  This, 

similar to the adoption of higher CTR temperature, shows the limitation with the CTR-

based method in trying to obtain single-phase solid solution nanocrystalline powders. 

Finally, it is noted that other than copper metal, some other additives or 

“catalysts” as potential liquid diffusion promoters during CTR had also been considered.  

However, due to drawbacks such as high vapor pressure (e.g., molten salt of sodium 

chloride or NaCl) or reactivity with carbon (e.g., silicon) and/or boron (e.g., iron), those 

other additives did not yield as significant results as copper. 

 

Figure  5.4: SEM micrographs of synthesized powders after CTR at 1650 °C for 1.5 hours from 

(a) recipe R9, which contains copper metal (Cu) as a “catalyst” or, more precisely, a diffusion 

promoter and (b) recipe R8, which does not contain Cu, respectively. Particle coarsening due to 

the presence of the liquid Cu as a diffusion promoter during the CTR process is noticeable for the 

sample from recipe R9 with Cu (a). 
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5.3.2 Preparation of Nanocrystalline Ta0.5Hf0.5B2 Solid Solution Powders via AMR 

Method  

From the previous section, it is seen that for the CTR-based method, the TaCl5 

and HfCl4 precursors go through solution-based processing and turn into (amorphous) 

oxides of Ta2O5 and HfO2.that react further with carbon as well as B2O3 in subsequent 

high temperature carbothermal reduction reaction or CTR to form the diborides. 

However, as mentioned, Ta2O5 and HfO2 have very low affinity for each other and do not 

readily form a solid solution, while they also have very different reactivity with carbon 

and B2O3. The result is that Ta2O5 and HfO2 would always react separately with carbon 

as well as B2O3 to form TaB2 and HfB2, which then need to inter-diffuse to each other at 

high temperatures to form theTa1-xHfxB2 solid solution phase, and the overall reaction for 

the formation of (Ta-Hf)B2 solid solution powder via CTR is a multi-step process.   

Although higher CTR temperature or the addition of a diffusion promoter (e.g., copper 

metal powder) seems to help accelerate the diffusion and solid solution formation, they 

result in undesirable grain coarsening, which is contrary to the objective of trying to 

obtain nanocrystalline diboride solid solution powders.  

On the other hand, as mentioned in the introduction, the synthesis of metal 

diboride has also been achieved using the alkali metal reduction or AMR method.  It is 

noted that during AMR the metal chlorides directly get reduced by a strong reducing 

agent such as NaBH4 and it does not involve the formation of metal oxides.  Hence, the 

authors hypothesized that this AMR-based method might be applicable for the synthesis 

of nanocrystalline powders of single-phase ternary UHTC diboride solid solutions by 
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completely avoiding the metal oxides formation stage and associated tendency for phase 

separation in the resulting ternary diborides.  

Figure  5.5 (a) shows the XRD pattern for a pure HfB2 sample synthesized from 

R17 after AMR at 700 °C for 24 hours in a covered graphite boat in the flowing argon 

atmosphere.  All diffraction peaks match JCPDS card #98-008-5316 for HfB2, suggesting 

high product purity. The pattern shows dramatic peak broadening indicating the 

formation of very small grains on the order of ~6 nm as estimated by Scherrer equation. 

Figure  5.5 (c) shows the XRD pattern for a pure TaB2 sample synthesized from recipe 

R18 via AMR also at 700 °C for 24 hours. The diffraction peaks match perfectly with 

JCPDS card # 98-008-5398 for TaB2. However, compared with HfB2, peaks 

corresponding to TaB2 are broader suggesting the formation of even smaller grains (size 

estimated to be ~ 3.5 nm).  In comparison, Figure  5.5 (b) shows the XRD pattern for a 

sample from recipe R14 synthesized via the AMR method also at 700 °C for 24 hours 

with the target composition of Ta0.5Hf0.5B2. Unlike the samples synthesized from the 

CTR-based method, the diffraction peaks corresponding to individual TaB2 and HfB2 

merged completely into a single set of broad peaks that correspond to Ta0.5Hf0.5B2 solid 

solution (JCPDS # 98-004-9539). The SEM image for this Ta0.5Hf0.5B2 solid solution 

sample shows highly agglomerated powders with particle size of ~50-100 nm (see 

Figure  5.6). The BET surface area for the sample is measured to be 4.9 m
2
/g, and the 

estimated avarge particle size using this number is ~100 nm (See supplementary 

materials (3)) for the calculation steps), which is consistent with the SEM observations 

(see Figure  5.6 (a)). Figure  5.6(b) shows the TEM image for this sample. It confirms the 

formation of nanopowders with individual grain size on the order of ~3-5 nm.   
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Figure  5.5: XRD patterns of three samples synthesized via the alkaline metal reduction (AMR) 

method from different recipes after the AMR reaction at 700 
o
C for 24 in close graphite boat in a 

tube furnace with flow argon atmosphere: (a) from recipe R17 targeting pure HfB2, (b) from 

recipe R14 targeting Ta0.5Hf0.5B2, and (c) from recipe R18 targeting pure TaB2. 

The measured d-spacing from the lattice fringes is ~0.34 nm, as shown in 

Figure  5.6 (c), which is very close to that for the (0001) plane of Ta0.5Hf0.5B2 (JCPDS# 98-

004-9539).  Overall, SEM and TEM analysis suggest uniform morphology for the 

obtained nanoparticles.  Therefore, it appears that in order to obtain nanocrystalline 

single phase Ta1-xHfxB2 solid solution powders, the AMR-based method offers certain 

advantages over the CTR-based method as the former avoids the formation of oxides and 

the complication involving phase separation due to low solubility of Ta2O5 and HfO2 and 

the large difference in the oxides’ reactivity against carbon and B2O3.  
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Figure  5.6: SEM (a) and TEM (b and c) micrographs of the synthesized powder via AMR 

reaction at 700 °C for 24 hours from recipe R14 showing the formation of uniform 

nanocrystalline Ta0.5Hf0.5B2 solid solution powders with grain size much smaller than ~50 nm. 

The measured d-spacing of ~0.34 nm from TEM is very close to the expected value for the (0001) 

plane of the Ta0.5Hf0.5B2 solid solution. 
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The oxidation resistance of TaB2, HfB2, and Ta0.5Hf0.5B2 solid solution 

nanopowders synthesized via the AMR method was evaluated using TGA in air and the 

results are shown in Figure S3.4 (see supplemnatry materials(3)).  It shows that the 

Ta0.5Hf0.5B2 solid solution powder does not offer dramatically improved oxidation 

resistance versus pure HfB2 (see Figure S3.4).  In fact, the onset oxidation temperature 

for AMR synthesized HfB2 nanopowder is ~700 °C, while it is only ~600 °C for 

Ta0.5Hf0.5B2 (and ~600
 
°C for TaB2).  The lower oxidation onset temperature for TaB2 

and Ta0.5Hf0.5B2 nanopowder comparing with HfB2 is hypothesized to be related to the 

smaller grain size of the synthesized TaB2 and Ta0.5Hf0.5B2 solid solution powders, which 

make the Ta0.5Hf0.5B2 solid solution powder kinetically more susceptible to oxidation.  

This is supported by the XRD patterns for the samples showing higher crystallinity and 

narrower peaks for the HfB2 nanopowder versus both TaB2 and Ta0.5Hf0.5B2 (see 

Figure  5.5).  The air TGA results for the powders from AMR-based synthesis route also 

show that the weight gain was 46%, 36.28% and 41.73% for TaB2, HfB2 and 

Ta0.5Hf0.5B2, respectively, which are reasonably close to the theoretical weight gain of 

43.44% for pure TaB2, 39.98% for pure HfB2 and 41.71% for Ta0.5Hf0.5B2 solid solution. 

Finally, as mentioned in the experimental section, when using the AMR method, 

the obtained powder had to be washed in hot water to remove the NaCl reaction product, 

which might cause partial oxidation of the sample.  This might be one of the reasons that 

EDS analysis of the AMR powder contains relatively high oxygen content of 2 wt%, 

which is equivalent to ~8 at.%.  It might also explain the relatively thick amorphous layer 

around the synthesized boride powders, as seen in the TEM in Figure  5.6(b).  
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In order to check if the crystallinity of the nano diboride solid solution powders 

synthesized via the AMR method could be improved and also gain more understanding 

about the amorphous impurities (suspected to be Na and/or boron containing compounds 

such as B2O3) surrounding the nanopowders, Ta0.5Hf0.5B2 solid solution (from R14) as 

well as HfB2 (from R17) powders from AMR (at 700 °C for 24 h) were further annealed 

at 1500 °C for 3 hours in flowing argon. The XRD patterns for both samples show high 

intensity diffraction peaks suggesting a significant improvement in the crystallinity of the 

products after the annealing (see Figure 5.7 vs. Figure 5.5 for before the 

annealing).   Furthermore, the XRD peaks for these samples after annealing are much 

narrower as compared to before annealing. This could be attributed to the grain growth 

during the annealing process, which was confirmed by comparing the SEM images of the 

samples before and after annealing, as shown in Figure 8:  For both samples, the particles 

experience significant coarsening after the 1500 °C /3 hours annealing with individual 

grains grow from nanometer range to submicron range. 
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amount of NaBH4 used in recipe R14 than R17 resulting in formation of less amorphous 

impurities. The formation of the amorphous impurities and associated weight loss during 

high temperature annealing constitutes a limitation for the current AMR method and 

additional studies are required to further optimize the process and mitigate the impurity 

content.  

 

Figure  5.8: SEM micrographs of the HfB2 (a, b) and Ta0.5Hf0.5B2 solid solution (c, d) powders 

synthesized via the AMR method (at 700 °C for 24 hours) before (a, c) and after (b, d) the 

separate annealing  at 1500 °C for 3 hours.  The grains grow significantly after the 1500 
o
C/3 h 

annealing for both HfB2 (from R17, compare (b) versus (a)) and Ta0.5Hf0.5B2 solid solution (from 

R14, compare (d) versus (c)) samples. 

Finally, it is recognized that the current study is confined to powder, while UHTC 

materials are mostly utilized as consolidated ceramic bodies. Therefore, additional study 

aimed at optimizing the processing to reduce the oxygen content need to be carried out.  

In addition, studies aimed at understanding the sintering behavior of the synthesized (Ta-


