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 i

SYNOPSIS

Energy is the most fundamental requirement of every society or nation as it 

progresses through the ladder of development. The energy demand of the world is 

increasing every year due to population growth and increasing standard of living. The 

major energy sources of India are fossil fuels such as oil, coal and natural gas. Over 65% 

of power generated currently is contributed by thermal energy, which cuts down the 

precious coal reserves of the country and causes environmental problems. In order to 

transform India into a technologically and economically advanced nation an adequate 

growth in energy generation is necessary. To sustain the anticipated growth rate of Gross 

Domestic Product to catalyse the required industrial growth and to ensure improved 

standard of living, a nearly eight hundred percent increase in energy generation is 

projected as essential in the next four decades. This emphasizes the role of nuclear energy 

in India’s plans for energy security. India has consciously proceeded to explore the 

possibility of tapping nuclear energy for the purpose of power generation. Considering the 

postulated energy demand by 2050 and taking stock of the availability of fuel resources in 

the country and internationally, it has been estimated by the Department of Atomic 

Energy that India would require an estimated contribution of at least 25% from nuclear 

energy. 

India's domestic uranium reserve (~ 52,000 tons) is small and the country is 

dependent on uranium imports to fuel its nuclear power industry. On the other hand, 

thorium resources are large (~ 3, 19,000 tons). Keeping this fact in mind India is pursuing 

a three-stage nuclear powder program. In stage I - Pressurized heavy water reactor will 

use natural uranium (235U–0.7%, fissile isotope and 238U-99.3%, fertile isotope) as fuel to 
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produce electricity and would produce 239Pu as by-product through neutron capture 

reaction of 238U. In the second stage of the nuclear program, fast breeder reactors will be 

producing energy by utilizing the 239Pu produced in the first stage. At the same time these 

reactors will also be used for converting another naturally occurring fertile isotope 232Th 

into fissile isotope 233U. In the third stage of the nuclear program, 233U produced from the 

second stage will be used as fuel for thermal breeder reactors. The three-stage nuclear 

program effectively utilizes the existing resources of uranium and thorium. 

 India has entered into the second stage of the nuclear programme successfully, 

with the design and construction of 500 MWe prototype fast breeder reactor (PFBR) at 

Kalpakkam. One of the major components in the PFBR is the control rod material. Due to 

high neutron absorption cross section of 10B, boron in the form of boron carbide is used as 

the control rod and neutron shielding material in PFBR. In addition, its favourable 

physicochemical properties such as high melting point, high hardness, low density, good 

thermal conductivity, low thermal expansion coefficient and high chemical stability, make 

boron carbide an attractive candidate material for many industrial applications. 

Commercially boron carbide is synthesized by carbothermic reduction of boric 

oxide/boric acid. However, this method is energy inefficient and requires very high 

temperatures. The product obtained is in the form of nuggets and coarse-grained. Hence, 

this product is subsequently crushed and intensively milled to produce powder. The milled 

powder is inherently associated with contamination resulting from the grinding media and 

hence requires an acid leaching for purification. In addition, this process results in 

substantial loss of boron in the form of its oxides due to volatilization at high 

temperatures. Hence, the resultant final product, boron carbide, is often found to contain a 
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significant amount of residual carbon. It is a challenge to synthesize boron carbide without 

free carbon residue for various industrial applications. 

This thesis mainly deals with the research and development associated with the 

synthesis and characterization of nanocrystalline boron carbide at relatively lower 

temperatures. In addition, the thesis deals with the thermal expansion of boron carbide and 

development of a simple method for the digestion of boron carbide for its chemical assay. 

Organization of the thesis 
 
The thesis comprises of seven chapters that are listed below. 

CHAPTER 1 : Introduction and literature review 

CHAPTER 2 : Experimental 

CHAPTER 3 : Thermodynamic analysis of the production of boron carbide  

  through carbothermic reduction of boric oxide 

CHAPTER 4 : Studies on the synthesis and characterization of nanocrystalline   

  boron carbide from gel precursors 

CHAPTER 5 : Studies on the thermal expansion of nanocrystalline and    

  microcrystalline boron carbides 

CHAPTER 6 : Studies on the development of a new method for the  digestion  

  of boron carbide for its chemical assay  

CHAPTER 7 : Summary, conclusions and scope for future study 

 

A brief overview of individual chapters is presented below. 

Chapter 1 

This chapter presents a general introduction to the importance of nuclear energy 

with particular emphasis to fast breeder reactors. Various components of nuclear reactors 

and types of reactors are then discussed. This is followed by a discussion on the control 

systems in nuclear reactors, various control rod materials and advantages of boron and 

boron carbide as control rod material. The chapter also discusses the advantages and 
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disadvantages of various methods of synthesis of boron carbide reported in the literature. 

Importance of nanocrystalline materials, need of thermal expansion studies of materials 

and various methods for the determination of thermal expansion are also discussed. The 

need to develop an alternate method of digestion of boron carbide for its chemical assay is 

discussed. Finally the results of the present study are summarized and the scope for further 

study are highlighted.  

Chapter 2 

This chapter describes the experimental techniques and materials employed in the 

present investigation. The principles of chemical characterization (analysis of boron and 

carbon) and the details of powder and metallurgical characterization of materials (viz., 

bulk density, specific surface area analysis, FTIR, X-ray diffraction analysis, scanning 

electron microscopic analysis, transmission electron microscopic analysis, particle size 

distribution techniques etc.) that have been used in the present study are given. 

Chapter 3 

This chapter describes the thermodynamic analysis of the synthesis of boron 

carbide through carbothermic reduction of boric oxide. Commercially boron carbide is 

produced by the carbothermic reduction of either boric oxide or boric acid. In order to 

identify the optimum reduction temperature and the mole ratio of B2O3 to C, 

thermodynamic equilibrium calculations on the system B-O-C have been performed by 

using FactSage 6.2. The calculation of the equilibrium concentrations of various species 

has been performed over the temperature range 273–3573 K. All possible condensed 

phases and gaseous species have been taken into account. These calculations show that the 

carbothermic reduction of boric oxide is feasible at temperatures above 1830 K and the 
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residual carbon in the final product can be reduced by suitably adjusting the mole ratio of 

carbon to boric oxide to a value slightly lower than that demanded by the stoichiometry of 

the reaction between B2O3 to C to give boron carbide. These results are consistent with the 

experimental observations reported in the literature. The influence of residual moisture 

present in argon carrier gas / purge gas on the yield of boron carbide during the 

carbothermic reduction of boric oxide has also been examined.

Chapter 4 

This chapter deals with the development of energy efficient methods for the 

synthesis of nanocrystalline boron carbide based on the pyrolysis of suitable gel 

precursors. This is a novel technique for synthesizing boron carbide at relatively lower 

temperatures than those employed in commercial methods. Using this technique, 

nanocrystalline boron carbide was synthesized from various gel precursors. The chapter is 

divided into four different sub sections, namely, (i) synthesis and characterization of 

boron carbide from boric acid-citric acid gel precursor (ii) synthesis and characterization 

of boron carbide from boric oxide-citric acid gel precursor (iii) synthesis and 

characterization of boron carbide from boric acid-sucrose gel precursor and (iv) synthesis 

and characterization of boron carbide from boric oxide-sucrose gel precursor. 

Chapter 5 

This chapter presents the results of the thermal expansion of boron carbide. The 

lattice thermal expansion behaviour of nanocrystalline and microcrystalline boron 

carbides has been measured by the high-temperature X-ray diffraction technique in the 

temperature range 298–1773 K. The lattice parameters of both nano and microcrystalline 

boron carbides were found to increase with increase in temperature. The average thermal 
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expansion coefficients in this temperature range for the nanocrystalline and the 

microcrystalline boron carbides were found to be 7.76×10-6 and 7.06×10-6 K-1 respectively. 

The difference observed in the thermal expansion behaviour is explained in this chapter. 

Chapter 6 

 The development of an alternate method for the digestion of boron carbide 

for its chemical assay is described in this chapter. The boron carbide was digested using 

an acid mixture in a simple apparatus. Boron was subsequently determined by the 

conventional method of titration of mannitol-boric acid complex using the standard 

potassium hydroxide solution. Trace elements and isotopic ratio of 10B/11B were 

determined by using inductively coupled plasma mass spectrometer. The validity and 

accuracy of the digestion technique developed in this study was established by comparing 

the analytical results with those obtained by conventional “sodium carbonate fusion” 

method. The new digestion technique developed in this study facilitates relatively fast and 

accurate determination of total boron, its isotopic content and trace elements present in it.  

Chapter 7 

In this concluding chapter, the thesis is summed up by highlighting the main 

findings and the results of the present study. Finally the scope for future work has been 

presented. 
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Introduction 
 

1.0  Introduction 

This chapter presents a general introduction to the importance of nuclear energy with 

particular emphasis on fast breeder reactors. Various types of reactors and the components 

of nuclear reactors are discussed. This is followed by a discussion on control systems in 

nuclear reactors, various control rod materials and advantages of boron and boron carbide 

as control rod materials. The chapter also discusses various methods of synthesis of boron 

carbide reported in the literature. Importance of nanocrystalline boron carbide, need of 

thermal expansion studies and various methods for the determination of thermal expansion 

are also discussed. Finally various methods of digestion of boron carbide for its chemical 

assay are presented. The motivation and scope of the present study are also highlighted. 

1.1 Energy and economy 

Energy is the most fundamental requirement of every society or nation as it progresses 

through the ladder of development. The energy demand of the world is increasing every 

year due to population growth and increasing standard of living. Sustainable growth 

cannot be fully achieved without secure access to energy and electricity. There is a distinct 

and categorical correlation between the energy consumption and income of a nation—

each reinforcing the other. A nation‘s development index is linked to its per capita 

consumption of electricity [1, 2]. Per capita electricity consumption in developed 

countries is very high [3]. Developing countries such as India have very low per capita 

energy consumption which currently stands at 420 kWh per year as compared to USA 

(12190 kWh per year) and Japan (7290 kWh per year). In this regard, developing 

countries like India need to exploit all the available resources to produce energy to meet 
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the ever-increasing demand of power and to bring the per capita energy consumption to 

reach that of the advanced countries within a few decades.  

The major energy sources of India are fossil fuels such as oil, coal and natural gas. In 

the profile of energy sources in India, coal has a dominant position. Coal constitutes about 

53% of India‘s primary energy resources followed by hydro (25%), gas (10%), 

renewables (8%) and nuclear (3%) [4]. Coal accounts for more than half of the country‘s 

energy consumption. The poor quality of Indian coal, coupled with lack of infrastructure 

to clean it, poses a major environmental threat. Although it is the world‘s third biggest 

coal producer after the United States and China, India‘s coal reserves at the current level 

of consumption could run out in forty years. As per the ministry of petroleum, 

Government of India, India has 1,437 billion cubic meters of confirmed natural gas 

reserves as of April 2010. Natural gas resources are likely to last for about thirty years at 

the present level of consumption. In India, resources of crude oil are meager. Almost 70 % 

of crude oil consumed is imported. The current reserves of crude oil are merely 786 Mt. 

These reserves including imports will last only for 1-2 decades at the present rate of 

consumption [5].  

India has a share of 16 % in the world‘s population. The energy generation capacity 

needs to be increased to transform India into a technologically and economically advanced 

nation. India needs to increase its power production by eight hundred times in the next 30-

40 years to achieve the anticipated Gross Domestic Product (GDP). India is aiming to 

reach at least a per capita energy consumption of about 2400 kWh/a (current world 

average) with 8% growth rate of GDP by 2031-32 [6]. In this context, the electricity 

generation capacity should be raised to about 778 GWe by 2031-32 [7]. This level of 
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increased electricity generation capacity cannot be sustained for more than a few decades, 

even with full utilization of all existing resources such as exploitable domestic 

hydrocarbon, hydroelectric and non-conventional energy resources. The bulk import of 

fuel or energy is not an affordable proposition for India. In this context nuclear power will 

be called upon to play a crucial role in meeting the projected demand for electricity 

generation. 

After thermal, hydro and renewable sources of electricity, nuclear power is the fourth 

largest source of electricity in India. Department of Atomic Energy aims to contribute 

25% of electricity from nuclear power by considering the demand and the available 

energy resources in India by 2050. At present, there are 19 nuclear power reactors in 

operation with a gross capacity of 4560 MWe and 4 reactors with a capacity of 2720 

MWe at an advanced stage of construction. Four indigenously-designed 700 MWe 

pressurized heavy water reactors (PHWRs) with a capacity of 2800 MWe have been 

launched, two reactors of 700 MWe at each of the existing sites, Kakrapar in Gujarat state 

and Rawatbhata in Rajasthan state [7]. 

 India has a flourishing and largely indigenous nuclear power program and expects to 

have 20,000 MWe nuclear capacity on line by 2020 and 63,000 MWe by 2032 by setting 

up nuclear reactors based on both indigenous technologies of pressurized heavy water 

reactors (PHWRs), fast breeder reactors (FBRs) and large size light water reactors 

(LWRs).  

1.2 India’s nuclear energy programme 

The Indian nuclear programme was conceived based on unique sequential three-stages 

and associated technologies essentially to aim at optimum utilization of indigenous 
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nuclear resources of modest uranium [6] and abundant thorium (~ 3, 19,000 tons) [7]. The 

first stage is based on PHWRs which use natural uranium (
235

U–0.7%, fissile material and 

238
U-99.3%, fertile material) as fuel to produce electricity. In this stage 

239
Pu would be 

produced as by-product through neutron capture reaction of 
238

U. In the second stage of 

the nuclear programme, fast breeder reactors will be producing energy by utilizing the 

239
Pu produced in the first stage. At the same time these reactors will also be used for 

converting another naturally occurring fertile isotope Th
232

 into fissile isotope U
233

. In the 

third stage, U
233

-Th based reactors are proposed to be set up for utilizing the vast 

resources of thorium [8, 9].  

1.3 Key components of nuclear reactors 

 

 

 

 

 

 

 

Fig. 1.1 Block diagram of a nuclear reactor 

In general, a nuclear power reactor is not much different from a conventional 

power plant when it comes to generating electricity, except for the manner in which the 

heat is generated using nuclear chain reactions. A simple schematic of a typical nuclear 

reactor is shown in Fig. 1.1. The major components common to most types of nuclear 

power reactors are given below: [10] 
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Core: It is the heart of the reactor which consists of nuclear fuel [11]. Usually high-

density pellets of UO2, (U, Pu)O2, (U, Pu)C, (U, Pu, Zr) alloy etc. sealed in a clad tube 

typically made of zirconium alloy, magnesium alloy or stainless steel etc., depending on 

the type of reactors form the fuel rods. The rods are arranged into fuel assemblies in the 

reactor core.  

Moderator: Moderators are used only for thermal reactors but not for fast reactors. The 

moderator slows down the neutrons released from fission so that the probability of 

absorption of neutron by the fissile nuclide is increased. Commonly used moderators 

include light water, heavy water and graphite in various thermal reactors. 

Control rods: Nuclear fission is a source of tremendous energy that could be either used 

for destructive purposes such as nuclear weapons or for constructive purposes such as 

production of electrical energy through a nuclear reactor. The nuclear chain reaction that 

produce tremendous amount of energy needs to be controlled in a predictable manner. It is 

here that the control rod comes into picture and form an important part of a nuclear 

reactor. Control rods containing neutron absorbing materials are used to control these 

nuclear chain reactions in a predictable way. 

Coolant: Heat energy is generated in a nuclear reactor core due to nuclear fission 

reaction. This heat needs to be transported to the boiler where steam is raised to run a 

conventional turbine. A coolant plays an important role in a nuclear power plant and 

serves the dual purpose of removing the heat from the reactor as well as transferring it to 

the electricity generation circuit either directly or indirectly depending on the type of 

nuclear reactor being used for the purpose. Generally water or a liquid metal such as 

liquid sodium is used as a coolant in a nuclear reactor. 
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The Shielding Component: A nuclear reaction is a source of intense radiation apart from 

the heat generated in the exothermic process. Because of the harmful effects of radiation, 

shielding is required to prevent it from leaving the reactor. Concrete and steel are very 

good at absorbing radiation and they are equally strong as well, hence used in forming the 

shielding material. 

1.4 Various types of nuclear reactors 

Nuclear reactors are often classified in various ways based on the neutron kinetic 

energy, the purpose of the reactor and the kind of reactor fuel or coolant. The task of 

making a choice among the many possibilities is rendered difficult by the fact that every 

system that has been proposed has some advantages and some disadvantages. Further 

discussion here is focused mainly on power reactors. The power reactors are divided into 

the following categories [12]: 

1. Light water moderated reactors (LWRs). This category includes both pressurized water 

reactors (PWR) and boiling water reactors (BWR) which are cooled and moderated by 

light water. 

2. Heavy water moderated reactors (HWR). These reactors are generally moderated and 

cooled by heavy water. 

3. Gas cooled reactors (GCR). 

4. RBMK type (Russian: Reaktor Bolshoy Moshchnosti Kanalniy meaning High Power 

Channel type Reactor) (Graphite Moderated, Boiling Water) reactors. 

The above reactors are thermal reactors. 

5. Fast breeder reactors 
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6. Advanced nuclear reactors – These reactors may be of any of the above types 

incorporating advanced concepts. 

1.5 Fast Breeder Reactors 

A nuclear breeder reactor produces more fuel than it consumes. Breeding is 

possible only in case of fast reactors where chain reaction in the fast reactor is sustained 

by fast neutrons. Hence, these are called Fast Breeder Reactors (FBRs). The neutron 

energy and fission cross sections (probability to undergo nuclear fission) of the fissile 

material are inversely related. To compensate for the small cross sections in fast energy 

regions, highly enriched fuel (enriched in fissile isotope) is used in the core from 

criticality consideration. Blankets of thorium or natural uranium are used to capture the 

neutrons leaking from the core and thus produce fissile material 
233

U or 
239

Pu. The blanket 

also acts as a reflector of neutrons and thus reduces the critical mass. The fast reactors use 

liquid sodium as the coolant as it has highly favourable nuclear, physical and chemical 

properties. For example, sodium does not moderate neutrons. It has low melting point, 

which makes it easy to maintain in liquid form. Sodium has a very good heat transfer 

characteristics. 

The first stage consisting of pressurized Heavy Water Reactors (PHWR) has 

reached a state of commercial maturity. India has mastered the technology of design and 

construction of PHWRs and built over 15 PHWRs of varying capacities. India has 

embarked in the second stage of FBRs and has commercially launched 500MWe 

Prototype Fast Breeder Reactor (PFBR) at Kalpakkam.  
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1.6 Control system in a nuclear reactor  

 Control rods containing neutron absorbing materials are used to control the nuclear 

chain reactions in a predictable way [13]. The power level of nuclear reactors is controlled 

by adjustment of the neutron flux. In any reactor, high power levels correspond to high 

neutron fluxes and low power levels to low neutron fluxes. The operation and control of a 

nuclear reactor is performed by monitoring and adjusting the neutron flux in the reactor. 

The neutron flux is defined in terms of ‗effective multiplication factor‘ (Keff). It is defined 

as the ratio of the number of fissions in any one generation to the number of fissions in the 

immediately preceding generation for a reactor of finite size. For a sustained chain 

reaction the ‗keff‘ should be at least unity. A reactor is considered as critical when keff = 1, 

supercritical when keff > 1 and subcritical when keff < 1. The fractional departure of a 

system from criticality is defined as reactivity (Reactivity =kexcess / keff) where kexcess is the 

excess multiplication factor and is a measure of the departure of the system from criticality 

[14]. Due to decrease in the fissile nuclear fuel content and increase in the amount of 

fission products, some of which may absorb the neutrons, the reactivity of the reactor 

decreases with operation time. In order to avoid reactor to go subcritical, reactivity is 

always maintained greater than unity. This is possible by employing the following 

methods: addition/removal of (i) nuclear fuel in the core (ii) moderator in the core for 

thermal reactors (iii) reflector around the core and (iv) neutron absorbers in the core [15]. 

These methods can be applied either individually or collectively to control a nuclear 

fission reactor. The practical control method that has hitherto been widely used is the 

insertion or withdrawal of neutron absorber or control materials due to its convenience 

and simplicity [16].  
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 Control rod materials absorb the excess neutrons and keep the reactor always in 

critical stage. Neutron absorption cross section (σc)
1
 of control rod materials determine the 

rate of neutron absorption reaction. It is the property of the nucleus and defined for 

neutron of particular energy. It is expressed in terms of cm
2
. Since absolute values of cross 

sections are very small, the unit barn (1 barn = 10
-24

 cm
2
) is used. Neutron absorption 

cross section decreases with increasing neutron energy.  

The quantity N×σc is equivalent to the cross section of the material per cm
3
 for an 

absorption reaction when the material contains ‗N‘ nuclei / cm
3
. This is called 

macroscopic cross section and is the quantity used for evaluating absorber materials. The 

macroscopic cross section is: Σ = N σc (cm
-1

). It has the dimension of reciprocal of length. 

The inverse of ‗Σ‘ is the mean free path (λ) which a neutron would probably travel 

through a material before undergoing an absorption reaction.  

1.7 Control system of PFBR 

The PFBR‘s systems are designed with defence-in-depth approach having 

redundancy, diversity and independence. The safety measures provided are two 

independent, fast acting and diverse reactor shutdown systems, two decay heat removal 

systems, a core catcher and reactor containment building. Each shutdown system consists 

of sensors, logic circuits, drive mechanisms and neutron absorber rods having boron 

carbide pellets [17]. There are two types of independent fast acting diverse shut down 

systems in PFBR for control and shut down of the reactor in case of any abnormal event. 

They are: (i) control and safety rod (CSR) and (ii) diverse safety rod (DSR). The 

respective drive mechanisms are control and safety rod drive mechanism (CSRDM) and 

diverse safety rod drive mechanism (DSRDM). CSRDM and DSRDM are housed in 

                                                 
1
 It is defined as the probability of occurance of a neutron absorption reaction 
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control plug which is a part of top shield of the reactor and are in-line with the respective 

absorber rods in the core. 

The functions of CSRDM [18] are to facilitate: 

1. Start-up and controlled shut down of reactor and to control reactor power by 

raising and lowering of CSR. 

2. To shut down the reactor by lowering of CSR into the reactor core in abnormal 

conditions (due to slow transients) 

3. To scram the reactor in abnormal condition (due to fast transients) by rapid 

insertion of CSR into the core. 

The functions of DSRDM are to: 

1. Provide the required shut down margin along with CSRs to take care of the fuel 

handling errors. 

2. Maintain the reactor under cold shutdown state independent of CSR after a 

reactor scram even when one of the DSRs is stuck. 

3. Scram the reactor in abnormal conditions (due to fast transients) by a rapid 

insertion of DSR into the reactor core. 

1.8 Characteristics of neutron absorbers/control rod materials 

 In order to perform their functions, control materials have to meet the following 

requirements:  

1. A neutron absorber should have high neutron absorption cross section. A minimum 

value of 100 barns for thermal reactors and 1 barn for fast reactors are essential for a 

material to act as a neutron absorber [19, 20]. 

2. It should have the desirable mechanical, thermal and physical properties. 
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3. It should have high wear and corrosion resistance.  

4. It should have high thermal and irradiation stability.  

5. It should be chemically compatible with the clad and the coolant. 

6. It should be inexpensive. 

1.9 Various Control rod materials  

Chemical elements such as silver, indium, cadmium, boron, cobalt, hafnium, 

dysprosium, gadolinium, samarium, erbium and europium with a sufficiently high cross 

section for neutrons or their alloys and compounds (high-boron steel, silver-indium-

cadmium alloy, boron carbide, zirconium diboride, titanium diboride, hafnium diboride, 

gadolinium titanate, and dysprosium titanate) are used as control rod materials. Table 1.1 

shows the neutronic properties of various control materials [20]. The choice of materials is 

influenced by the energy of neutrons in the reactor, their resistance to neutron-induced 

swelling and the required mechanical and lifetime properties. The control rods may be in 

the form of, for example, stainless steel tubes filled with suitable neutron absorber in the 

form of high-density pellets. The swelling of the control rod material due to neutron 

flux/irradiation can cause deformation of the rod, leading to its premature replacement. 

The burn up of the absorbing isotopes is another lifetime limiting factor. 

Hafnium is a hard, shiny and ductile metal. Naturally occurring hafnium has a 

microscopic thermal neutron absorption cross section of 105 barn. It absorbs the thermal 

and epithermal neutrons. Hafnium has excellent physical, mechanical and neutronic 

properties. It has good mechanical strength, can be easily fabricated and is resistant to 

corrosion in hot water. Hafnium can be alloyed with small amounts of other elements;  
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Table 1.1. Nuclear properties of elements envisaged as neutron absorbers. Reproduced 

from ref. [20]. 

Element Atomic 

mass (amu) 

Isotopic abundance 

(atom fraction) 

Microscopic cross 

section (barns) 

Macroscopic cross  

section (cm
-1

) 

B 10.82 

10.00 

 

0.198 

755 ± 2 

3813 

104.00 

Ag 107.88 

107.00 

109.00 

 

0.5135 

0.4865 

63 ± 1 

31 ± 2 

87 ± 7 

3.63 

… 

… 

Co 59.00 1.00 37.0 ± 1.5 3.37 

Cd 112.41 

113.00 

….. 

0.1226 

2450 ± 50 

20000 ± 300 

118.00 

… 

In 114.82 

113.00 

115.00 

…. 

0.0423 

0.9577 

196 ± 5 

58 ± 13 

207 ± 21 

7.30 

… 

… 

Sm 150.35 

147.00 

149.00 

152.00 

…… 

0.1507 

0.1384 

0.2363 

5600 ± 200 

87 ± 60 

40800 ± 900 

224 ± 7 

166.00 

… 

… 

… 

Eu 152.00 

151.00 

153.00 

154.00 

….. 

0.4777 

0.5223 

…... 

4300 ± 100 

7700 ± 80 

450 ± 20 

1500 ± 100 

92.50 

… 

… 

… 

Gd 157.26 

155.00 

157.00 

….. 

0.1473 

0.1568 

46000 ± 2000 

61000 ± 5000 

240000 ± 12000 

1390.00 

… 

… 

Dy 162..51 

164.00 

….. 

0.2818 

950 ± 50 

2600 ± 300 

35.00 

… 

Hf 178.58 

174.00 

176.00 

177.00 

178.00 

180.00 

…... 

0.0018 

0.0515 

0.1839 

0.2708 

0.3544 

105 ± 5 

1500 ± 1000 

15 ± 15 

380 ± 30 

75 ± 10 

14 ± 5 

4.81 

… 
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e.g. tin and oxygen to increase tensile and creep strength, iron, chromium and niobium for 

corrosion resistance and molybdenum for wear resistance, hardness, and machineability. 

Some such alloys are designated as Hafaloy, Hafaloy-M, Hafaloy-N, and Hafaloy-NM. 

Hence it is a good candidate for reactors using water for both moderation and cooling.  

Cadmium has a thermal absorption cross section of about 2400 barns. Its use as a 

control rod material is limited due to its relatively low melting point (594 K) and lack of 

strength. Its neutron absorption cross section decreases rapidly at energies above 0.18 eV. 

In order to improve its mechanical strength, thermal conductivity, surface hardness and 

corrosion resistance, an alloy of silver with 5% cadmium and 15% Indium has been used 

as control rod material for PHWRs. 

Among the rare earth elements europium (Eu), erbium (Er), gadolinium (Gd), 

samarium (sm), dysprosium (Dy) and lutetium (Lu) in the form of oxides have been 

selected as control rod materials for thermal reactors. These elements have relatively high 

thermal neutron absorption cross section in the epithermal region. Dysprosium titanate is a 

new control rod material currently undergoing evaluation for pressurized water reactors. It 

is a promising replacement for Ag-In-Cd alloys because of its high melting point. In 

addition it does not react with cladding materials, easy to fabricate, does not produce 

radioactive waste and does not swell.  

The two most abundant isotopes of boron are 
10

B and 
11

B. Natural boron consists 

of ~19.8 at% of 
10

B and ~ 80.2 at% of 
11

B. These two isotopes are chemically identical but 

possess different nuclear properties. The absorption cross section of 
11

B isotope is very 

low (σc<< 0.01 barns, for fast neutrons), hence it is non-reactive from a nuclear 

standpoint. The neutron absorbing properties of boron are due to the high neutron 
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absorption cross section of 
10

B isotope. Due to this, boron in the form of boron carbide, 

boron-alloyed steels, alloys of boron and aluminium (BORAL) etc. are used as control rod 

material in various nuclear rectors. In addition, the wide absorption spectrum of boron 

makes it suitable as a neutron shield material [4].  

1.10 Boron and its compounds as control rod material  

Boron and its compounds such as boric acid, boron carbide, rare-earth and 

refractory metal borides find extensive applications in the nuclear industry as neutron 

sensors, neutron shielding material, control/shutoff rods and in nuclear material storage. 

The neutron absorption of natural boron is sufficiently high (752 barn) in the low neutron 

energy range to make it an excellent candidate for use in thermal reactors. The variation of 

neutron absorption cross section of boron with neutron energy is shown in Fig. 1.2 a and 

b.  

 

 

 

 

 

 

 

Fig. 1.2 Neutron absorption cross section at (a) high energies and (b) low energies 

Reproduced from ref. [14]. 

At higher neutron energies, the neutron absorption cross section of most other 

elements becomes very small, often abruptly as in the case of cadmium, whereas that of 

(a) (b)
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10
B decreases monotonically with energy and the absorption cross section is sufficiently 

high at 1 barn for 1 MeV energy neutrons. Boron and its compounds such as B4C are the 

most effective neutron absorbers in most types of reactors particularly in fast reactors. 

Absolute values of neutron absorption cross-section of B along the entire energy spectrum 

are of sufficient magnitude to make it very effective in the intermediate as well as fast 

energy range also. In addition to a high absorption cross section, boron has another 

advantage over other potential neutron absorber materials. The reaction products, helium 

and lithium, are formed as stable, non-radioactive isotopes. As they do not emit nuclear 

radiation, decay heating problems during reactor shutdowns and transfer of depleted 

control rods are minimal [16-18]. 

 Among all the compounds of boron, boron carbide is the most effective material 

for use in nuclear reactors because of its favourable physico-chemical properties.  

1.11 Boron carbide 

Boron carbide (B4C) which was discovered about 150 years ago made a 

tremendous impact on science and technology. It is one of the hardest materials known 

(also known as black diamond), ranking third behind the diamond and cubic boron nitride 

[21]. However, at temperatures above 1373 K, it is the hardest material [20]. It is the 

hardest material produced in tonnage quantities. B4C was originally discovered in mid 19
th

 

century around 1858 [22] as a by-product in the production of metal borides. Joly in 1883 

[23] and Mossian in 1894 synthesized B4C in a purer form [23, 25] and identified boron-

carbon compounds of different composition such as B3C and B6C. Boron carbide was 

studied in detail after 1930 and the first phase diagram was published in 1934 [4]. 

Stoichiometric formula B4C was assigned in 1934 for boron carbide [23-25]. After that 
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many other diverse formulae were proposed by Russian authors. These have not been 

confirmed yet but today a homogeneity range from B4.0C to B10.4C has been established 

[23, 26]. A high B/C molar ratio, as high as B51C, is also reported in the literature [27]. 

Boron carbide is a suitable material for many high performance applications due to 

its attractive combination of properties such as high hardness, low density, high melting 

point, high elastic modulus, chemical inertness to acids, high neutron absorption cross-

section, excellent thermoelectric properties, etc. Important physical properties are listed in 

Table 1.2 [28-40].  

Table 1.2 Physical properties of boron carbide 

Property Unit Value 

Melting Point K 2723 

Boiling point K 3770 

Hardness (Knoop, 100g) kg/mm
2
  2900 - 3580 

Elastic modulus GPa 448 

Neutron absorption cross section Barns 3850 

Density (273 K) Kg/m
3
 2520 

Expansion coefficient (298-1213 K) K
-1

  4.5×10
-6

 

Electrical conductivity Ωm
−1

 140 

Thermal conductivity (298 K) W/(m−K)  29-67 

Young‘s modulus GPa  450 - 470 

Shear modulus GPa  180 

Poisson‘s ratio - 0.21 

Fracture toughness MPa.m
1/2

 2.9 - 3.7 
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1.12 B-C phase diagram 

Several phase diagrams have been proposed for the system B-C. The first B-C equilibrium 

diagram was published by Meerson and Samsonov [41]. New versions of this diagram 

have been established by Elliott [42] and other workers [43-44]. The boron-carbon binary 

system includes carbon- rich BC2 and boron-rich B12C, in addition to the two compounds 

B13C2 and B12C3 (B4C) both with a large homogeneity range. A large number of phases of 

boron carbide have been reported viz., B6C, B2C2, BC, B3C,B7C, B12C, B50C2, B12C3/B4C 

and B13C2 [41]. The phase diagram by Elliott [42] which is widely recognized by most of 

the authors is shown in Fig. 1.3. Boron carbide (B4C) exists in a wide homogeneity phase 

range (8.8-20 at% C). The compounds melts congruently at ~2723 K. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 Phase diagram of the system B-C by Elliott [2] 
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1.13 Boron carbide crystal structure 

 The most widely accepted crystal structure of boron carbide is rhombohedral, 

consisting of 12-atom icosahedra located at the corners of the unit cell.  The rhombohedral 

structure of boron carbide consists of 12 icosahedral clusters of atoms linked by direct 

covalent bonds and through 3-atom inter-icosahedral chains along the longest diagonal of 

the rhombohedron. The boron-rich icosahedral structures reside at the vertices of a 

rhombohedron as shown in Fig. 1.4a [45-49]. Four sites are available for a total of 15 B 

and C atoms in the crystal arrangement. Thus, the B and C atoms can easily substitute for 

each other within both the icosahedra and the intericosahedral chains. This fact is the main 

reason for the large homogeneity range of boron carbide [48-49]. The most widely 

accepted structural model for B4C with 20 at% C has B11C icosahedra with C-B-C 

intericosahedral chains. On the other hand, the phase B13C2 contains the B12 icosahedra 

with linear C-B-C chains, i.e. (B12) CBC [22, 26]. The detail bonding structure of boron 

carbide is shown in Fig. 1.4b. The two icosahedral units are linked by the rear carbon 

atoms of the upper C-B-C chain and the forward lying carbon atoms of the lower C-B-C 

chain [50]. 
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B12  icosahedran

 

Fig.1.4a The rhombohedral crystal structure of boron carbide [25]   Fig.1.4b The B4C2 rings & bonding structure of boron carbide [25] 
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1.14 Applications of boron carbide 

Boron carbide is used in the form of powder, sintered product as well as thin 

films. Its outstanding hardness makes it a suitable abrasive powder for lapping, polishing 

and water jet cutting of metals and ceramic materials [51]. Tools with boron carbide 

coating are used for cutting of various alloys such as brass, stainless steel, titanium 

alloys, aluminium alloys, cast iron etc. [23]. In sintered form, it is used as blasting 

nozzles, ceramic bearings and wire drawing dies due to its good wear resistance [52]. The 

combination of low density, high hardness and impact resistance makes it a suitable 

material as body and vehicle armour [53]. Modulus to density ratio of boron carbide is 

higher than that of most of the high temperature materials and hence it could be 

effectively used as a strengthening medium [54]. Thin films of boron carbide find 

application as protective coating in electronic industries [55-56].  

Composite materials containing boron carbide with good thermal conductivity 

and thermal shock resistance are found suitable as first wall material of nuclear fusion 

reactors [57]. Boron carbide-based composites are potential inert matrix for actinide 

burning. Boron carbide is also used for the treatment of cancer by neutron capture 

therapy. As it is a p-type semiconductor, boron carbide is found to be a potential 

candidate material for electronic devices that can be operated at high temperatures [58]. 

Owing to its high Seebeck coefficient, boron carbide is an excellent thermoelectric 

material [59]. It finds new applications as thermocouple, diode and transistor devices as 

well [60]. Boron carbide is an important component for the production of refractory and 

other metal borides. The low density, high stiffness and low thermal expansion 

characteristics of B4C make it attractive material for aerospace applications. 
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1.15 Synthesis of boron carbide 

 Boron carbide can be prepared from various starting materials viz., boric acid, 

boric oxide, borax, decaborane as well as by the direct combination of elemental boron 

and carbon [50]. Various methods were reported for the synthesis of boron carbide. These 

methods are:  

(i) Carbothermic reduction 

(ii) Magnesiothermic reduction 

(iii) Synthesis from elements 

(iv) Synthesis from polymer precursors  

(v) Vapour phase reactions 

(vi) Other methods. 

1.15.1 Carbothermic reduction 

 Commercially boron carbide (B4C) is produced by the carbothermic reduction of 

boric oxide/boric acid at high temperatures in a batch electric arc or resistance furnace 

[61]. The overall carbothermic reduction reaction of boric acid/boric oxide can be 

represented as follows: 

4 H3BO3 (s) +7 C (s) → B4C (s)+ 6 CO (g)+ 6 H2O (g) (1.1) 

2 B2O3 (l)+ 7 C (s)→ B4C (s)+ 6 CO (g) (1.2) 

This reduction is thermodynamically feasible only above 1673 K [59]. The 

furnace temperature is usually maintained above 2273 K to enhance the rate of the overall 

carbothermic reduction. Three types of electric heating furnaces namely tubular, electric 

arc and Acheson type furnaces are used for the production of boron carbide [62]. An 

early patent by Scholl et al. [63] explains the production of boron carbide wherein the 
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mixture of boric acid and petroleum coke is melted in an arc furnace followed by 

crushing the resultant product and mixing it with the same quantity of boric acid and 

remelting the mixture a second time. Scott [64] explained the design and operation of an 

electric arc furnace for the large scale production of boron carbide. Ridgway [65] 

reported the production of boron carbide using Acheson type furnaces, where a graphite 

rod was used as the heating element, surrounding which the reactants were charged. Rao 

et al. [66-67] have devised a method of measurement of core temperature in boron 

carbide manufacturing process as it was an important parameter in carbothermic 

reduction process.  

 Many researchers have investigated the process kinetics, influence of process 

parameters and conversion efficiency of carbothermic reduction. Porosity of the charge, 

type of carbon used for the reduction, the rate of heating and the final core temperature 

strongly influence the kinetics of the process and the quality of boron carbide powder. 

Subramanian et al. [68] have determined the onset temperature of formation of B4C by 

the reduction of boric acid with petroleum coke in vacuum by thermogravimetric studies. 

Alizadeh et al. [69] have optimized the boric oxide to carbon ratio in order to reduce the 

free carbon content in boron carbide. They have reported that the yield could be 

improved by the addition of small quantity of NaCl to the reaction mixture. Tumanov 

[70] has reported the development of a continuous process for the production of boron 

carbide, by direct inductive heating of a charge made of boron oxide and carbon black. 

Weimer et al. [71] have designed a vertical apparatus for continuous production of boron 

carbide. Synthesis of nanosized boron carbide particles by carbothermic reduction 

process have also been reported in the literature. Herth et al. [72] have synthesized boron 
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carbide particles of size 260 nm by the reduction of boric oxide vapours by carbon black 

at 1623 K. High-purity boron carbide nanowires were prepared from a mixed powder 

precursor containing boron, boron oxide and carbon black [73]. When the above said 

precursor was heated at 1923 K for 2 h under a flowing stream of argon, vapours of B2O3, 

B2O2 and CO react to form B4C solid nanowires with a mean diameter of 50 nm and 

lengths of several hundreds of micrometres [73]. Large scale boron carbide nanowires of 

size 80–100 nm diameter and 5–10 mm in length have been synthesized using B/B2O3/C 

powder precursor under argon flow at  1373 K [74]. Xu et al. [75] have synthesised 

nanostructures of boron carbide by heating boric oxide powder at 2223 K in a graphite 

crucible covered with a boron nitride disc. 

 Even though carbothermic reduction of boric oxide/boric acid results in a lower 

yield (due to loss of boron in the form of its oxides), this method is adopted as a 

commercial method mainly because of the simple equipment and cheap raw materials 

which make this route the most economical. This route is not only useful for production 

of boron carbide commercially but also for the production of nanocrystalline boron 

carbide. However, this process results in lower yield due to significant loss of boron in 

the form of oxides of boron during the reduction and subsequent process steps. 

1.15.2 Magnesiothermic reduction 

 Magnesiothermic reduction of boric oxide in the presence of carbon [23, 26, 76] 

is an alternate commercial method for the production of boron carbide. The reaction is 

highly exothermic in nature. Since the vapour pressures of magnesium are high at 

temperatures above 1273 K, a cover gas such as argon or hydrogen is used to maintain 

the system pressure at a high value. The final product of the reaction is washed with HCl 
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or H2SO4 to remove magnesium oxide, unreacted Mg from boron carbide [23]. This 

reduction technique yields very fine amorphous boron carbide powder, which is well 

suited for use in the fabrication of sintered products.  

Gray [77] has reported a process for the production of boron carbide powders by 

magnesiothermic reduction of B2O3 or Na2B4O7 in the presence of carbon at 1923–1973 

K. Addition of metallic sulphate as catalyst has been found to reduce the reaction 

temperature to 973 K [78]. The heat of magnesiothermic reaction is sufficient enough for 

self propagating high temperature synthesis. Zhang et al. [79] and Khanra et al. [80] have 

studied the formation of ultra fine B4C powder from the stoichiometric mixture of 

H3BO3, Mg and C by self-propagating high temperature synthesis (SHS). Mechanical 

alloying has also been utilised as a means of synthesising submicrometre B4C particles by 

magnesiothermic reduction [81]. Jiang et al. [82] have synthesized boron carbide powder 

by combustion synthesis (CS) method directly from mixed powders of borax, magnesium 

and carbon. The synthesis of B4C fibre–MgO composites by combustion of B2O3 + Mg + 

Cfibre samples in an argon filled chamber has been studied by Wang et al.[83]. Berchman 

et al. [84] have reported the synthesis of boron carbide powder by calciothermic 

reduction of borax (Na2B4O7) or B2O3 in presence of carbon at 1273 K under argon 

cover.  

Although boron carbide has been produced by magnesiothermic reduction, the 

high cost of magnesium will soon make this process obsolete for regular production. 

Boron carbide produced by this method was generally contaminated with magnesium 

borides [50].  

 



Chapter 1 

 25 

1.15.3 Synthesis from elements 

 Synthesis of boron carbide from its elements is considered uneconomical due to 

high cost of elemental boron [85]. Although formation of boron carbide from its elements 

is thermodynamically feasible at room temperature, the heat of reaction (-39 kJ mol
-1

) is 

not sufficient to carry out the reaction in a self-sustained fashion. Formation of boron 

carbide layer slows down further reaction. Slow diffusion of reacting species through this 

layer, necessitates high temperature and longer duration for complete conversion of the 

elements into the compound. For the synthesis of boron carbide from elements, boron and 

carbon are thoroughly mixed to form a uniform powder mixture, which is then pelletised 

and reacted at high temperatures (1773 K) in vacuum or under flowing inert atmosphere. 

The partially sintered pellet of boron carbide is then crushed and ground to get fine B4C 

powder. To achieve a high-purity product of B4C, high-purity elemental boron powder 

produced by fused salt electrolytic process is often used [86]. 

Mechanical alloying of B–C mixtures followed by heat treatment is one of the 

methods being investigated for the synthesis of boron carbide. Room temperature milling 

is carried out in planetary ball mills for prolonged duration to activate the powders and 

the alloyed mixture is then annealed to obtain boron carbide. Spark plasma synthesis is a 

new technique, in which a pulsed high D.C current is passed through the charge mixture 

contained in a cavity along with the application of uniaxial pressure [87]. In this process, 

the start and completion of formation has been noticed at 1273 and 1473 K respectively. 

Combination of mechanical alloying followed by spark plasma sintering has been studied 

by Hian et al. [88] to obtain 95% pure boron carbide. Shock wave technique has also 

been attempted for the synthesis of boron carbide from amorphous boron and graphite 
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powder [89] using trimethylene trinitramine as detonator. The resultant product exhibited 

several different morphologies, such as filaments, distorted ellipsoid, plates and 

polyhedron and nano particles. Wei et al. [90] synthesized boron carbide nanorods by 

reacting the carbon nanotubes with boron carbide at 1423 K. Chen et al. [91] have 

prepared boron carbide nanoparticles by reacting multiwall carbon nanotubes with 

magnesium boride. Recently nanoparticles of boron carbide (200 nm) were prepared by 

direct reaction of amorphous boron and carbon at 1823 K [92]. 

1.15.4 Synthesis from gel precursors 

A low-temperature synthesis of boron carbide by carbothermal reduction is 

possible by improving the dispersion of boric oxide and carbon components [93]. 

Carbothermal reduction using a condensed product as a precursor that is made up of boric 

acid/boric oxide and a polyol is attractive as a low-temperature method of preparation 

boron carbide [94]. The condensed product forms a B–O–C bond by the condensation 

reaction between boric acid and the polyol. The B–O–C bond forming reaction 

accelerates the dispersion of boron and carbon sources. Thus the temperature of synthesis 

is reduced owing to the enlarged surface-active area between the boric oxide and carbon 

components with superior reactivity [95]. Many polyols including glycerin [96-97], citric 

acid [98-101], sugar [102-103], and poly(vinyl alcohol) (PVA) [104-105] were hitherto 

used and crystalline boron carbide powder with micrometer-sized particles was 

synthesized at 1773-1673 K (temperatures lower than that for the general carbothermal 

reduction (2273 K)). Some of the boron loaded organic compounds such as carborane 

(C2BnHn+2), triphenylborane, polyvinyl pentaborane and borazines on pyrolysis yield 

boron carbide [74]. Harris et al., [106] have described a process for making a free flowing 
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boron carbide powder on heat treatment of boric acid and sugar solution in ethylene 

glycol at 1973 K for 7 h. Mondal et al. [104] and Yanase et al. [105] have described a low 

temperature synthesis route in which a polymeric precursor was synthesised by the 

reaction of boric acid and polyvinyl alcohol. This precursor on pyrolysis gave crystalline 

boron carbide. Sinha et al. [98], Hadian et al.[99], Khanra et al.[100] and Kasovic et 

al.[101] have reported processes in which a stable gel was formed from an aqueous 

solution of boric acid and citric acid. This gel was further processed to yield a precursor 

which on heating at temperatures above 1500 K produced B4C. Economy et al. [107] 

have prepared boron carbide fibre by heating amine treated B2O3 fibre. In this process 

boric oxide fibers were heat treated with ammonia in the temperature range 623-873 K 

and further heated under a flowing stream of primary/secondary/tertiary amine in the 

temperature range of 873-1273 K followed by heating the resultant product in the 

temperature range 2273–2623 K in inert atmosphere to produce boron carbide fibers. 

Cihangir et al. [108] have synthesized B4C and B4C/SiC by the pyrolyssis of the 

precursors from boric acid, sugar and sodium metasilicate at 1673-1873 K. Masaki et al. 

have synthesized boron carbide from boric acid-mannitol and boric acid-glycerin gel 

precursors [95, 109]. Akihiro et al. have synthesized boron carbide microcrystals from 

saccharides such as glucose, cellulose and boric acid [103].  

1.15.5 Vapour phase reactions 

Several researchers have studied the synthesis of boron carbide by carrying out 

reaction between boron and carbon containing gaseous species [50, 110-114]. This 

method was mainly used for the formation of boron carbide coatings and for the synthesis 

of submicron boron carbide powders and whiskers. Boron halides viz., BCl3, BBr3, BI3, 
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boranes such as B2H6 and boric oxide were used as source of boron and gaseseous 

hydrocarbons such as CH4, C2H4, C2H6, C2H2 and carbon tetra chloride (CCl4) were 

employed as the source of carbon [50]. Bourdeau [110] in his patent has described a 

process for the production of boron carbide by reacting a halide of boron in vapour phase 

with hydrocarbon in the temperature range 1773–2723 K. Clifton et al. [111] have 

described a process for producing 0.05 to 0.25 µm boron carbide whiskers of by the 

reaction of B2O3 vapours with the hydrocarbon gas between 973 and 1873 K. James et al. 

[112] have patented a process for the production of boron carbide whiskers in which the 

use of catalytic elements to enhance the yield of the gas phase reaction was demonstrated. 

Ditter et al. [113] have described a process for the production of ultra-fine boron carbide 

powder with a surface area >100 m
2
 g

-1
. This process involves the gas phase reaction of 

acetylene with diborane. MacKinnon et al. [114] have reported that when boron 

trichloride was reacted with CH4–H2 mixture in argon plasma, boron carbides of variable 

B/C ratios were obtained as submicrometre powders. The product stoichiometry, 

however, depended on the composition of the reactant mixture. 

 Deposition of different types of boron carbide films (B13C2, B4C, metastable 

phases, highly strained structures, etc.) by Chemical Vapour Deposition techniques has 

been extensively studied. The actual deposition was controlled by mass transfer and 

surface kinetics which affected the stoichiometry and properties of the boron carbide 

phases grown. Graphite, single crystal silicon, carbon fiber and boron were the substrate 

materials used for the synthesis of thin films [50]. The process was carried out in vacuum 

in the temperature range of 723 to 1723 K. Substrate temperature had strong influence on 

the process and the product quality. High substrate temperature resulted in poor adhesion 
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whereas deposition rate was low at low temperatures. Amorphous boron carbide coating 

could be obtained at a low temperature of ~773 K whereas crystalline film was obtained 

at higher temperatures. Amorphous boron carbide coatings on SiC have been obtained by 

CVD from CH4–BCl3–H2–Ar mixtures at low temperature (1173–1323 K) and reduced 

pressure (10 kPa) [23, 50]. 

1.15.6 Other methods 

Shi et al. [115] have synthesized boron carbide in an autoclave at 723 K by 

coreduction of boron tribromide and carbon tetrachloride using sodium as reducing agent. 

Nanocrystalline boron carbide was synthesized by solvothermal reduction of carbon 

tetrachloride using lithium in presence of amorphous boron powder in an autoclave at 

873 K [116] 

Thin films of boron carbide can be prepared by ion beam synthesis. In this 

method boron carbide thin films can be grown by direct deposition of B
+
 and C

-
 ions. In 

this process, parameters such as ion energy, ion flux ratio of different ion species and the 

substrate temperature, which can be independently controlled, could be advantageously 

used for obtaining the preferred composition and nature of the boron carbide film. 

Ronning et al. [117] have grown thin film of boron carbide (BxC) by direct ion beam 

deposition on silicon using an ion energy of 100 eV at room temperature. Todorovic et al. 

[118] have observed the formation of amorphous boron carbide (BxC) by bombardment 

of B
+
 and B

3+
 ions on fullerene.  

Several authors have prepared boron carbide whiskers by vapour-liquid-solid 

(VLS) growth mechanism. It involves the transport of boron and carbon gaseous species 

to a liquid catalyst metal viz., Fe, Ni, Co in which whisker constituents get dissolved. 
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When the liquid catalyst becomes supersaturated with boron and carbon, boron carbide 

whiskers precipitate out of the catalyst droplets. Carlsson et al. [119] have prepared boron 

carbide whiskers and platelets from boric oxide (boron source), carbon black (carbon 

source), sodium chloride and Co (catalyst) using VLS growth mechanism. Rao et al. 

[120] and Ma et al. [121] also have investigated the growth of boron carbide using the 

VLS growth mechanism. 

Hong et al. [122] have fabricated boron carbide powder via the reaction of 

hexagonal boron nitride with carbon black at 2173 K for 5 h. Ahmet has reported the 

synthesis of boron carbide by aluminothermic reduction of boric oxide [123]. 

Natural boron contains 20 at% 
10

B and 80 at% 
11

B. The Indian Prototype Fast 

Breeder Reactor would employ high-density boron carbide pellets containing boron 

enriched in 
10

B isotope to an extent of ≥ 65 at% as the control rod material. Conventional 

commercial methods such as carbothermic reduction or magnesiothermic reduction 

cannot be employed for the production of enriched boron carbide since the loss of highly 

precious and expensive enriched boron would be very high due to the vaporization of 

highly volatile oxides of boron during the carbothermic reduction process at very high 

temperatures (>2000K). The loss of boron in the form its oxides can be minimized only 

by reducing carbothermic reduction temperature. Hence, there is a need to develop 

alternate energy efficient methods for the synthesis of boron carbide at relatively lower 

temperatures than that employed in conventional methods.  

In addition, preparation of high-density pellets/articles of boron carbide needs 

highly sinteractive boron carbide powders. Boron carbide obtained through conventional 

processes has to undergo a series of size reduction processes to obtain sinteractive 
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powders. Such grinding operations are associated with contamination of the powder with 

the components of the grinding media and hence requires an elaborate acid leaching for 

purification. Highly sinteractive powders of boron carbide can be prepared by the 

pyrolysis of suitable gel precursors at relatively low temperatures. The boron carbide 

powder thus prepared would be nanocrystalline with high surface activity. In addition, the 

nanocrystalline materials can reduce the temperature of sintering substantially so that 

high-density boron carbide pellets can be prepared at relatively low temperatures.  

1.16 Nanocrystalline materials 

There is a rapid growth in the development of nanomaterials due to their potential 

applications in a wide variety of technological areas such as electronics, catalysis, 

ceramics, magnetic data storage, structural components etc. [124]. To meet the 

technological demands in these areas, the size of the materials should be reduced to 

nanometer scale. As the size reduces to nanometer range, the materials exhibit interesting 

mechanical and physical properties. Nanomaterials can be classified into nanoparticles 

and nanocrystalline materials. The former refers to ultra fine dispersive particles with 

diameters below 100 nm while the latter refers to polycrystalline bulk materials with 

grain sizes in the range of nanometers (less than 100 nm) [125]. These nanocrystalline 

materials exhibit unique, extraordinary physical properties relative to the corresponding 

properties present in bulk materials viz., increased mechanical strength, enhanced 

diffusivity, higher specific heat and electrical resistivity [126]. Since the grain sizes are 

small, a large volume fraction (>50%) of the atoms reside in grain boundaries. The 

interface or grain boundary structure plays an important role in determining the 

mechanical, physical properties of nanocrystalline materials [127]. One of the most 
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critical characteristic of nanocrystalline materials is their very high surface to volume 

ratio i.e. large fractions of surface atoms. Thus, large fractions of surface atoms together 

with ultra fine size make nanocrystalline materials exhibit distinctly different properties 

from the bulk.  

 In order to understand and predict the behaviour of nanocrystalline materials, it is 

essential to have an accurate knowledge of their physical properties. In particular, 

knowledge on thermal expansion behaviour of materials is very useful for various 

industrial applications. Thermal expansion measurements are necessary in the 

temperature range of interest in order to address problems such as thermally induced 

stresses between dissimilar materials in contact. In this regard, the thermal expansion of 

nanocrystalline boron carbide is important in determining its performance in nuclear 

reactors as control rod material. 

1.17 Thermal expansion studies 

Temperature changes in materials cause dimensional changes so as to minimise 

the free energy of the system [128]. Lattice vibrations, free electron transitions, electric 

and magnetic dipole etc. contribute to the free energy. However, the largest contribution 

to the free energy, at moderate and high temperatures, is from the lattice vibrations. 

Hence the largest contribution to the thermal expansion is from lattice vibrations. There 

can be no thermal expansion if the atoms vibrate about their equilibrium positions 

symmetrically whatever be the amplitude. The thermal expansion of solid is a 

manifestation of the anharmonic nature of the lattice vibrations [129]. Due to the 

anharmonic component in the lattice vibrations, the interatomic separations increase with 

increase in temperature. These changes in the interatomic separations are reflected in the 
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changes in the values of lattice parameters. Hence by measuring the lattice parameters as 

a function of temperature, the coefficient of thermal expansion (CTE) of crystalline 

materials can be obtained. The CTE of a material is defined as the fractional increase in 

length per unit increase in temperature and depends on the crystal structure and bonding 

and is directly proportional to the bond strength. Generally, for materials with covalent 

bonding the thermal expansion will be less than that in the case of ionic or metallic solids 

[130].  

In addition, data on CTE are needed to derive heat capacity at constant volume 

(Cv) from the experimentally measured heat capacity at constant pressure (Cp) [131] and 

to derive thermal shock resistance of materials. Phase transformation of materials can 

also be derived form the measurement of coefficient of thermal expansion as a function 

of temperature [132]. 

1.17.1  Methods of measuring coefficient of thermal expansion 

 The methods of measurement of CTE are classified into the following two groups: 

1. Bulk expansion measurements or macro methods  (includes optical and electrical 

methods) 

2. Lattice expansion measurements or micro methods (includes high temperature X-

ray diffraction method) 

These methods are briefly discussed below with special reference to 

measurements at high temperatures. 
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1.17.1.1 Bulk expansion measurements 

1.17.1.1.1 Optical interferometry 

The optical interferometer provides a highly sensitive means for measuring the 

thermal expansion of solids using the basic standard of the length. With optical 

interference techniques, displacement of the specimen ends is measured in terms of the 

number of wavelengths of monochromatic light. American Society for Testing and 

Materials (ASTM) Test Method E 289 (Ref 3) provides a standard method for the linear 

thermal expansion of rigid solids with interferometry that is applicable from 123 to 973 

K. The accuracy of the measured length varies from 0.1 µm to 0.1 nm [133, 134]. 

 In this method, the sample is placed between two quartz discs. The surfaces of 

these discs act as reflecting surfaces for monochromatic radiation from a helium light 

source. When the path difference between the two reflected rays is an integral multiple of 

wavelength, interference rings appear. When temperature increases, the upper disc will be 

pushed up. This alters the path difference between the two reflected rays and the 

interference fringes appear to move. The number of fringes, n, passing reference mark are 

measured and by using the following relationship the CTE is computed,   

 dl = n  / (2l + (A/l))                                                                                           (1.3)  

where    l = length of the sample 

 = wavelength of the radiation 

dl = change in length and  

A = correction factor to be added when the experiment is carried out in a medium 

other than vacuum. 
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This is an absolute technique, with good precision and accuracy. The application 

of laser beams has greatly enhanced its capability. A compatible vibration-free 

environment is needed for carrying out the experiments. If quartz is used as the reflecting 

disc, this device can be used for temperatures up to 1273 K, and with sapphire a 

maximum temperature of 2073 K can be attained. 

1.17.1.1.2 Precision optical micrometry 

 In this technique, the thermal expansion is measured by observing the position of 

two index marks on a long specimen by means of two calibrated telemicroscopes 

mounted on an invar support. These microscopes are focused on the index marks, and can 

be made to follow their displacement when temperature is raised. The specimen is 

generally in the form of rods of length about 100 mm and diameter about 5-10 mm. 

Usually a graphite tube furnace, which operates up to a temperature of about 2573 K is 

used in this technique [135].   

1.17.1.1.3 Push rod dilatometry 

A dilatometer is a device which continuously records changes in linear 

dimensions of a specimen at elevated temperatures. Dilatometry is a very useful tool for 

material scientists to understand the expansion behaviour of materials. This technique is 

used to evaluate properties like (a) CTE (b) densification behaviour (c) binder burn out 

temperature (d) sintering onset temperature etc.  In this technique, the difference in 

expansion between the sample material and a reference material is measured and hence 

called as ‗differential dilatometry‘ [87]. Experimentally, the change of length between a 

quartz tube and the sample plus a quartz rod is measured. When the sample expands, the 

quartz rod is pushed up and the change of length is measured electronically. In order to 
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make a length measurement, a precision-machined micrometer screw is driven downward 

until contact is made between the probe and push rod and a preset value of resistance is 

experienced at the contact point. After about 10 seconds, the screw is automatically 

retracted and the length is registered at the electronic counter. 

1.17.1.2 Lattice thermal expansion measurements by high-temperature X-ray 

diffraction methods 

 The interatomic separations, which increase with increase in temperature due to 

the anharmonic component in lattice vibrations, are reflected in the lattice parameter. 

Hence, by measuring the lattice parameters as a function of temperature, the thermal 

expansion coefficient of solid materials can be obtained. In this technique, the reflection 

angles are accurately measured and from these data, the precise lattice parameters are 

computed. From the variation of lattice parameter with temperature, the coefficient of 

thermal expansion can be obtained on small powder samples. The presence of other 

phases does not affect the measurement.  

1.18 Development of an alternate method for the digestion of boron carbide 

for its chemical assay 

The physico-chemical properties of ceramics such as boron carbide produced 

through powder metallurgical route are influenced by the presence of impurities. Hence 

chemical assay of the raw materials as well as the finished products are very essential. 

Chemical assay of boron carbide is important during the manufacture of products 

made from it for specific applications as these parameters strongly influence its physical 

as well as chemical properties. Thus it is of interest to develop analytical procedures for 
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precise quantitative determination of boron, carbon and trace metal/non-metal impurities 

in boron carbide.  

In the last two decades several analytical procedures have been developed for the 

determination of boron and trace elements in boron carbide. In order to carry out the 

chemical assay of boron carbide, the same has to be brought into solution. For this 

purpose, various methods of digestion of boron carbide in mineral acids using closed, 

pressurized vessels have been developed [136]. Heinrich et al. [137] have described the 

digestion of boron carbide in a mixture of nitric acid, hydrofluoric acid and sulfuric acid 

at 523 K for 12 h under pressure. Commercially available autoclave systems are being 

used for the high-pressure digestion of boron carbide in HNO3 [138].  

Presently, the amount of boron in boron carbide samples is estimated by using the 

sodium carbonate fusion technique [139]. In this method, boron carbide (about 100 mg) 

is fused with about 5 g of sodium carbonate in a platinum crucible at 1223 K. The 

resultant fused mass is then dissolved in hydrochloric acid. Boron present in this solution 

is estimated as borate by titrating it as mannitol-boric acid complex against standard 

sodium hydroxide solution [140]. The sodium carbonate fusion technique is time-

consuming, requires expensive platinum crucibles and involves elaborate experimental 

system/procedure.  

Watanabe has estimated boron in boron carbide by its stepwise pressure 

alkali/acid decomposition followed by titration of mannitol-boric acid complex [141]. 

Eventhough this is a relatively low temperature (temperature of digestion ~ 523 K for 16 

h at high pressure) digestion method, the process is time-consuming. In addition, 

solutions obtained through the above mentioned digestion methods have to be necessarily 
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diluted for the determination of trace elements present in it either by inductively coupled 

plasma optical emission spectrometry (ICP-OES) or by inductively coupled plasma mass 

spectrometry (ICP-MS) due to interference from sodium matrix. The dilution of the 

solution for the determination of trace elements either by ICP-MS or by ICP-OES brings 

down the detection limits to ppm from ppb level. 

Zheng Wang et al. [142] have reported a method for the estimation of Al, Ca, Cr, 

Cu, Fe, Mg, Mn, Na, Ni, Si, Ti, V and Zr in high-purity boron carbide (B4C) by using 

―slurry introduction axial viewed ICP-OES‖. Amberger et al. [138] have determined Ca, 

Co, Cr, Cu, Fe, Mn, Ni and Ti in boron carbide powders with different particle size 

distributions by means of ―slurry sampling total reflection X-ray fluorescence 

spectrometry‖ (TXRF). Kantor et al. [136] have reported a direct optical emission 

spectrometric method for the determination of trace metals in boron carbide powders by 

employing direct current arc optical emission spectrometry (DC arc-OES). The head-end 

step in the determination of trace elements by these analytical methods require elaborate 

experimental arrangements. 

Thus it is of interest to develop a simple and fast method for the digestion of 

boron carbide for the quantitative determination of boron, carbon and trace metal/non-

metal impurities in boron carbide. 

1.19 Scope and objective of the work 

 Commercially boron carbide is synthesized by the carbothermic reduction of boric 

oxide/boric acid. However the yield of boron carbide is very low and the product is 

contaminated with significant quantity of ‗free-carbon‘ as the second phase. In spite of 

these deficiencies, this route is adopted as a commercial method because it is a simple 
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method and employs inexpensive raw materials. Production of boron carbide devoid of 

‗free-carbon‘ is rather difficult. In the present work, thermodynamic analysis of the 

carbothermic reduction of boric oxide to synthesize boron carbide was carried out using 

FactSage 6.2 to optimize the process parameters such as reduction temperature and boric 

oxide to carbon ratio to get boron carbide devoid of free-carbon. 

High-density boron carbide pellets containing boron enriched in 
10

B (
10

B ≥ 65 at%) 

will be used as the control rod material (neuron absorber) for the PFBR. Carbothermic 

reduction of boric oxide/boric acid is an energy inefficient process as it requires very high 

temperatures. In this process, a significant quantity of precious enriched boron is lost 

during the reduction and subsequent process steps. Carbothermic reduction of boric 

acid/boric oxide is not a suitable method for the synthesis of boron carbide containing 

enriched boron. In addition, the product obtained in this method is coarse grained and 

very high temperatures are required to get high-density boron carbide pellets. Hence, a 

relatively low-temperature method of synthesis of B4C by carbothermal reduction was 

developed by improving the dispersion of B2O3 and carbon. Pyrolysis of a precursor that 

is made up of boron source (such as boric acid, boric oxide etc) and carbon source (such 

as a polyol, citric acid etc.) to yield a homogeneous mixture of boric oxide and carbon is 

an attractive low-temperature method of synthesis of B4C. In the present work, energy 

efficient, relatively low temperature methods were developed for the synthesis of boron 

carbide from various gel precursors viz., boric acid-sucrose, boric acid-citric acid, boric 

oxide-sucrose and boric oxide-citric acid gel precursors. 

Accurate values of thermal expansion are useful for various industrial applications of 

new materials. In this regard, the thermal expansion of nuclear fuels, neutron absorbers, 
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and clad materials is important in determining their performance in the nuclear reactor. 

Thermal expansion of nanocrystalline boron carbide (prepared in this study) was 

measured over the temperature range 298 to 1773 K by employing High temperature X-

ray diffraction technique and the results were compared with these obtained for 

microcrystalline boron carbide prepared through conventional carbothermic reduction 

method.  

In order to carry out the chemical assay of boron carbide, the same has to be brought 

into solution. For this purpose, various methods of digestion of boron carbide in mineral 

acids using closed, pressurized vessels have been reported in the literature. However, 

these methods are time consuming and involve elaborate experimental system/procedure. 

In addition, expensive materials such as platinum crucibles are required for the digestion 

of boron carbide by the conventional methods. Thus it is of interest to develop an 

alternate simple procedure for the digestion of boron carbide. In this study, a new 

technique was developed for the digestion of boron carbide for its chemical assay. This 

new technique facilitates relatively fast digestion and accurate determination of total 

boron, its isotopic content of boron and trace elements present in boron carbide.  
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Experimental 

 

 

2.0 Introduction 

This chapter describes various experimental techniques employed in this study. In 

addition, information on various chemicals/materials used in this study are provided. The 

basic principles and procedures of chemical characterization (analysis of boron and 

carbon), physical characterization of powder samples, including bulk density, specific 

surface area analysis, Fourier transform infrared spectroscopy, X-ray diffraction analysis, 

scanning electron microscopic analysis, transmission electron microscopic analysis and 

particle size distribution are described. 

2.1 Chemicals 

Analytical grade boric acid (Purity ≥ 99%) procured from M/s. Paramount 

Chemicals, Chennai and boric oxide (Purity ≥ 99%) from M/s. Seventhilal & 

Mahasukhalal Co., Mumbai were used in this study. Citric acid (Purity ≥ 99%), sucrose 

(Purity ≥ 99%) nitric acid (15.6 N), sulphuric acid (36 N), p-nitrophenol and 

phenolphthalein indicator were obtained from M/s. Hi Pure Fine Chemicals, Chennai. 

Analytical grade potassium hydroxide, D-mannitol, sodium carbonate and hydrochloric 

acid were procured from M/s. Rankem Laboratory Chemicals Pvt. Ltd., Chennai. 

Microcrystalline boron carbide (Purity ≥ 99%) used for thermal expansion studies and 

digestion experiments was procured from M/s. Boron Carbide India Pvt. Ltd, Mumbai.  

Analytical reagent grade nitric acid was further purified by sub-boiling distillation 

in a quartz apparatus. For the preparation of standard solutions for ICP-MS analyses, 

relevant specpure-grade metals or chemicals (M/s. Johnson Mattthey, USA) were used. 
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2.2 Design and fabrication of apparatus used in this study 

2.2.1 Graphite boats and cylinders with lids  

 In order to pyrolyze the gel precursors developed in this study, suitable containers 

were developed. Since boric oxide reacts with alumina and quartz at temperatures above 

800 K, they are not suitable as container materials. Hence, graphite was used as the 

container material in this study. Graphite boats and graphite cylinder with lids having a 

central hole of different diameters were used as containers for pyrolyzing the gel 

precursors. A schematic of graphite boat and cylinder with lids are shown in Figs. 2.1 and 

2.2 respectively.  

 

 

 

 

 

 

Fig. 2.1 A schematic of the graphite boat 

 

 

 

 

 

 

Fig. 2.2 A schematic of the graphite cylinder (B) with lids (A) 
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These graphite containers (boats and cylinders) were procured from M/s. Purelec 

Components, Pondicheery. The specifications of high-density graphite used for the 

fabrication of graphite boats and graphite cylinders with lids are given below. 

1. Specific Gravity (g/cc): 1.85 

2. Specific Resistance (μΩm): 11.0 

3. Young's Modulus (GPa): 10.8 

4. Flexural Strength (MPa): 49.0 

5. Thermal Conductivity (W/mK): 116 

2.2.2 Stainless steel vessel and reactor 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 A Schematic of SS vessel and SS reactor. 
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In order to prepare boron carbide from boric oxide-sucrose and boric oxide-citric 

acid gel precursors, a stainless steel vessel (seamless stainless steel pipe 316 type) of 65 

ID×73 OD×200 mm long was used. The vessel containing the reactant mixture was then 

placed inside another stainless steel vessel (schedule 40 seamless tube) (stainless steel 

reactor) as shown in Fig. 2.3. This reactor is provided with an inlet and outlet for argon 

gas and a port for evacuation.  

2.2.3 Quartz vessel for the digestion of boron carbide 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 A schematic of quartz vessel with spiral vent tube 

A quartz vessel of 50 mL capacity was designed for the digestion of boron carbide. 

Fig. 2.4 shows a schematic of the quartz vessel. The bottom portion of the vessel is a 50 
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mL capacity round-bottom tube fitted with a female ground joint. The top portion is fitted 

with the corresponding male ground joint provided with two tubes. One of the two tubes 

has a small capillary end to facilitate addition of small amounts of HNO3. This tube has 

sufficient length so that the capillary tip is well dipped in H2SO4 containing B4C powder 

dispersed in it. The second one is a 8 mm (outer diameter) tube in the form of a coil with 

sufficient length protruding outside the vessel as shown in Fig. 2.4. This tube acts as a 

vent tube to reduce the sudden surge of pressure that could develop during the addition of 

HNO3. It is also used for condensing vapours of nitric acid back into the vessel. In 

addition, the male ground joint has a provision for inserting a thermometer to measure the 

temperature of the solution during digestion. 

2.3 Characterization techniques used in this study 

2.3.1 Chemical characterization of boron carbide 

2.3.1.1 Estimation of boron 

Principle: In order to determine the total boron in boron carbide, sodium carbonate fusion 

technique was employed. During the fusion of boron carbide with sodium carbonate, 

borax is produced which is subsequently converted to boric acid by using excess mineral 

acid. The excess acid is then neutralized by KOH to a pH of 7 using p-nitrophenol as 

indicator. Since, boric acid, B(OH)3 is a very weak monobasic acid and acts exclusively 

by hydroxyl ion acceptance rather than proton donation [143], its acidity is considerably 

enhanced by chelation with polyhydric alcohols (mannitol, glycerol).  

B (OH)3 + 2 H2O   H3O
+
 + B 4)(OH  pKa=9.5                                                   (2.1) 
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After adding mannitol, pKa drops to 5.15, indicating an increase in the acid 

equilibrium constant by a factor of more than 10
4
. Mannitol-boric acid complex is 

estimated by visual alkalimetry to a phenolphthalein end point using standard alkali 

(NaOH / KOH) [139, 144]. 

Procedure: 

 2.5 g of finely ground Na2CO3 was pressed into a platinum crucible and a small 

cavity was made at the centre into which an intimate mixture of 0.5 g of Na2CO3 and the 

pre-weighed boron carbide powder (~100 mg) was added. A further 2.5 g of Na2CO3 was 

spread over the mixture to cover it completely. The mixture was fused at 1223 K for 30 

min in a muffle furnace. The melt was cooled and transferred to a Teflon beaker and 

dissolved in 30 mL of 1:3 HCl and further diluted with water. The contents of the beaker 

were heated gently to remove any traces of dissolved CO2. The solution was made up to 

100 mL and 20 mL aliquot of this solution was taken for titration. To this solution 5 drops 

of p-nitrophenol were added and 0.5 N KOH solution was added drop wise till the 

colourless solution became yellow in colour. Then 2.5 g of mannitol and a drop of 

phenolphthalein indicator were added and titrated against 0.1 N KOH which was pre 

standardized using standard potassium hydrogen phthalate solution. 

The percentage of the boron was calculated using the following formula. 

% B = (Ax[KOH]x VKOH x 100) / weight of the sample (mg)                                        (2.2) 
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where A is the average gram atomic weight which depends on the isotopic composition of 

boron. For boron that is 65 at% enriched with 
10

B, the value of „A‟ is 10.37 and for natural 

boron with 20 at% 
10

B, it is 10.81, [KOH] is the concentration of KOH, VKOH is the 

volume of KOH consumed (in mL). 

2.3.1.2 Estimation of carbon 

 The estimation of carbon involves the combustion of carbon present in the sample 

to CO2, purification of gases evolved during combustion and detection of carbon dioxide 

by infrared detector [145]. A known amount of sample in the form of powder and tungsten 

as accelerator are taken in a ceramic crucible and subjected to combustion by induction 

heating under a flowing stream of high pure oxygen at temperatures above  1273 K. The 

gases evolved are passed through several chemical reagents (MnO2 to trap oxides of 

nitrogen and sulphur, hot copper oxide to convert trace amounts of CO formed during the 

combustion to CO2 and anhydrous magnesium perchlorate to remove water vapour). The 

purified CO2 is detected by IR detector at a specific wavelength (2700 or 4300 nm). 

 The ceramic crucibles used as sample container were fired at 1073 K to avoid any 

contamination of carbon to the sample and to reduce the blank value. The apparatus was 

calibrated using NIST calcium carbonate standards for which carbon content is known 

accurately. A mixture of ~50 mg of sample and 1.5 g of tungsten flux was used for carbon 

estimation. An average of three estimates is reported as the % carbon by weight in the 

samples. 
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2.3.2 Physical Characterization 

2.3.2.1 Bulk density of powders 

 The bulk density of powder is the weight of the powder divided by the volume it 

occupies, normally expressed as g/mL or kg/L. Bulk density of the powder provides 

information about the porosity present in the powder. It is influenced by the particle size, 

water content of the powder sample and temperature of measurement. The following 

procedure was adopted for the determination of bulk density. A small glass cup was used 

for bulk density determination. In order to determine the exact volume of the glass cup, it 

was filled with distilled water and weighed. The volume of the cup was determined from 

the weight and density of water at room temperature.  

 In order to determine the density of the sample, it was filled in the glass cup 

(volume ~10 mL), up to the rim using a spatula without shaking or tapping the glass cup. 

The excess powder was scraped off until it was flush with the rim of the cylinder. Excess 

powder was brushed off from the outer edge of the cylinder. The glass cup along with the 

powder was then weighed. With the known volume of the glass cup and weight of the 

powder, bulk density of the powder was calculated. The bulk density reported is the 

average value of 5 determinations.  

2.3.2.2 Specific surface area of the powder 

 The Brunauer–Emmett-Teller (BET) equation [146], given below, is used to 

compute the amount of adsorbate required to form a monolayer, 

1

1
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 where P = partial pressure of the adsorbate, P
o
 = the saturation equilibrium vapour 

pressure of the adsorbate at the temperature of the coolant bath, X = weight of the 

adsorbate at a given relative pressure (P/P
o
), Xm = weight of the adsorbate required to 

cover the surface with one monolayer and C is a constant that is a function of the 

adsorbate-adsorbent interaction energy. 

 In the present study, the specific surface area of the powders was measured by 

using Monosorb MS-16 surface area analyzer supplied by M/s. Quantachrome Inc., USA. 

The equipment was calibrated with 1 mL of nitrogen gas.  

In a typical experiment, 0.5-1 g of the sample was taken in a sample vial, which is 

essentially a “U” shaped tube made of glass, fitted with a quick disconnect assembly. The 

sample was heated in a stream of argon gas at 393 K for about 24 h, in order to remove 

moisture and adsorbed gases from the sample. Subsequently the sample vial was mounted 

on to the surface area analyzer. During the sample transfer, it was protected from exposure 

to atmosphere by means of a quick sealing coupling attached to the sample tube. A stream 

of a mixture of N2 and He containing 0.3 mole fraction of nitrogen at 1 atmosphere 

pressure was passed over the sample at a flow rate of 20 sccm. The flow of N2 and He 

were controlled by means of a “mass flow controller”. The technique uses a thermal 

conductivity detector to measure the change in concentration of an adsorbate (N2) /inert 

carrier gas (He) mixture as adsorption and desorption proceed. When integrated by the on-

board electronics and compared to calibration, the detector provides the volume of gas 

adsorbed or desorbed. 

 The sample was cooled to the boiling point of liquid nitrogen, by immersing the 

sample vial, in the Dewar flask containing liquid nitrogen. The sample was then allowed 
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to equilibrate with the gas mixture. The sample being at 77 K, nitrogen in the incoming 

gas mixture gets adsorbed on to the sample and this process was identified by the 

adsorption signal. After the completion of the adsorption the Dewar flask containing 

liquid nitrogen was withdrawn and hot air was blown on to the sample cell in order to 

desorb the nitrogen gas, which gives the desorption signal. Desorption signal was used to 

calculate the specific surface area of the sample. 

2.3.2.3 Fourier Transform Infrared (FTIR) Spectroscopy 

FTIR is used to identify both organic and inorganic substances and can be used for 

solids, liquids and gases. In addition to identifying unknown compounds, infrared 

spectroscopy can also determine the amount of an individual compound in a given 

substrate [147]. FTIR spectroscopic technique provides information on vibrational 

frequency. A vibration is IR-active if the dipole moment of molecule is changed during 

the vibration and is Raman-active if the polarizability is changed during the vibration. It is 

more difficult to obtain rotation and rotation-vibration spectra with high resolution in 

Raman than in FTIR spectroscopy. Both the techniques are employed for the analysis of 

amorphous samples when XRD no longer provides any information. 

The basic components of an FTIR are shown schematically in Fig. 2.5. The 

infrared source emits a broad band of different wavelength of infrared radiation. The IR 

source used in the present study is silicon carbide. The IR radiation goes through an 

interferometer that modulates the infrared radiation. The modulated IR beam passes 

through the sample where it is absorbed to various extents at different wavelengths by the 

various molecules present. Finally the intensity of the IR beam is detected by a detector. 
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The detector signal is digitized and Fourier transformed by the computer to get the IR 

spectrum of the sample.  

 

 

 

Fig. 2.5 The schematic of components of an FTIR 

In the present study, The FTIR spectrum of the samples were acquired with an 

FTIR spectrometer, supplied by M/s. Bomem, Hartmann and Braun, Canada by using the 

pressed KBr pellet technique. A typical specimen for recording the IR was prepared by 

compacting a mixture of the sample and KBr in the weight ratio of 1:100. The spectrum 

was recorded in the frequency range 4000-500 cm
-1

.  

2.3.2.4 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) technique is a versatile, non-destructive technique that 

reveals detailed information about the crystallographic structure of materials [148]. The 

basic components of an XRD instrument are X-ray source, detector and control unit. The 

X-rays, with a wavelength comparable to that of the lattice spacing, fall on the sample and 

interacts with the atoms in the lattice causing scattering in all directions. When the sample 

is crystalline and has a periodic arrangement of atomic planes, the X-rays scattered by 

each plane constructively interfere and results in interference maxima at particular angles. 

This happens when the path difference of the scattered X-rays from successive atomic 

planes forms an integral multiple of the wavelength (λ) of the X-ray. The condition for the 

formation of diffracted radiation is known as Bragg‟s law of diffraction and is expressed 

as  
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nλ = 2d sinθ                                                                                                                  (2.4) 

Where λ is the wavelength of X-ray used (Cu Kα λ =1.54056 Å), θ is the diffraction angle, 

n is the order of diffraction and d is the lattice spacing. 

In a diffraction pattern, the recorded intensity is usually plotted against the 

diffraction angle 2θ. Each peak in the diffractogram can be correlated to a plane in the 

crystal structure. The X-ray diffraction peaks were compared with Joint Commission on 

Powder Diffraction Software (JCPDS) data of various phases of boron carbide to yield 

information on overall crystal structure. Scherrer formula [149], given below, was 

employed for the computation of the average crystallite size,  

L = 0.94 λ/ {(βe
2
- βi

2
)
1/2 

*cos θ)}                                                                         (2.5) 

where L = crystallite size, λ = wave length of the X-ray used,  

βe = Experimental line broadening 

βi = instrumental broadening 

θ = Bragg angle  

Standard silicon was used for the estimation of the instrumental broadening. The 

X-ray powder patterns were obtained by using Philips X-pert X-ray diffractometer (Xpert 

MPD system obtained from Philips, The Netherlands), employing filtered Cu Kα radiation. 

2.3.2.5 Measurement of Thermal expansion  

2.3.2.5.1 High Temperature X-ray equipment 

 The high temperature attachment consists of a cylindrical brass chamber at the 

centre of which the sample is mounted. The cylinder is of double-walled construction and 

is closed at one end. This end is fixed to a vertical goniometer. The body of the chamber is 

provided with a long beryllium window for the incidence and emergence of the X-ray 

beam in the 2θ angular range of 0˚ to 180˚. The powder sample is placed as a thin layer on 
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a flat tantalum strip, which is connected to two electrodes. The sample-carrying strip is 

subjected to electrical resistance heating at programmed rates. For minimizing thermal 

losses from the sample, the surroundings of the sample are maintained at a high 

temperature by means of a “U” shaped heater. Cooling water is circulated through the 

annular space between the chamber walls. The electrodes are also water-cooled. 

Temperature measurement is carried out by using W-3% Re/ W-23% Re thermocouple 

spot welded at the back side of the sample carrier strip. The temperature of the sample was 

controlled within ±1 K by using a PID controller coupled to the sensing thermocouple. 

The diffraction studies were performed by using Cu Kα radiation in the Bragg-Brentano 

geometry, at a temperature interval of 100 K upto 1773 K. A heating rate of 1 K/min and a 

holding time of 1 h at each temperature of measurement were adopted. The specimen 

stage was flushed with high purity argon before the start of every experimental run and a 

vacuum level of about 10
-5

 mbar was maintained throughout the experiment. Typical 

operating conditions for recording XRD were: operating voltage 40 kV, current of 30 

Amp for the X-ray tube, scan speed of 0.02 s
-1

 with a counting time of 6 s per step and an 

angular range (2θ) of 10-60 for the diffractometer. 

2.3.2.5.2 Lattice parameter estimation 

Boron carbide has a rhombohedral crystal structure (space group mR 3  (No.166)) 

indexed on hexagonal coordinates. It consists of twelve-atom icosahedral clusters linked 

by direct covalent bonds and through three-atom intericosahedral chains along the longest 

diagonal of the rhombohedron. In the hexagonal system, the lattice parameters, a and c, 

are related to the d-spacing by the following relation:  
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Two linear equations were set up by substituting the d(h k l) and the corresponding 

(h k l) values in the above equation. The lattice parameters a and c were computed by 

solving the two linear equations simultaneously. The procedure was repeated with d-

spacings pertaining to different temperatures.  

The most important advantage of this method is that the experiment can be carried 

out on small powder samples and the presence of other phases does not affect the 

measurement.  

2.3.2.6 Scanning Electron Microscopy (SEM) 

 

Principle: The development of electron microscope was driven primarily to 

improve the limited resolution of the optical microscope due to wavelength limit imposed 

by visible light [150]. The resolving power of a microscope is given by the following 

relationship 

sin

61.0
                                                                                                         (2.7) 

where „ρ‟ is the resolving power of the microscope, λ is the wavelength of the light, μ 

Sinα is the numerical aperture of the objective lens. „μ‟ is index of refraction of medium 

between point source and lens, relative to free space. „α‟ is half the angle of the cone of 

light from specimen plane accepted by the objective (half aperture angle in radians). For 

light microscope λ = 400 nm (for green light) and μ Sin α is limited to 1.6, hence the „ρ‟ 

will be 150 nm. On the other hand if electron beam (λ = 0.001nm) is used in place of 

green light, the resolving power will be of the order of 1nm. Hence, the resolving power 

of an optical microscope can be increased by using the electron beam as the light source. 
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In scanning electron microscopy, the surface of the solid is scanned in a raster pattern with 

a beam of energetic electrons. This process is repeated until a desired area of the surface 

has been scanned. During this process a variety of signals are produced which are used to 

derive information such as topography, morphology, composition and crystallographic 

information. 

In the present work, the microstructure analysis was carried out by using scanning 

electron microscope supplied by M/s. Philips, XL30, The Netherlands. In a typical 

experiment, samples were compacted into 8 mm diameter and 1 mm thickness pellets. 

Since samples were electrically non-conducting, they were coated with a gold–palladium 

alloy by using a sputter coater (M/s. VG Microtech, UK) before the SEM examination. 

These gold-palladium alloy coated pellets were placed on a graphite tape and was used for 

the morphological characterization 

2.3.2.7 Transmission Electron Microscopy (TEM) 

Principle: In transmission electron microscopy a focused beam of electrons is used instead 

of light to “see through” the specimen [151]. A beam of electrons is transmitted through 

an ultra thin specimen, interacting with the specimen as it passes through. In transmission 

electron microscopy one can switch between imaging the sample and viewing its 

diffraction pattern. This can exclusively be used for the determination of size and nature 

of the sample (crystalline or amorphous).  

Procedure: Due to strong interaction between electrons and matter, the specimens have to 

be rather thin (< 100 nm) for transmission electron microscopy investigation. Thus, bulk 

materials have to be thinned to make them electron transparent. The boron carbide powder 

synthesized in this study was ultra-sonicated in methanol and one drop of the suspension 
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was loaded on to carbon coated grids. This was dried under a lamp for over 8 hours and 

loaded into the specimen carousel of the JEOL 2000 EX II TEM operated at 200 kV.  

2.3.2.8 Particle Size Distribution 

 Light scattering method was used in this study for the determination of particle 

size distribution [152]. The particle size analysis was carried out by using Mastersizer 

particle size analyzer supplied by M/s. Malvern Wocestershire, UK.  

In a typical experiment about 1g of the sample powder was dispersed in distilled 

water using a sampling device. This suspension was circulated through the sample cell by 

means of a pump which is also an integral part of the equipment. The light that was passed 

through a suspension of particles in liquid was scattered and received by a detector array. 

The scattered light was due to the contribution of many particles. The signal was 

deconvoluted back into a particle size distribution. The de-convolution consisted of 

known scattering pattern of a number of size classes to deduce the contribution made by 

each class to the total pattern.  

2.3.2.9 Inductively Coupled Plasma Mass Spectrometric analysis 

 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is an analytical 

technique used for elemental determination. It has many advantages over other elemental 

analysis techniques such as atomic absorption and optical emission spectrometry. Its 

detection limits for most elements are equal to or better than those obtained by Graphite 

Furnace Atomic Absorption Spectroscopy (GFAAS). It is possible to handle both simple 

and complex matrices with minimum matrix interferences due to the high-temperature of 

the ICP source. In addition, the ability to obtain isotopic information from ICP-MS makes 

it a superior technique than compared to other techniques. 
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 In this technique, the sample is typically introduced into the ICP plasma as 

aerosols either by aspirating a liquid or dissolved solid sample into a nebulizer or using a 

laser to directly convert solid samples into aerosols. Once the sample aerosol is introduced 

into the ICP torch, it is completely desolvated and the elements in the aerosols are 

converted first into gaseous atoms and then ionized towards the end of the plasma. After 

the conversion of elements to ions, they are then brought into the mass spectrometer via 

the interface cones and are separated by mass to charge ratio.  

In the present study, an Elan 250 inductively coupled plasma mass spectrometer 

supplied by SCIEX (Thornhill Ontario, Canada) was used. The instrumental operating 

conditions are given in Table 1.  

Mass spectrometric measurements were made by peak jumping using the 

sequential scanning mode. Ion counts were measured and integrated at three points per 

mass peak. The measurement time was 0.1 s per point on the mass peak. The entire 

scanning process was repeated ten times for final integration. 

Table 2.1 ICP-MS instrumental operating conditions 

Coolant argon flow rate 12 dm
3
 min

-1
 

Auxiliary argon flow rate 1.4 dm
3
 min

-1
 

Injector argon flow rate 0.4 dm
3
 min

-1
 

Nebulizer pressure 38 psi (6892 Pa) 

Sampling depth 23 mm 

Resolution  

Low  1±0.1 amu 

High  0.6+0.05 amu 
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Gallium was used as the internal standard for Al, Ni, Co and Fe, while rhodium 

was used for Mo, Cd and Pb. Generally the measurements were carried out in the low 

resolution mode (peak width at 10% of peak height is 1±0.1 amu), but for Mg, Fe and Al 

high-resolution mode (peak width at 10% of peak height is 0.6 ±0.05 amu) was employed.  

ArC
+
 is known to interfere spectrally in the determination of 

52
Cr. Hence for the 

determination of Cr, only the isotope (
53

Cr) free from such spectral interferences was 

employed for the analysis. Similarly ArO
+
 interferes with 

56
Fe. Hence 

57
Fe was the isotope 

considered for the estimation of iron. 
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Thermodynamic analysis of synthesis of boron carbide through 
carbothermic reduction of boric oxide 

 
3.0 Introduction 

Several methods have been reported in the literature for the preparation of boron 

carbide [50]. However, on a commercial scale, it is synthesized by the carbothermic 

reduction of boric oxide. The overall carbothermic reduction of boric oxide is represented 

by Eq.1.2 (Chapter 1).  

This reaction is highly endothermic and becomes thermodynamically feasible only 

at high temperatures where the entropy contribution is overwhelming and positive [64]. 

Synthesis of single phase boron carbide devoid of free-carbon as the second phase is 

rather difficult. This is due to the loss of volatile boron oxide species during the reduction 

process which alters the composition of the final product. Therefore, the final product 

contains considerable amount of free-carbon. This free-carbon as a second phase in boron 

carbide influences the physical and chemical properties. Thus it is of interest to choose 

appropriate conditions that include C to B2O3 mole ratio (CBMR) and temperature of 

reduction in order to synthesize a product devoid of free-carbon. In order to arrive at the 

conditions suitable for the carbothermic reduction, apriori, thermodynamic calculations of 

the system B-O-C pertaining to the carbothermic reduction were carried out. These 

calculations are useful in evolving the equilibrium compositions in the desired 

temperature range and allow the prediction of conditions such as temperature, pressure 

and composition of the system suitable for the synthesis of boron carbide devoid of free-

carbon. Dacic et al. [153] have studied the thermodynamics of gas phase carbothermic 

reduction of boric oxide. In these calculations, they have studied the influence of feed 
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composition, temperature and “gas phase dilution” on the product composition. However, 

these authors have not considered the presence of BO2, B and B2O in the equilibrium 

mixture. 

In this work, detailed thermodynamic calculations have been carried out by using 

FactSage 6.2 in order to establish the phase equilibrium in the system B-O-C, choose the 

appropriate CBMR required to synthesize boron carbide devoid of free-carbon. A stability 

diagram pertaining to the system B-O-C has also been constructed in the temperature 

range 273-3073 K. Further, the effect of moisture present in the argon carrier gas on the 

yield of boron carbide has also been examined.  

3.1 FactSage 

Phase equilibrium calculations on the ternary system B-O-C have been carried out 

using FactSage thermochemical software and database. FactSage was introduced in 2001 

and is a fusion of the FACT-Win/F*A*C*T and ChemSage/SOLGAMIX thermochemical 

packages, which were developed over 25 years ago [154]. The FactSage package consists 

of a series of information, database and calculation modules, which enable access to pure 

substances and solution databases. With the various modules, a wide variety of 

thermochemical calculations can be performed and tables, graphs and figures of interest to 

chemical and physical metallurgists, chemical engineers, inorganic chemists, geochemists, 

ceramists, electrochemists and environmentalists could be generated [154].  

One can interact with the software and the databases in a variety of ways and 

calculate thermochemical equilibria in various forms. They consist of a Reaction module, 

Predom module, EpH module, Equilib module, Phase diagram and Figure modules. 
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The Reaction module calculates changes in extensive thermochemical properties 

(enthalpy, Gibbs energy, entropy etc.) for a single species, a mixture of species or for a 

chemical reaction. The species may be pure element, stoichiometric compound or ion 

(both plasma and aqueous ions).  

With the Predom module, isothermal predominance area diagrams for one-, two-or 

three–metal systems can be calculated and plotted using data retrieved from the compound 

databases. 

The EpH module is similar to the predom module and permits the generation of Eh 

vs. pH (Pourbaix) diagrams for one-, two- or three-metal systems using data retrieved 

from the compound databases, which also include data on infinitely dilute aqueous 

solutions. 

The Equilib module is the Gibbs energy minimization workhorse of FactSage. It 

calculates the concentration of chemical species when specified elements or compounds 

react or partially react to reach a state of chemical equilibrium. 

The phase diagram and figure modules is a generalized module which permits the 

calculation and plotting of unary, binary and ternary phase diagram sections, whereby the 

axes can be various combinations of temperature, pressure, volume, composition, activity, 

chemical potential etc. The resulting phase diagram is automatically plotted by the Figure 

module.  

3.2 Computational procedure 

The composition of the equilibrium phases during the carbothermic reduction of 

boric oxide was calculated by using the Equilib module of FactSage 6.2. The relative 

quantities of the constituents at equilibrium pertaining to mixtures with different CBMR 
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were examined at different temperatures and at 0.98 bar pressure. The constituents, whose 

concentrations (number of moles / partial pressure) at equilibrium were less than 10-15, 

were considered to be insignificant and hence these species were not included in the 

results presented. In the present calculations, the presence of 14 species enlisted in Table 

3.1 were assumed. 

Table 3.1 List of species considered for the calculations 
 

species Constituents 
Condensed solid species B2O3, C, B4C, B 
Condensed liquid species B2O3, B4C, B 
Gaseous species B2O3, B2O2, BO, B2O, BO2, CO, B 

 

 The relative amounts of the constituents of the system B-O-C depend on the 

CBMR. For more than 150 different values of CBMR (0.5-1.75), at 0.98 bar pressure and 

at the temperature in the range of 273 to 3573 K, the amount of different species in 

equilibrium were calculated. This procedure enabled the determination of boundaries 

between stable phase regions at equilibrium.  

 In general the carbothermic reduction of boric oxide is carried out under flowing 

argon carrier gas. This carrier gas might contain impurities such as moisture, oxygen, 

carbon dioxide etc. In order to study the effect of moisture present in the carrier gas on the 

yield of boron carbide and to arrive at a permissible level of moisture in the carrier gas, 

the thermodynamic equilibrium calculations were carried out for the mixture of C and 

B2O3 whose CBMR is 3.3.  
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3.3 Results and discussion 

3.3.1 Carbothermic reduction of boric oxide 

The variation in the equilibrium concentration of the condensed phases and the 

gaseous constituents in the temperature range 273–3573 K for different CBMR is 

presented in Figs. 3.1a-3.1j. Figs. 3.1a, 3.1c, 3.1e, 3.1g and 3.1i show the dependence of 

the concentration of the condensed constituents of the system B-O-C at equilibrium on the 

values of CBMR 3.5, 1.75, 1, 0.7 and 0.5 respectively at different temperatures. In these 

figures, the index aa1 denote the melting transition of B2O3(s), bb1 represents the onset 

temperature of the carbothermic reduction of boric oxide, gg1 shows the phase transition 

of B4C(s) to B4C(l) and ii1 corresponds to the decomposition of B4C(l) into its constituent 

elements (Eq. 3.1).  

B4C (l) → B(l) + C(s)                                                                                             (3.1) 

All these transitions and their indices are listed in Table 3.2. In Figs. 3.1c, 3.1e, 

3.1g and 3.1i, dd1 represents the conversion of B2O3 (l) to other oxides of boron (the 

plausible reactions are shown in Table 3.3). From Figs.3.1a, 3.1c, 3.1e, 3.1g and 3.1i, it is 

clear that upto 1830 K, boron carbide is not among the condensed phases under the 

conditions of CBMR and temperatures shown in these figures. B2O3(l) and C(s) are the only 

stable condensed phases upto 1830 K. This indicates that under thermodynamic 

equilibrium conditions, the carbothermic reduction of B2O3(s) is feasible only at 

temperatures above 1830 K. From Fig. 3.1a, it is evident that B4C(s) is thermodynamically 

stable up to 2743 K. In the temperature range 2773-3002 K, B4C(l) is the sole boron 

containing condensed phase. Above 3002 K, B4C(l) decomposes into B(l) and C(s) (Eq. 3.1). 
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    (a)          (b) 

Fig. 3.1a & 3.1b: The equilibrium composition of condensed species and gaseous species over the temperature range 273–3573 K for 

CBMR of 3.5 
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(c)          (d) 

Fig. 3.1c &3.1d: The equilibrium composition of condensed species and gaseous species over the temperature range 273–3573 K for 

CBMR of 1.75 
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(e)          (f) 

Fig. 3.1e &3.1f: The equilibrium composition of condensed species and gaseous species over the temperature range 273–3573 K for 

CBMR of 1 
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(g)          (h) 

Fig. 3.1g &3.1h: The equilibrium composition of condensed species and gaseous species over the temperature range 273–3573 K for 

CBMR of 0.7 
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(i)          (j) 

Fig. 3.1i & 3.1j: The equilibrium composition of condensed species and gaseous species over the temperature range 273–3573 K for 

CBMR of 0.5 
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Table 3.2 Phase transitions observed during the carbothermic reduction 
 

S.No Notation Phase change 
1 aa1 Melting point of boric oxide 
2 bb1 Onset temperature for the reaction or formation of boron 

carbide as per Eq. 1.2 
3 cc1 Precipitation of carbon 
4 dd1 Conversion of B2O3(l) to gaseous boron oxides 
5 ee1 Reaction between boric oxide and C 
6 ff1 Reaction B4C with boron oxides 
7 gg1 Melting point of boron carbide 
8 ii1 Melting point of B(s) 
9 jj1 Decomposition of B4C to elemental boron 

 

When the CBMR is ≥ 3.38, the final products of the carbothermic reduction 

carried out in the temperature range 1830-2743 K would contain both boron carbide and 

free-carbon phases. This free-carbon results due to the distribution of B among the 

following species; B2O3(g), B2O2(g), BO2(g), B2O(g) and B(g) and their losses due to 

volatilization during the reduction process. From Figs. 1a, 1c, 1e, 1g and 1i, it is also 

observed that with decrease in the value of CBMR the temperature span over which B4C(s) 

is the stable phase narrows down. This may either be due to the reaction of boric oxide 

with boron carbide to form other sub oxides of boron viz., BO2, B2O2, BO or due to the 

decomposition of B4C into its constituents or both. Reactions involving boron carbide and 

the oxides of boron and the inter conversions among the latter are shown in Table 3.3. 

Figs. 3.1b, 3.1d, 3.1f, 3.1h and 3.1j depict the variation of the vapour pressures of 

the gaseous species formed during the carbothermic reduction of B2O3(s) for CBMRs 3.5, 

1.75, 1, 0.7 and 0.5 respectively, with temperature. The equilibrium concentration of these 

gaseous species would depend upon their relative stabilities. Upto about 1800 K, B2O3(g) is 

the predominant species in the gas phase. However, its vapour pressure decreases beyond 

this temperature. This decrease may either be due to the decomposition of B2O3(g) into 
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Table 3.3 Possible reactions of boron carbide with the oxides of boron and inter 

conversion among the oxides of boron 

Equilibria Description 

B4C(s) +5 B2O3(l) → 7 B2O2(g) + 5CO(g) 

B4C(s) +5 B2O3(g) → 7 B2O2(g) + 5 CO(g) 

B4C(s) +5 B2O3(l) → 14 BO(g) + CO(g) 

B4C(s) + 5 B2O3(g) → 14 BO(g) + CO(g) 

B4C(s) + B2O3(l) + 5O2→6 BO2(g) + CO(g) 

B4C(s) + B2O3(g) + 5O2→6 BO2(g) + CO(g) 

B4C(s) +1.5 B2O3(l) → 3.5 B2O(g) + CO(g) 

B4C(s) +1.5 B2O3(g) →3.5 B2O(g) + CO(g) 

3B4C(s) + B2O3(l) →14 B(g) + 3 CO(g) 

B4C(s) + B2O3(g) → 14 B(g) + CO(g) 

B4C(s) +5 B2O3(l) → 14 BO(g) + CO(g) 

B4C(s) +5 B2O3(g) → 14BO(g) + CO(g) 

B4C(s) +0.5 B2O2(g) → 5 B(s) + CO(g) 

B4C(s) + BO(g) → 5 B(s) + CO(g) 

B4C(s) + B2O(g) → 6 B(s) + CO(g) 

 

 

 

 

 

 

 

A. Reactions involving 

the oxidation of B4C 

 

B4C(s) + 0.5 BO2(g) →4.5 B(s) + CO(g) 

B2O3(l) + C(s) → B2O2(g) + CO(g) 

B2O3(g) + C(s) → B2O2(g) + CO(g) 

B2O3(l) + C(s) → 2 BO(g) + CO(g) 

B2O3(g) + C(s) → 2 BO(g) + CO(g) 

B2O3(l) + 3C(s) → 2 B(g) + 3CO(g) 

B2O3(g) + 3C(s) → 2 B(g) + 3CO(g) 

B2O3(l) + 2C(s) → B2O(g) + 2CO(g) 

B2O3(g) + 2C(s) → B2O(g) + 2CO(g) 

2 B2O3(l) + 4C(s) + 3 O2(g) → 4BO2(g) +4 CO(g) 

 

 

 

 

B. Reduction of the 

oxides of boron by 

carbon 

B2O3(g) + 2C(s) + O2(g) →2BO2(g) + CO(g) 
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B2O2(g) → 2BO(g) 

2 B2O2(g) → 2 B2O(g)+O2(g) 

B2O2(g) +O2(g) → 2 BO2(g) 

B2O2(g) →2 B(g)+O2(g) 

2 B2O2(g) + O2(g)→2 B2O3(g) 

2 BO2(g) →B2O(g)+ O2(g) 

2 BO2(g) →B2O3(g) + 0.5 O2(g) 

BO2(g) → BO(g) + 0.5 O2 (g) 

2 BO2(g) → B2O(g)+ 2 O2(g) 

BO2(g) → B(g) + O2(g) 

B2O(g) → B(g) + O2(g) 

B2O(g) + O2(g)→ B2O3(g) 

B2O(g)+ 0.5 O2(g) → B2O2(g) 

B2O(g)+ 1.5 O2(g)→ 2BO2(g) 

B2O(g) + 0.5 O2(g)→ 2BO(g) 

2 B(g) + 1.5O2(g)→ B2O3(g) 

2 B(g) + O2(g) →B2O2(g) 

2 B (g)+ 0.5O2(g) → B2O(g) 

B(g)+ O2(g) → BO2(g) 

B(g)+ 0.5 O2(g) → BO(g) 

2 BO(g)+ 0.5 O2(g) → B2O3(g) 

2 BO(g)→ B2O2(g) 

BO(g) → B(g)+ 0.5 O2(g) 

2 BO(g) → B2O(g) + 0.5 O2(g) 

 

 

 

 

 

 

 

 

 

 

 

 

C. Gas phase equilibria 

involving the oxides of 

boron. 

BO(g)+ 0.5 O2(g) →BO2(g) 

 

other oxides or due to its reaction with B4C. A scheme showing the decomposition 

reactions of B2O3
 are shown in Table 3.3. With an increase in the value of CBMR, it is 

observed from the results of this computation that over the entire temperature range the 
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vapour pressure of carbon monoxide far exceeds those of the oxides of boron and the 

former becomes almost constant above 1830 K as could be seen from the plateau regions 

in Figs. 1b, 1d, 1f, 1h and 1j. The plateau region for pCO(g) corresponds to the carbothermic 

reduction of oxides of boron that lead to the formation of CO(g) as shown in Table 3.3. The 

plateau regions for pBO and pBO2 gaseous species can be seen from the Figs 3.1b, 3.1d, 

3.1f, 3.1h and 3.1j. These plateau regions are due to the relative stabilities of these species 

at a given temperature. 

Fig. 3.2 shows the stability boundaries for various phases that are in equilibrium in 

terms of CBMR and temperature at 0.98 bar pressure. It is seen that the lowest 

temperature required for the carbothermic reduction of boric oxide to boron carbide is 

1830 K. Under thermodynamic equilibrium conditions, boron carbide cannot be 

synthesized by the carbothermic reduction of boric oxide when CBMR is less than 0.69 

and the temperature is above 2137 K. At temperatures below 2137 K, boron carbide 

coexists along with B2O3(l) (as condensed phase) depending on the value of CBMR. As the 

temperature decreases from 2173 K, the value of CBMR must be increased so that B4C(s) 

is in thermodynamic equilibrium with B2O3(l) (represented as Region X in Fig. 3.2). B4C(s) 

exists as a single phase over the values of CBMR and temperature represented by ‘Region 

Y’ in Fig. 3.2. It is seen that the temperature range over which the single phase B4C(s) is 

stable, increases with increasing CBMR values. However, at relatively lower CBMR 

values (~0.69-1.75) and at temperatures in the range of 2137-2350 K elemental B(s) 

coexists along with B4C(s) (Region Z in Fig. 3.2). At much higher values of CBMR 

(~1.25-3.38) and temperatures (>2350 K), B(l) coexists along with B4C(s). The stability 
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region over which B4C(s) is the only stable condensed phase spans between the CBMR 

values of 0.69 and 3.38 and at temperatures above 1830 K. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. 2 Stability diagram of B-O-C system at 0.98 bar pressure 

Fig. 3.3 shows the stability boundaries for various phases that are in equilibrium in 

terms of CBMR and temperature at 0.098 bar pressure. From this figure it is seen that by 

the removal of gaseous species from the reaction mixture, the stability regions in the 

system B-O-C are shifted towards lower temperatures. Hence carbon-free boron carbide 

can be prepared by the carbothermic reduction of boric oxide at temperatures above 1623 

K when the system pressure is 0.098 bar and CBMR values are in the range of 0.69-3.38. 

Several authors have carried out experimental investigations on the carbothermic 

reduction of boric oxide (Table 3.4) [69, 155]. Jung et al. [155] have synthesized boron 

carbide by a modified carbothermic reduction of boric oxide. They have used a mixture of  
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Fig. 3.3 Stability diagram of B-O-C system at 0.098 bar pressure 

boric oxide and carbon with a value of CBMR less than that required for the 

stoichiometric equation (Eq. 1.2) (3.5). These results are consistent with the present 

calculations. However, Alizadeh et al. [69] have produced boron carbide powder by using 

boric oxide as the boron source and petroleum coke/“carbon active” as a reducing agent at 

1743 K which is lower than the temperature predicted by the present thermodynamic 

calculations. However, the thermodynamic activity of carbon is higher than unity for the 

carbon sources (“carbon active”) used for the carbothermic reduction by Alizadeh et al 

[69]. These authors claimed that the “carbon active” which was with high surface area 

reacted with B2O3 at a relatively lower temperature to produce boron carbide. The 

optimum CBMRs required to obtain boron carbide free from carbon were reported to be 

3.7 and 3.4 for petroleum coke and “carbon active” respectively. Present calculations also 

show that the stoichiometric value of CBMR (3.5) results in a biphasic mixture of boron 
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carbide and carbon irrespective of the temperature of carbothermic reduction. The 

presence of free-carbon in boron carbide can be avoided in practice by using a reaction 

mixture of boric oxide and carbon with CBMR slightly less than 3.5 depending on the 

carbothermic reduction temperature (Figs. 3.2 and 3.3). The results of the present 

calculations are in agreement with the experimental results reported in the literature as can 

be seen from Table 3.4.  

3.3.2 Effect of moisture on carbothermic reduction of boric oxide 

The influence of moisture content in the flowing inert carrier gas (e.g. argon) on 

the equilibrium concentration of boron carbide produced during the carbothermic 

reduction of a mixture of boric oxide and carbon with CBMR=3.3 at various temperatures 

is depicted in Fig. 3.4. From this figure it is observed that with an increase in the moisture 

content in the cover gas, the equilibrium concentration of boron carbide decreases. The 

variation of the equilibrium concentration of various gas species (moisture content in the 

gas phase is one mole) with temperature is shown in Figs. 3.5a and b. At temperatures 

below 1273 K, the vapour pressures of hydrogen borates are higher than those of the 

oxides of boron (for example at 1073 K, pHBO2 is 1.83×10-5 atm and pBO2 is 1.79×10-15 

atm).   

Consequently the loss of boron (due to vapourization of hydrogen borates) is 

higher when the carrier gas contains significant quantity of moisture than the loss of boron 

(due to the vapourization of oxides of boron) when the carrier gas is free from moisture. 

Hence, the reaction mixture becomes deficient in boric oxide, which in turn reduces the 

yield of boron carbide, when moisture is present as the impurity in the carrier gas. 
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Table 3.4 Details of experimental studies on carbothermic reduction of boric oxide  

S. No Reactants Reaction parameters Remarks Optimum CBMR for 

zero free carbon 

Reference 

1 B2O3(s)+C(s) 18000C, 20–300 min, Ar <3.5 [155] 

2 B2O3+Petroleum 

Coke 

 

B2O3+”carbon 

active” 

14700C; 1000 min-1, 

1–5 h, Ar 

 

14700C; 1000 min-1, 

1–5 h, Ar 

 

Stoichiometric composition as 

per Eq. 1.2 leads to significant 

residual carbon in the final 

product (B4C).  

<3.3 

 

<3.7 

[69] 

3 B2O3 + carbon  Above 1830 K  CBMR < 3.5 irrespective of 

temperature  

3.4 Present 

calculations 
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Fig. 3.4 Variation of equilibrium concentration of boron carbide with number of 

moles of water in the carrier gas (CBMR =3.3 at different temperatures) 
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(b) 

Fig. 3.5 Variation of equilibrium vapour pressure of the (a) oxides of boron and (b) 

hydrogen borates with temperature for stoichiometric CBMR =3.3 

 

However, this decrease in equilibrium concentration of boron carbide is relatively 

insignificant. Hence, commercial grade argon (containing < 10 ppm of moisture) can be 

used to carry out the carbothermic reduction. 

3.4 Conclusions  

Thermodynamic equilibrium calculations on the carbothermic reduction of boric 

oxide have been carried out using FactSage 6.2. The stability boundaries pertaining to 

B2O3 (l), B4C(s), B4C(l), B(s), B(l) and C(s) have been evaluated as a function of temperature 

and CBMR. The results of these calculations identified the most favourable conditions of 

temperature and CBMR for the synthesis of carbon-free boron carbide through 

carbothermic reduction of boric oxide. 
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Synthesis and characterization of nanocrystalline  
boron carbide from gel precursors 

 

4.0 Introduction 

 Commercially boron carbide is synthesized by carbothermic reduction of boric 

oxide/boric acid [156]. However, this method cannot be employed for the synthesis of 

boron carbide containing isotopically enriched boron since the loss of highly precious and 

expensive enriched boron in the form of its oxides during the reduction is high which 

renders this process uneconomical. As an alternative to this high-temperature reaction 

technique, there is a great interest in the development of gel precursors to produce 

sinteractive boron carbide powder at relatively lower temperatures [93]. Table 4.1 shows 

the studies reported in the literature on the synthesis of boron carbide using gel precursors. 

 In the present study, nonaqueous gel precursors have been developed for the first 

time for the synthesis of boron carbide. 

4.1 Synthesis of boron carbide from boric acid-sucrose xergo gel  

4.1.1 Experimental 

 In a typical experiment, 9 g of sucrose was taken in a combustion bowl and melted 

using a silicone oil bath at 440 ± 5 K. To this melt, 11.3 g of boric acid was added slowly 

to obtain a homogeneous gel. Upon heating this gel at 440 ± 5 K, a black-coloured dry 

xerogel (XSG) was obtained. This product was placed in a high-density graphite boat and 

pyrolyzed using a kanthal wire-wound resistance furnace (horizontal) under flowing ultra 

high-pure (UHP) argon (purity 99.993%, oxygen <2 ppm, total impurities <30 ppm) at 

1273 K for 2 h. The black mass thus obtained was designated as XSG1000 (Fig. 4.1). 
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Table 4.1 Summary of studies reported in the literature on the synthesis of boron carbide 

from gel precursors 

S.No Gel Precursor Processing 

Temperature, K 

Holding 

time, h 

Atmosphere Ref. 

1 Reaction product of 

H3BO3 and citric acid 

1623 2 Vacuum [98] 

2 Reaction product of 

H3BO3 and citric acid 

1773 2.5 Vacuum [99] 

3 Reaction product of 

H3BO3 and citric acid 

1723 5 Argon [101] 

4 Solution of H3BO3, sugar 

and ethylene glycol 

1973 5 H2 [50] 

5 Solution of H3BO3 and 

glycerin 

1523 5 Argon [95] 

6 Reaction product of 

H3BO3 and mannitol 

1573 0.5-20 Argon [109] 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Photograph of typical XSG1000 
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Sucrose melt
440 K

Boric Acid
298 K

Homogeneous gel
440 K, duration 45 min

Black Xerogel
(XSG)

Pyrolysis
Ar, 1273 K, 2 h

Precursor
XSG1000

Crushing &Compaction
200 MPa, 10 mm φ

Reaction in an open boat, Ar

1573 K, 2h  (XSG13)
1673 K, 2h  (XSG14)
1773 K, 2h  (XSG15)

1823 K, 2h (XSG1552h)
1823 K, 3h (XSG1553h)

Reaction in a cylinder 1823 K, 3h, Ar

8  mm φ orifice  (XSGC8)
3  mm φ orifice  (XSGC3)
1.5 mm φ orifice  (XSGC1.5)
1 mm φ orifice  (XSGC1)
0.5 mm φ orifice  (XSGC0.5)

IR, CA, BD,SSA

IR, CA, BD,SSA, XRD

CA, BD,SSA, XRD, SEM, TEM  

Fig. 4.2 The scheme of preparation of boron carbide from boric acid-sucrose xerogel  

This XSG1000 was crushed and compacted into pellets of 16 mm diameter by 

using a uniaxial hydraulic press. These pellets were placed in a high-density graphite boat 

(Fig. 2.1) and heated using a molybdenum wire-wound furnace at 1573, 1673 and 1773 K 

for 2 h (resultant products are designated as XSG13, XSG14 and XSG15 respectively) and 

at 1823 K for 2 and 3 h (resultant products are designated as XSG1552h and XSG1553h 

respectively) at a heating rate of 0.15 K s-1. In an another independent experiment, the 

pellets of XSG1000 were placed in a specially designed high-density graphite cylinder 

provided with lids on both sides (Fig. 2.2) and heated at 1823 K for 3 h at a heating rate of 

0.15 K s-1. Lids having a central hole with different diameters viz., 8, 3, 1.5, 1, and 0.5 
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mm were used in different experiments and the resultant products were designated as 

XSGC8, XSGC3, XSGC1.5, XSGC1 and XSGC0.5 respectively. The scheme of the 

preparation is shown in Fig. 4.2. 

The xerogels and the precursors were characterized by using Fourier transform 

infrared spectroscopy. The constituent phases were identified by using X-ray diffraction 

while their elemental composition was established with the help of chemical assay. The 

microstructure of boron carbide synthesized in this study was examined with the help of 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM).  

4.1.2 Results and Discussion 

4.1.2.1 IR analysis 

 

Fig. 4.3 IR Spectra of XSG and XSG1000 

The FTIR spectra of XSG and XSG1000 are shown in Fig. 4.3. Boric acid and 

sucrose form a complex during gelation as evidenced by the band at 1015 cm-1 in the IR 

spectrum of XSG. This feature could be assigned to the B–O–C stretch [104, 105]. The 
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absence of this feature in the IR spectrum pertaining to XSG1000 suggests its destruction 

during pyrolysis. In the IR spectra of both XSG and XSG1000, the broad band between 

2900 and 3500 cm-1 could be assigned to the stretching of O–H pertaining to the moisture 

adsorbed on the surface of these samples. The band at 1450 cm-1 could be attributed to 

the B–O stretching and that at 1190 cm-1 to the B–O–H stretching. These results suggest 

that a complex is formed between boric acid and sucrose, which subsequently undergoes 

pyrolysis resulting in a precursor that yields boron carbide on further decomposition. 

4.1.2.2 Chemical analysis 

Boric acid and sucrose were taken in the molar ratio of 1:0.145 since this mixture 

could yield B2O3 and carbon required for the formation of B4C in the subsequent step 

shown in Eq. 1.2 (Chapter 1). The overall reaction between boric acid and sucrose could 

be represented by Eq. 4.1. 

OHCOCBOHCBOH 2411221233 1497212748 ++→+                                                  (4.1) 

Table 4.2 shows typical chemical composition of XSG, XSG1000, XSG1552h and 

XSG1553h. According to Eq. 1.2 (Chapter 1), the number of moles of boron and carbon in 

the final reaction mixture should bear the stoichiometric weight ratio 1:1.9 to facilitate the 

complete conversion of B2O3 and C into B4C. However, the chemical analysis indicates 

that the gel XSG is carbon deficient (B:C is 1:1.36). However, in the pyrolyzed product 

XSG1000, the boron to carbon weight ratio was found to be 1:1.7 which is close to the 

desired value mentioned above. It is interesting to note that Yanse et al. [105] have 

reported significant loss of boron due to volatilization at temperatures above 1273 K and 

recommended the use of a carbon-deficient starting mixture (C/B weight ratio 1.8) than 

demanded by Eq. 1.2 (Chapter 1) for the synthesis of boron carbide. 
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Table 4.2 Chemical analyses of XSG, XSG1000, XSG1552h and XSG1553h 

Sample Boron (wt %) Carbon (wt %) Phases present 

XSG 13.3 18.2 - 

XSG1000 18.5 30.7 B2O3 

XSG1552h 49.2 35.3 B4C, B2O3, carbon 

XSG1553h 59.1 40.5 B4C, carbon 

 

In the gel-based processes, the yield cannot be improved unless the loss of boron is 

avoided during the crucial carbothermic reduction step. In order to achieve the above 

objective a special sample container was designed out of high-density graphite. By 

suitably tailoring the design of this sample cell, CO was effectively removed from the 

reaction site while the oxides of boron (mostly B2O3) were retained within the reaction 

zone. The molecular masses of the various gaseous species vary in the following order 

B2O3 > B2O2 > BO2 > B2O > CO. Thus their root mean square velocities and rates of 

effusion from the reaction site through an orifice would follow the reverse order. Thus CO 

would effuse out faster compared to the oxides of boron through the orifice in the sample 

container. However, arriving at an optimum value for the diameter of the orifice in this 

sample container had to be achieved through careful experimentation. The results obtained 

after heat treating the precursor XSG1000 at 1823 K for 3 h under flowing argon in the 

graphite cylinder with lids having different orifices are depicted in Table 4.3 and Fig. 4.4. 

The results show that the diameter of the orifice had a bearing on the composition of the 

final product. The amount of B and C in the product has a dependence on the diameter of 

the orifice. The rate of effusion through an orifice has an inverse dependence on the area 
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of the orifice (or the square of its radius). Thus it is reasonable to conclude that the loss of 

vapour species during the reduction is controlled probably by an effusion mechanism. An 

orifice with a diameter of 0.5 mm proved to be the most suitable for it yielded a product 

with boron to carbon ratio closest to the desirable value.  

The use of graphite as the container material helped to promote the reaction of the 

boron containing moieties emanating from the precursor with the walls of the graphite 

cylinder with lids. Progressive deterioration of the container and the loss of its weight 

upon repeated usage testified this premise. The design of a closed container and its orifice 

thus turn out to be critical in controlling both the yield and composition of the final 

product. This is a novel feature reported for the first time.  

The yield of boron carbide was found to be 48% when the precursor XSG1000 

was heated at 1823 K for 3 h in a graphite cylinder with lids having an orifice diameter of 

0.5 mm and the free carbon in the final product (XSGC0.5) was reduced to about 6 wt%.  

Table 4.3 Chemical analyses of the boron carbide obtained after heat treating XSG1000 at 

1823 K for 3 h in a graphite cylinder with lids 

Sample Boron 

(wt %) 

Carbon 

(wt %) 

Phases present SSA 

(m2g-1) 

B D 

(gcm-3) 

XCS 

(nm) 

XSGC8 59.5 39 B4C, carbon 15.72 0.29 66 

XSGC3 65.1 34.5 B4C, carbon 15.94 0.48 74 

XSGC1.5 72.9 26.8 B4C, carbon 17.21 0.61 58 

XSGC1 75.5 24.3 B4C, carbon 29.5 0.71 52 

XSGC0.5 75.8 23.9 B4C, carbon 30.5 0.74 52 

SSA: specific surface area, XCS: X-ray crystallite size, B.D: bulk density 
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Fig. 4.4 Variation of amount of boron and carbon in the reaction product with the 

diameter of the cylinder orifice when precursor XSG1000 was heat treated at 1823 K for 

3 h 

4.1.2.3 XRD analysis  

The XRD patterns of XSG1000 and the products obtained after subjecting it to 

heat treatment at different temperatures and durations are shown in Fig. 4.5. The XRD 

patterns pertaining to the pyrolysed gels XSG1000, XSG13, XSG14 (Fig. 4.5a, 4.5b and 

4.5c respectively) revealed the presence of only B2O3 phase and the absence of B4C. The 

carbon present in those samples pyrolyzed at temperatures below 1773 K was X-ray 

amorphous. Hence the formation of boron carbide is not feasible at temperatures below 

1773 K. The XRD patterns (Fig. 4.5d and 4.5e) of XSG15 and XSG1552h indicate the 

presence of B2O3 and graphite in addition to boron carbide. The presence of B2O3 and 

carbon along with B4C in XSG1552h (Fig. 4.5e) indicate that the reaction did not proceed 

to completion.  
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Fig. 4.5 X-ray diffraction patterns of the precursor and heat-treated products 

 

However, the product XSGC0.5 shows the presence of B4C along with free carbon 

as the second phase (Fig. 4.6). The absence of any peak pertaining to B2O3 in this product 

indicates the completion of the reaction or due to the evaporation of B2O3 from the 

reaction mixture or both.  

The average size of boron carbide crystallites in the sample XSGC0.5 calculated 

by using the Scherrer formula was found to be 55 nm. A plot for Bcosθ versus 4sinθ 

corresponding to the diffraction pattern of XSGC0.5 is shown in Fig.4.7. The lattice strain 

computed from the slope of this plot was found to be rather insignificant (0.012 %) and 

the crystallite size obtained from the intercept was found to be 52 nm. This value is in 

good agreement with the X-ray crystallite size calculated from the Scherrer formula.  

b: XSG13

c: XSG14

d: XSG15
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Fig. 4.6 X-ray diffraction pattern of XSGC0.5 

 

 

 

 

 

 

 

 

Fig. 4.7 Williamson–Hall plot pertaining to XSGC0.5 

4.1.2.4 Microstructure and particle size analysis 

Fig. 4.8 reveals the microstructure of XSGC0.5. From this microstructure it is 

clear that the crystallites of boron carbide formed during the heat treatment agglomerate 

into irregular fine particles. Selective growth of crystallites of B4C is also observed.  
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Fig. 4.8 Scanning electron micrograph of XSGC0.5 

A typical TEM image of XSGC0.5 is shown in Fig. 4.9 and the SAD (Selected 

area diffraction) pattern pertaining to an area where boron carbide crystallite was present 

is shown as the inset in Fig. 4.9. Spotty ring pattern confirms the nanocrystallinity of the 

randomly oriented boron carbide crystallites while diffraction pattern corresponds to the 

hexagonal B4C phase.  

The particle size distribution of XSGC0.5 is shown in Fig. 4.10. It is seen that the 

size distribution of the boron carbide particles is unimodal and falls in the range of 10–100 

µm while the product obtained in an earlier study [100] from a citrate gel precursor had a 

bi-modal distribution.  

 

 

 



Chapter 4 

 90 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9 Transmission electron micrograph of XSGC0.5. The inset shows the SAD pattern 

of nanocrystalline boron carbide 

 

 

 

 

 

 

 

 

 

Fig. 4.10 Particle size distribution of XSGC0.5  
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4.2 Synthesis of boron carbide from boric acid-citric acid xerogel 

4.2.1 Experimental 

In a typical experiment, 22.5 g of citric acid was taken in a combustion bowl and 

melted using a silicone oil bath at 423 ± 10 K. To this melt, 11.3 g of boric acid was added 

slowly in order to obtain a homogeneous gel. Upon heating this gel at 423 ± 10 K, a 

yellow coloured dry xerogel (XCG) was obtained. This product was placed in a high-

density graphite crucible and pyrolyzed using a kanthal wire-wound resistance furnace 

(vertical) under a flowing stream of UHP argon at 773, 873, 973 and 1073 K for 2 h and 

the products thus obtained were designated as XCG500, XCG600, XCG700 and XCG800 

respectively. Based on the C/B weight ratio, XCG600 was selected for the high 

temperature pyrolysis. This precursor was compacted into pellets of 16 mm diameter by 

using a uniaxial hydraulic press. These pellets were placed in a high-density graphite 

cylinder with lids on both sides (lids having an orifice diameter of 0.5 mm) and heated at 

1573, 1673, 1773 and 1823 K for 3h under UHP argon. The resultant products are 

designated as XCG61300, XCG61400, XCG61500 and XCG61550 respectively. The 

scheme of preparation is shown in Fig. 4.11. 

The xerogel and the precursor (XCG600) were characterized by using Fourier 

transform infrared spectroscopy. The constituent phases were identified by using X-ray 

diffraction while their elemental composition was established with the help of chemical 

assay. The microstruture of boron carbide synthesized in this study was examined with the 

help of SEM.  
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Fig. 4.11 The scheme of preparation of boron carbide from boric acid-citric acid xerogel 

precursor 

 

4.2.2 Results and discussion 

4.2.2.1 IR analysis 

Fig. 4.12 shows the FTIR spectra of XCG and XCG600. A complex is formed 

between H3BO3 and citric acid during the gelation as indicated by the band at 1015 cm-1 

that could be assigned to the B-O-C stretching frequency in the IR spectrum of XCG. The 

absence of this feature in the IR spectrum of XCG600 suggests the destruction of the 

Citric  acid melt
423 K

Boric Acid
298 K

Homogeneous gel
423 K, duration 45 min

Yellow Xerogel
(XCG)

Pyrolysis, Ar, 2 h
773, 873, 973 and 1073 K 

Precursor
XCG600

Crushing &Compaction
200 MPa, 16 mm φφφφ

1573 K, 3h (XCG61300)
1673 K, 3h (XCG61400)
1773 K, 3h (XCG61500)
1823 K, 3h (XCG61550)
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IR, CA, XRD,   
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complex formed between boric acid and citric acid during pyrolysis. A broad band 

between 2900 and 3500 cm-1 could be assigned to the stretching frequency of O-H 

pertaining to the moisture absorbed on to the surface of the samples XCG and XCG600. 

The broad band at 1450 cm-1 could be attributed to the B-O stretching frequency and that 

at 1190 cm-1 to the B-O-H stretching. These results show that a complex is formed 

between boric acid and citric acid during gel formation and is decomposed during the 

pyrolysis.  

 

 

 

 

 

 

 

 

 

Fig. 4.12 The IR spectra of XCG and XCG600 

4.2.2.2 Chemical analysis 

The overall reaction between boric acid and citric acid could be presented by  

Eq. 4.2.  

12 H3BO3 + 7 C6H8O7.H2O → 3 B4C +39 CO + 46 H2O                                               (4.2) 

 Table 4.4 shows the chemical composition of XCG, XCG500, XCG600, XCG700 

and XCG800. The C/B weight ratio in the products (XCG, XCG500 and XCG600) are 
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less than that demanded by stoichiometric Eq. 1.2 (Chapter 1) whereas the the products 

(XCG700 and XCG800) contain C/B weight ratio more than the stoichiometric value. 

However, the C/B weight ratio in the product XCG600 is very close to the optimum value 

found in the earlier study on the synthesis of boron carbide from boric acid-sucrose gel 

precursor (Section 4.1.2.2). This suggests that the optimum temperature of pyrolysis of 

boric acid-citric acid xerogel is 873 K. The chemical analysis of the product (XCG61550) 

obtained after heat treatment of XCG600 at 1823 K for 3 h is also shown in Table 4.4. The 

final product contain about 10.3 wt% free carbon which is slightly lower than that in 

studies using citric acid as a gel forming agent [99]. 

Table 4.4 Chemical analysis of XCG, XCG500, XCG600, XCG700, XCG800 and 

XCG61550 

Sample B 

(wt%) 

 C 

(wt%) 

C/B 

weight ratio 

B.D 

(g/cc) 

SSA 

 (m2g-1) 

XCS 

(nm) 

XCG 12.2 16.4 1.34 0.22 2.5  

XCG500 15.7 23.3 1.48 0.43 13.5  

XCG600 15.1 26.1 1.72 0.44 21.3  

XCG700 14.5 27.8 1.92 0.35 22.3  

XCG800 14.8 29.7 2.01 0.27 24.1  

XCG61550 71.3 28.2  0.69 33.5 181 

SSA: specific surface area, XCS: X-ray crystallite size, B.D: bulk density 
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 However, the yield of boron carbide was found to be only 36% when the 

precursor XCG600 was heated at 1823 K for 3 h. The yield is much less than that obtained 

from boric acid-sucrose gel precursor. 

4.2.2.3 Phase identification and microstructure analyses 

Fig. 4.13 shows the X-Ray diffraction (XRD) patterns of XCG500, XCG600, 

XCG700 and XCG800. All these patterns show the presence of only cubic boric oxide in 

the precursors. However, due to amorphous nature of carbon present in these precursors, 

peaks pertaining to carbon were not seen in the XRD patterns of the precursors. XRD 

patterns pertaining to XCG61300, XCG61400 and XCG61500 (products obtained when 

XCG600 heated at 1573, 1673 K and 1773 K for 3 h respectively) are also shown in Fig. 

4.13.  

 

 

 

 

 

 

 

 

 

Fig. 4.13 X-ray diffraction pattern of the precursor (XCG500, XCG600, XCG700 and 

XCG800) and heat-treated products 
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The absence of peaks pertaining to boron carbide indicates that the formation of 

boron carbide is not feasible at temperatures at least upto 1773 K. The XRD pattern of the 

product XCG61550 is shown in Fig. 4.14. This product shows peaks pertaining to boron 

carbide (JCPDS file No. 35-0798) and carbon (JCPDS file No. 89-7213). The absence of 

characteristic peaks corresponding to boric oxide indicates the completion of the reaction 

or the evaporation of boron in the form of its oxides or both. The presence of carbon in 

these samples indicates the loss of boron in the form of its gaseous oxide species. The 

average crystallite size calculated from Scherrer formula was found to be 181 nm.  

 

 

 

 

 

 

 

 

 

Fig. 4.14 X-ray diffraction pattern of XCG61550 

 

Microstructure of XCG61550 is shown in the Fig. 4.15. The figure shows the 

agglomeration of nanocrystalline boron carbide particles of different sizes and different 

shapes 
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Fig. 4.15 Scanning electron micrograph of XCG61550 

4.3 Synthesis of boron carbide from boric oxide-citric acid gel precursor 

4.3.1 Experimental 

In a typical experiment, 12.6 g of boric oxide and 43.8 g of citric acid were taken 

in a stainless steel (SS) vessel (Fig. 2.4). This vessel containing the reactants was then 

placed inside an SS reactor as shown in Fig. 2.4. The residual moisture present in the 

reaction mixture was removed by vacuum degassing at 393 K for 2 h. Subsequently the 

reaction mixture was heated in a kanthal wire-wound resistance furnace (vertical) in a 

stream of UHP argon at 773, 873, 973 and 1073 K for 2 h and the products thus obtained 

were labelled as BOC500, BOC600, BOC700 and BOC800 respectively. Based on C/B 

weight ratio, BOC700 was chosen for high temperature pyrolysis. This powder was 

compacted into pellets of 16 mm diameter and 10 mm height. These pellets were placed in 

a graphite cylinder with lids (lids having an orifice diameter of 0.5 mm) and heated in a 

molybdenum wire-wound resistance furnace at 1573, 1673, 1773 and 1823 K for 3 h 
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under a flowing stream of UHP argon. The resultant products are designated as 

BOC71300, BOC71400, BOC71500 and BOC71550 respectively. The scheme of 

preparation is shown in the Fig. 4.16. 

The constituent phases were identified by using X-ray diffraction while their 

elemental composition was established with the help of chemical assay. The 

microstructure of boron carbide synthesized in this study was examined with the help of 

scanning electron microscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.16 The scheme of preparation of boron carbide from boric oxide-citric acid gel 
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4.3.2 Results and Discussion 

4.3.2.1 Chemical analysis 

 The overall chemical reaction between boric oxide and citric acid could be 

represented as: 

6 B2O3 + 7 C6H8O7 →3 B4C + 39 CO + 28 H2O                                                            (4.3) 

Table 4.5 shows the chemical composition of BOC500, BOC600, BOC700 and 

BOC800. The C/B weight ratios of the products BOC500, BOC600 and BOC700 are less 

than the one demanded by stoichiometric Eq. 1.2 (Chapter 1) whereas the the products 

BOC800 contain higher than the stoichiometric value. However, the C/B weight ratio in 

the product BOC700 is very close to the optimum value found in the earlier study on the 

synthesis of boron carbide from boric acid-sucrose gel precursor (Section 4.1.2). Hence 

BOC700 is the most suitable precursor for the preparation of boron carbide as it contains 

the optimum C/B weight ratio. The results of the chemical analysis of the product 

(BOC71550) obtained after heat treatment of BOC700 at 1823 K for 3 h is also shown in 

Table 4.5. This product contains about 8.6 wt% free carbon. However, the yield of boron 

carbide was found to be about 41 %.  

4.3.2.2 Phase identification, microstructure and particle size distribution 

Fig. 4.17 shows the XRD patterns of BOC500, BOC600, BOC700 and BOC800. 

All these patterns show the presence of only cubic boric oxide. The XRD patterns of 

BOC71300, BOC71400 and BOC71500 are also shown in Fig. 4.17. The presence of only 

cubic boric oxide indicates that boron carbide does not form under these conditions of 

temperature and time duration. This precursor needed to be heated above 1773 K. The 

XRD patterns of the product BOC71550 is shown in Fig. 4.18. This shows peaks  
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Table 4.5 The results of chemical analysis of the BOC500, BOC600, BOC700, BOC800 

and BOC71550 

Sample B 

(wt %) 

C 

(wt %) 

C/B 

weight ratio 

B.D 

(g/cc) 

SSA 

(m2g-1) 

XCS 

(nm) 

BOC500 14.1 22.4 1.58 0.34 11.3  

BOC600 14.3 23.8 1.66 0.25 23.6  

BOC700 15.8 27.3 1.73 0.38 21.1  

BOC800 14.5 27.8 1.92 0.46 19.7  

BOC71550 72.9 26.8  0.61 48.2 261 

SSA: specific surface area, XCS: X-ray crystallite size, B.D: bulk density 

 

 

 

 

 

 

 

 

 

 

Fig. 4.17 X-ray diffraction pattern of the precursor and heat-treated products 
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Fig. 4.18 X-ray diffraction pattern of BOC71550 

 

 

 

 

 

 

 

 

 

 

Fig. 4.19 Scanning electron micrograph of BOC71550 
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pertaining to boron carbide (JCPDS file No. 35-0798) and carbon (JCPDS file No. 89-

7213). The absence of characteristic peaks corresponding to boric oxide indicates the 

completion of the reaction. The average crystallite size calculated from Scherrer formula 

was found to be 260 nm. 

Microstructure of BOC71550 is shown in the Fig. 4.19. It can be seen from the 

figure that the  particles are irregular in size and shapes. 

The particle size distribution of BOC71550 is shown in Fig. 4.20. It is seen that the 

size distribution of the particles (100–500 µm) exhibit a unimodal distribution. 

 

 

 

 

 

 

 

 

 

Fig. 4.20 The particle size distribution of BOC71550 
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reaction mixture was removed by vacuum degassing at 443 K for 2 h. Subsequently this 

reaction mixture was heated at 973 K for 2 h using a kanthal wire-wound resistance 

furnace (vertical) in a stream of UHP argon. A black spongy precursor was formed. This 

precursor (resultant product is designated as BOS700) was subsequently crushed, ground 

into fine powder and compacted into pellets of 16 mm diameter and 10 mm height. These 

pellets were placed in a graphite cylinder with lid (lids having an orifice diameter of 0.5 

mm) and heated in a molybdenum wire-wound resistance furnace at 1573, 1673 for 3 h 

and at 1773 K for 2 and 3 h under flowing UHP argon. The resultant products are 

designated as BOS713, BOS714, BOS7152h and BOS715 respectively.  

In another set of independent experiments the precursors were also prepared by 

heating a stoichiometric mixture of boric oxide and sucrose at 773, 873 and 1073 K for 2 

h (resultant products are designated as BOS500, BOS600, and BOS800 respectively) in 

order to optimize the temperature of synthesis of the precursor. These precursors 

(BOS500, BOS600 and BOS800) were also compacted into pellets and heated at 1773 K 

for 3 h as described above. The resultant products obtained after heat treatment at 1773 K 

for 3 h are designated as BOS515, BOS615 and BOS815 respectively. The scheme of the 

synthesis is depicted in Fig. 4.21 as a flow chart. 

The constituent phases were identified by using X-ray diffraction while their 

elemental composition was established with the help of chemical assay. The microstruture 

of boron carbide synthesized in this study was examined with the help of scanning 

electron microscopy. 
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Fig. 4.21 The scheme of preparation of boron carbide from boric oxide-sucrose gel 

precursor 
 

4.4.2 Results and Discussion 

4.4.2.1 Chemical analysis 

 The overall reaction of boric oxide with sucrose is represented as: 
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 Table 4.6 shows typical chemical compositon of various boric oxide-sucrose 

precursors prepared in this study. Except BOS500, which was brown in colour, all the 

other precursors were black in colour. It is surmised that this brown colour might be due 

to incomplete decomposition of sucrose. All the precursors have a value of C/B weight 

ratio (1.58 for BOS500, 1.68 for BOS600, 1.77 for BOS700 and 1.73 for BOS800) lower 
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lower C/B weight ratio may be due to the loss of boron in the form of its oxides as the 

vapour pressures of the latter increases with temperature. As discussed in section 4.1.2.2, 

Yanase et al. [105] suggested the use of reaction mixtures with lower C/B value than the 

stoichiometric value demanded by Eq. 1.2 (Chapter 1) to synthesize single phase boron 

carbide. The results of the chemical analyses of BOS515, BOS615, BOS715 and BOS815 

are shown in Table 4.7. These results show that the product BOS615 contains minimum 

free carbon compared to BOS515, BOS715 and BOS815. Hence the optimum temperature 

for preparation of boric oxide-sucrose precursor in order to obtain boron carbide with 

minimum free carbon is 873 K. The yield of boron carbide obtained in this study is 61% 

and the free carbon in the final product BOS615 is found to be about 4 wt%. From this 

study it is inferred that boron carbide with maximum yield and minimum free carbon 

content can be prepared from the boric oxide (boron source)-sucrose (carbon source) gel 

precursor. The bulk density and specific surface area of the prescursor powders and boron 

carbide powders synthesized in this study are also shown in Table 4.6 and 4.7.  

4.4.2.2 Phase identification, microstructure and particle size distribution 

 Fig. 4.22 shows the XRD patterns of BOS500, BOS600, BOS700 and 

BOS800. All these patterns show the presence of only cubic boric oxide in the precursors. 

Peaks pertaining to carbon were not seen in the XRD patterns of the precursors because 

the carbon present in these precursors is amorphous. The presence of carbon, however, 

was established by the chemical analysis of these samples. XRD patterns BOS713, 

BOS714 and BOS7152h are shown in Fig. 4.23. The XRD patterns of BOS713 and 

BOS714 show the presence of only cubic boric oxide. However, the XRD pattern of 

BOS7152h shows the presence of a mixture of boron carbide, boric oxide and carbon. 
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Table 4.6 Results of the chemical analysis of the precursors BOS500, BOS600, BOS700 and BOS800 

Sample Boron  

(wt %) 

Carbon  

(wt %) 

Phases present 

 

Bulk density 

(g/cc) 

Specific surface 

area (m2g-1) 

BOS500 14.9 23.6 B2O3 and C 0.22 13.1 

BOS600 16.1 27.2 B2O3 and C 0.35 26.5 

BOS700 16.1 28.5 B2O3 and C 0.29 21.3 

BOS800 16.2 28.1 B2O3 and C 0.32 22.3 

 

Table 4.7 Results of the chemical analysis of BOS515, BOS615, BOS715 and BOS815 

Sample/Element Boron  

(wt%) 

Carbon  

(wt%) 

Phases present 

 

X-ray crystallite size 

(nm) 

Bulk density 

(g/cc) 

Specific surface 

area (m2g-1) 

BOS515 68.4 30.9 B4C and C 56 0.42 32.2 

BOS615 76.2 23.1 B4C and C 48 0.53 40.1 

BOS715 70.5 28.8 B4C and C 52 0.77 34.3 

BOS815 69.1 29.8 B4C and C 63 0.81 30.9 
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The presence of boric oxide in this product mixture suggests incompletion of the reaction. 

The XRD patterns of the BOS515, BOS615, BOS715 and BOS815 are shown in Fig. 

4.24. These products show the presence of boron carbide (JCPDS file No. 35-0798) and 

carbon (JCPDS file No. 89-7213). The absence of boric oxide in these products indicates 

the completion of the reaction. The presence of carbon residue in these samples indicates 

the loss of boron in the form of its gaseous oxide species swept in the carrier gas stream. 

From Fig. 4.24, it is also observed that the intensity of peak corresponding to carbon in 

the XRD pattern of BOS615 is lower than those of other products (BOS515, BOS715 and 

BOS815). This indicates that the product BOS615 contains relatively lower free carbon 

compared to other products. This observation is in agreement with the results obtained by 

the chemical analysis.  

 

 

 

 

 

 

 

 

 

Fig.4.22 X-ray diffraction pattern of the precursors 
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Fig. 4.23 X-ray diffraction patterns of the heat-treated products 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.24 X-ray diffraction patterns of BOS515, BOS615, BOS715 and BOS815 
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The average size of boron carbide crystallites in the sample BOS615 calculated 

from the Scherrer formula was found to be 60 nm. Fig. 4.25 shows the Hall Williamson 

plot pertaining to BOS615. Lattice strain calculated from the slope of this plot is 0.015%. 

The crystallite size calculated from the intercept of the Hall Williamson’s plot is 62 nm. 

The crystallite size calculated from the Scherrer formula and from the Hall Williamson 

plot are in good agreement with each other. 

 

 

 

 

 

 

 

 

 

Fig. 4.25 Williamson–Hall plot pertaining to BOS615 

Fig. 4.26 shows the microstructure of BOS615. From the microstructure it is 

evident that the particles of the product BOS615 are irregular in shape and size. In 

addition, these particles are nanocrystalline agglomerates of boron carbide.  
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Fig. 4.26 Scanning electron micrograph of BOS615 

 

 

 

 

 

 

 

 

 

Fig. 4.27 The particle size distribution of BOS615 
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range of 0.02 – 0.2 µm. About 10 % of the powder has particles with size range of 300 to 

500 µm. These paricles are much smaller than those synthesized from boric acid-sucrose 

gel precursor and boric acid-citric acid gel precursors described in earlier sections.  

4.5 Summary of studies carried out on the synthesis of nanocrystalline boron 

carbide 

Table 4.8 Summary of studies carried out on the synthesis of nanocrystalline boron 

carbide 

Gel Precursor % B 

(wt%) 

% C 

(wt%) 

Free carbon 

(wt%) 

Yield 

(%) 

X-ray crystallite 

size (nm) 

Boric acid-Citric acid 71.3 28.2 10.5 36 181 

Boric oxide-Citric acid 72.9 26.8 8.5 41  260 

Boric acid-Sucrose 75.8 23.9 5.5 48  52 

Boric oxide-Sucrose 76.2 23.1 4.1 61 60 

 

Table 4.8 compares the results of the chemical analyses of boron carbide prepared 

using various gel precursors. This study clearly brings out the fact that the use of sucrose 

as a gel forming agent has definite advantages over the use of citric acid. Similarly boric 

oxide was found to be a better boron source compared to boric acid for the synthesis of 

boron carbide through gel precursor method. 

4.6 Conclusions 

Alternate energy efficient low temperature methods based on the pyrolysis of suitable 

gel precursors for the synthesis of boron carbide were developed. Systematic studies were 

carried out to optimize the process parameters such as composition of the initial reactant 
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mixture and temperature and time for the pyrolysis of the precursors. The precursors and 

boron carbide prepared from these precursors were characterized by both chemical 

methods and XRD. The physical properties such as specific surface area, bulk density, 

and particle size distribution of the precursors as well as the final products measured. The 

crystallite size of various powders was determined by the X-ray line broadening 

technique. The microstructure and surface morphology were studied by using scanning 

electron microscopy and transmission electron microscopy. The performance of boric 

acid and boric oxide as boron sources and sucrose and citric acid as the carbon source 

was compared. The studies led to the following conclusions. 

1. The products obtained through the gel precursor route were found to be 

nanocrystalline, free flowing and porous. 

2. Yield of boron carbide could be improved by using a specially designed graphite 

cylinder with lids by minimizing the loss of boron. 

3. This study clearly brings out the fact that the use of sucrose as a gel forming agent 

has definite advantages over the use of citric acid. 

4. This study also brings out the fact that the use of boric oxide as a boron source 

has definite advantages (in improving the yield and lowering the free carbon 

residue in boron carbide) over the use of boric acid. 

5. A novel method for the synthesis of nanocrystalline boron carbide with high yield 

(~60%) and low free carbon (~4 %) was demonstrated. 
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Studies on the thermal expansion of nanocrystalline  

boron carbide 

 
5.0 Introduction 

 The value of coefficient of thermal expansion (CTE) of materials is an important 

factor required to address the problems such as thermally induced stresses between 

dissimilar materials in contact. In this regard, thermal expansion of nuclear fuels, neutron 

absorbers and clad materials is important in determining their performance in a nuclear 

reactor [157].  

 Materials used in nuclear reactors are subjected to high temperatures, steep 

temperature gradients and intense radiation fields during their lifetime. Measurement of 

thermal expansion of nuclear materials as a function of temperature is required to assess 

the dimensional changes during the operation of a nuclear reactor [158]. An important 

technique used for measuring the lattice thermal expansion is high temperature X-ray 

diffraction (HT-XRD) technique. The CTE in this case is determined from the lattice 

parameter values measured at different temperatures. Lattice thermal expansion data are 

useful supplement to the bulk thermal expansion data, normally measured using 

dilatometric techniques. 

5.1 Thermal expansion of nanocrystalline materials 

Nanocrystalline materials are of fundamental scientific interest as their physical 

properties can differ considerably from those of the corresponding bulk materials [127]. 

Both theoretical and experimental data on the thermal expansion of various 

nanocrystalline materials are reported in the literature [159–161]. Theoretical studies show 
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that CTE increases with decrease in crystallite size [159]. Klam et al. [160] and Lu et al. 

[161] have reported such behaviour for copper and nanocrystalline Ni–P alloys 

respectively. However, in some cases it was observed to be independent of the crystallite 

size [159].  

5.2 Literature survey on thermal expansion of boron carbide 

Information on the high-temperature thermal expansion characteristics of boron 

carbide is very limited. Thevenot [23] in his review has reported the average CTE of 

boron carbide to be 4–8×10
-6

 K
-1

 in the temperature range 298–1073 K. Yakel [162] has 

measured the CTE of boron carbides in the temperature range 285–1213 K by using HT-

XRD technique and reported the values to be 5.65×10
-6

 ˚C
-1

 and 5.87 ×10
-6

 ˚C
-1

 for a 

carbon rich boron carbide phase and a boron rich boron carbide phase respectively. 

Tsagareishvili et al. [163] also measured the CTE of boron carbide in the temperature 

range of 298–1213 K by using the HT-XRD technique and reported a value of 5.73 ×10
-6

 

K
-1

. The novel methods based on gel precursor route developed in this study for the 

synthesis of boron carbide yielded nanocrystalline boron carbide. However, data on the 

thermal expansion of nanocrystalline boron carbide are not available in the literature.  

In the present study, thermal expansion values of both nanocrystalline and 

microcrystalline boron carbides were measured by HT-XRD technique. The 

experimentally measured data for the nanocrystalline boron carbide are compared with 

those obtained for microcrystalline boron carbide. 
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5.3 Experiment  

5.3.1 Sample Preparation 

 Nanocrystalline boron carbide was prepared from boric acid-sucrose gel precursor. 

The details of the synthesis are given in Section 4.1 of Chapter 4. Microcrystalline boron 

carbide was procured from M/s. Boron Carbide Pvt. India Ltd., Mumbai.  

5.3.2 Thermal expansion studies  

 The thermal expansion of boron carbide was measured from 298 to 1773 K by HT-

XRD technique. The HT-XRD measurements were performed by using a Philips-X’pert 

MPD system, equipped with the Buhler’s high vacuum heating stage. Details of the high 

temperature X-ray diffractometer and measurement conditions are given in Section 

2.3.2.5.1 of Chapter 2. 

5.4 Results and discussion 

5.4.1 X-ray diffraction studies 

Fig. 5.1 shows the room temperature (298 K) XRD patterns of the nanocrystalline 

and microcrystalline boron carbides. It is observed from the XRD patterns that boron 

carbide crystallizes in a rhombohedral crystal structure. The average crystallite size of 

boron carbide prepared from boric acid-sucrose gel precursor is 55 nm (designated as N-

B4C) and that of boron carbide prepared by conventional carbothermic reduction is 300 

nm (designated as M-B4C). The room temperature lattice parameters of N-B4C are a = 

0.5602 nm and c = 1.2091 nm and those of M-B4C are a = 0.5601 nm and c = 1.2091 nm. 

The diffraction patterns and the lattice parameter values are in good agreement with those 

reported in JCPDS file No. 35-0798. 
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Fig. 5.1 Room temperature XRD patterns of N-B4C and M-B4C. JCPDS (35-0798) pattern 

of boron carbide is included for the purpose of comparison 

 

5.4.2 Thermal expansion studies 

Fig. 5.2 shows the variation of lattice parameter, ‘a’, of both N-B4C and M-B4C as 

a function of temperature along a axis. Similarly Fig. 5.3 shows the variation of lattice 

parameter, ‘c’, of both N-B4C and M-B4C as a function of temperature along c axis. These 

data are also given in Tables 5.1 and 5.2. For the purpose of calculating thermal 

expansion, data on the corrected lattice parameter as a function of temperature are fitted to 

a second-degree polynomial in temperature increment (T-298). It is seen that the lattice 

parameters increase monotonically with temperature. The relevant fit expressions are 

given below for both M-B4C (Eqs. (5.1) and (5.2)) and N-B4C (Eqs. (5.3) and (5.4)). 
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Fig. 5.2 The variation of lattice parameter (a) with temperature for both N-B4C and M-

B4C (polynomial fit is also shown). 

 

For M-B4C: 

a (nm) = 8.0908×10
-10 

(T-298)
2 

+5.2418×10
-7 

(T-298)+0.5599                                      (5.1) 

c (nm) = 2.7382×10
-9 

(T-298)
2 

+1.2719×10
-6 

(T-298)+1.2085                                       (5.2) 

For N-B4C: 

a (nm) = 8.5188×10
-10 

(T-298)
2 

+6.2606×10
-7 

(T-298)+0.5600                                      (5.3) 

c (nm) = 2.9407×10
-9 

(T-298)
2 

+1.9671×10
-6 

(T-298)+1.2083                                       (5.4) 

where T is in Kelvin. 
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Table 5.1 The lattice parameter, % thermal expansion as a function of temperature, instantaneous (αi), mean (αm), relative (αr), average (αave) 

thermal expansivities for nanocrystalline boron carbide 

 

T (K) 

 

a (nm) 
i r m % TE 

 

c 

(nm) 
i r m %TE 

  

ave  

(10
-6

K
-1)

 (10
-6

K
-1

) (10
-6

K
-1

) 

298 0.560262 2.02 2.02 2.02 0.000 1.209147 3.07 3.08 3.08 0.000 2.38 

373 0.560352 2.25 2.25 2.25 0.016 1.209443 3.44 3.44 3.44 0.024 2.65 

473 0.560487 2.55 2.56 2.56 0.040 1.209888 3.92 3.93 3.93 0.061 3.01 

573 0.560638 2.86 2.86 2.86 0.067 1.210393 4.41 4.41 4.42 0.103 3.38 

673 0.560807 3.16 3.17 3.16 0.097 1.210956 4.89 4.9 4.9 0.15 3.74 

773 0.560993 3.46 3.47 3.47 0.130 1.211578 5.37 5.39 5.39 0.201 4.11 

873 0.561196 3.77 3.77 3.77 0.167 1.212258 5.85 5.87 5.88 0.257 4.47 

973 0.561416 4.07 4.08 4.08 0.206 1.212998 6.33 6.36 6.36 0.318 4.84 

1073 0.561653 4.37 4.38 4.38 0.248 1.213796 6.82 6.85 6.85 0.385 5.20 

1173 0.561906 4.67 4.69 4.68 0.294 1.214654 7.29 7.33 7.34 0.455 5.57 

1273 0.562177 4.97 4.99 4.99 0.342 1.21557 7.77 7.82 7.82 0.531 5.93 

1373 0.562465 5.27 5.30 5.29 0.393 1.216544 8.25 8.31 8.31 0.612 6.30 

1473 0.562771 5.57 5.60 5.60 0.448 1.217578 8.72 8.79 8.8 0.697 6.66 

1573 0.563093 5.87 5.90 5.90 0.505 1.218671 9.2 9.28 9.28 0.788 7.03 

1673 0.563432 6.17 6.21 6.21 0.566 1.219822 9.67 9.76 9.77 0.883 7.39 

1773 0.563788 6.47 6.51 6.51 0.629 1.221032 10.14 10.25 10.26 0.983 7.76 
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Table 5.2 The lattice parameter, % thermal expansion as a function of temperature, instantaneous (αi), mean (αm), relative (αr), average (αave) 

thermal expansivities for microcrystalline boron carbide 

 

T (K) 

a (nm) i r m % TE 

 

c 

(nm) 
i r m %TE 

 

ave 

(10
-6

K
-1

) (10
-6

K
-1

) (10
-6

K
-1

) 

298 0.56014 1.8 1.8 1.8 0.000 1.209122 2.4 2.4 2.4 0.000 2.00 

373 0.56022 2.01 2.01 2.01 0.014 1.209355 2.74 2.74 2.74 0.019 2.26 

473 0.56034 2.3 2.3 2.3 0.036 1.209714 3.19 3.19 3.19 0.049 2.60 

573 0.56048 2.59 2.59 2.59 0.06 1.210128 3.64 3.65 3.65 0.083 2.94 

673 0.56063 2.88 2.88 2.88 0.088 1.210596 4.09 4.1 4.1 0.122 3.29 

773 0.5608 3.16 3.17 3.17 0.118 1.211119 4.55 4.55 4.55 0.165 3.63 

873 0.56098 3.45 3.46 3.46 0.151 1.211697 5 5.01 5.01 0.213 3.97 

973 0.56119 3.74 3.75 3.75 0.187 1.21233 5.44 5.46 5.46 0.265 4.32 

1073 0.5614 4.02 4.04 4.04 0.226 1.213017 5.89 5.91 5.91 0.322 4.66 

1173 0.56164 4.31 4.32 4.32 0.268 1.21376 6.34 6.37 6.36 0.384 5.00 

1273 0.56189 4.6 4.61 4.61 0.312 1.214556 6.79 6.82 6.82 0.449 5.35 

1373 0.56215 4.88 4.9 4.9 0.36 1.215408 7.23 7.27 7.27 0.52 5.69 

1473 0.56244 5.17 5.19 5.19 0.411 1.216315 7.68 7.73 7.72 0.595 6.04 

1573 0.56274 5.45 5.48 5.48 0.464 1.217276 8.12 8.18 8.18 0.674 6.38 

1673 0.56305 5.74 5.77 5.77 0.52 1.218292 8.56 8.63 8.63 0.758 6.72 

1773 0.56338 6.02 6.06 6.06 0.579 1.219363 9.01 9.08 9.08 0.847 7.07 
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Fig. 5.3 The variation of lattice parameter (c) with temperature for both N-B4C and M-B4C 

(polynomial fit is also shown). 

 

Once the lattice parameter is known as a function of temperature, it is possible to 

estimate the instantaneous (αi-instantaneous), mean (αm-mean), relative (αr-relative) and 

average (αave) CTEs by the following relations: 

αi = (1/aT)(daT /dT )                                                                                                           (5.5) 

αm = (1/a298){(aT−a298)/(T − 298)}                                                                                    (5.6) 

αr = (1/a298)(daT /dT )                                                                                                         (5.7) 

                                                                                                                                           (5.8) 

% Thermal expansion = 100 ×{(aT − a298)/a298}                                                               (5.9) 

 
3

2 ca
ave
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In the above expressions (Eqs. 5.5-5.9), aT represents the lattice parameter at 

temperature T and a298 is the corresponding value at 298 K. The percentage linear thermal 

expansion values computed using Eq. (5.9) were fitted to a second-degree polynomial in 

temperature and the expressions are given below.  

For M-B4C: 

% Expansion (a axis) = 1.442094×10
-7

×T
2
+9.406820×10

-5
×T–0.04094628      (5.10) 

% Expansion (c axis) = 2.263169×10
-7

×T
2
+1.054712×10

-4
×T–0.05164089      (5.11) 

For N-B4C: 

 % Expansion (a axis) = 1.517726×10
-7

×T
2
+1.123957×10

-4
×T–0.04712794     (5.12) 

            % Expansion (c axis) = 2.433414×10
-7

×T
2
+1.626109×10

-5
×T–0.07019606      (5.13) 

 Fig. 5.4 compares the percentage linear thermal expansion obtained for both N-B4C 

and M-B4C along a and c axes. The average CTE (αave) values from 298 to 1773 K for both 

M-B4C and N-B4C are:  

αave = 5.30656×10
-15

T
2
+3.63777×10

-9
 T + 1.29243×10

-6
   (for M-B4C)                         (5.14) 

αave=  6.02386×10
-15

T
2
+3.42333×10

-9
 T + 9.79992*10

-7
   (for N-B4C)                          (5.15) 

5.4.3 Discussion 

  It is observed in the present study that the lattice parameters a and c increase 

monotonically with temperature. From Figs. 5.2 and 5.3, it is also observed that the lattice 

parameters of N-B4C are relatively higher compared to those of M-B4C along both a and c 

axes. The average CTE (αave) of M-B4C is 5.34×10
-6 

K
-1 

in the temperature range 298-1213 

K. This is in reasonable agreement with the value reported in the literature (5.65×10
-6 

K
-1

) 

[163]. The average CTE of N-B4C (αave = 7.76×10
-6 

K
-1

) is marginally higher than that of 
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M-B4C (αave = 7.07×10
-6 

K
-1

) in the temperature range 273–1773 K. This difference is 

explained as follows. 

With decrease in crystallite size, the surface to volume ratio increases. Consequently 

the number of atoms at the interface or grain boundary increases. According to Kuru et al. 

[159], atoms at the surface or at grain boundary are not saturated with respect to their state 

of bonding since their coordination number is less than that for the bulk atoms. In addition,  
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Fig. 5.4 The percentage linear thermal expansion estimated from the lattice parameter of 

both N-B4C and M-B4C along both a and c axis 

 

surface atoms are less restricted in their ability to vibrate and they are able to make larger 

excursions from their equilibrium positions [164]. As a consequence of these atoms at the 
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surface have higher vibrational kinetic energy than the bulk atoms. Sugano et al. [165] 

prepared gold clusters containing approximately 460 atoms. The electron micrograph of 

these nanoparticles taken at various times show fluctuation-induced changes in the 

structure, which supports that the atoms at the surface have higher vibrational kinetic 

energy than the bulk. This leads to a larger atomic position variation of atoms at the surface 

than the bulk atoms due to the thermal vibration. Hence, smaller the crystal, larger would be 

its average thermal expansion coefficient.  

The presence of grain boundary can cause an increase in the spacing between 

atomic planes near the boundary [166]. Barbara et al. [166] studied the influence of the 

presence of grain boundaries on thermal expansion of nanocrystalline nickel using classical 

molecular-dynamics simulations with embedded-atom-method potentials and inferred that 

the presence of grain boundaries cause a slight increase in thermal expansion. This is in 

agreement with the results of the present study. 

5.5 Conclusions 

 The lattice parameters and CTE of nano crystalline and microcrystalline boron 

carbides were measured by HT-XRD technique. The average thermal expansion coefficient 

in the temperature range 298-1773 K for the nanocrystalline and the microcrystalline boron 

carbide were found to be 7.76×10
-6 

K
-1 

and 7.07×10
-6 

K
-1 

respectively. The results show that 

the average thermal expansion coefficient of nano crystalline boron carbide is marginally 

higher than that of microcrystalline boron carbide. A generalized expression was derived 

from the experimental data in the temperature range between 298 and 1773 K for 

nanocrystalline and microcrystalline boron carbides. 
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Development of an alternate method for the digestion of 

boron carbide for its chemical assay  
 

 

6.0 Introduction 

This chapter discusses the development of an alternate method for the digestion of 

boron carbide. A simple and fast digestion method was developed for the determination of 

boron, isotopic ratio of 
10

B/
11

B and trace elements (Al, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, 

Ni, Pb and Zn) in boron carbide. The boron carbide was digested in an acid mixture using 

a simple apparatus. The validity and accuracy of the digestion technique developed in this 

study for the determination of boron, trace elements and isotopic ratio of 
10

B/
11

B were 

established by comparing the results of the analysis with those obtained by conventional 

sodium carbonate fusion method.  

6.1 Experimental 

6.1.1 Sample preparation 

 The granules (1-2 mm diameter) of boron carbide were powdered and this powder 

was graded into different size fractions using a sieve shaker with stack that comprised of 

350, 250, 180, 125 and 90 µm stainless steel sieves (M/s. Firtsch GmbH, Germany). These 

size fractions were collected separately and used in this study. 

6.1.2 Digestion of boron carbide 

A quartz vessel of 50 mL capacity was designed for the digestion of boron carbide 

and the details of the quartz vessel are given in Section 2.2.3 of Chapter 2. 

In a typical experiment, about 100 mg of boron carbide (particle size < 90 µm) was 

weighed and taken in the quartz vessel. 2 mL of concentrated sulphuric acid (36 N) was 

added to this powder, mixed and heated on a hot plate at 473±10 K. To this hot solution, 
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an aliquot of 10 µL of quartz distilled nitric acid was added slowly through the capillary 

using a pipette. A vigorous reaction took place with the release of brown fumes and the 

temperature of the solution decreased considerably. Therefore, the solution was heated to 

raise the temperature to 473 K before the addition of next aliquot of HNO3. Addition of 

quartz distilled nitric acid was continued until complete digestion of boron carbide and the 

solution became clear and colourless. After complete digestion of boron carbide, the 

vessel was maintained at 473 K for a further duration of 1 h. The total time taken for the 

entire process was 2 h. The solution was then allowed to cool to room temperature and 

transferred to a standard 100 mL polypropylene volumetric flask and made upto 100 mL. 

From this solution, an aliquot of 20 mL was used for the determination of boron by 

titrating it as a mannitol-boric acid complex using standard potassium hydroxide solution. 

The details of titration are given in Section 2.3 of Chapter 2.  

Digestion experiments were carried out using boron carbide powders with various 

particle size ranges. In order to ascertain the validity and accuracy of this digestion 

method for the determination of boron, the same lot of boron carbide samples were 

digested using conventional sodium carbonate fusion method and the amount of boron in 

these samples were determined. 

6.1.3 Determination of trace elements in boron carbide 

6.1.3.1 Preparation of standard solutions containing trace elements  

Specpure-grade metals/oxides and certified standard solutions (containing 1 mg / 

mL) were used for the preparation of stock solution containing Cd, Pb, Co, Mo, Cr, Cu, 

Ni, Mn, Zn, Fe, Mg and Al. This stock solution was used for the standard addition studies 

and preparation of calibration standard solutions to calibrate ICP-MS. Calibration standard 
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solutions containing Cd, Pb, Co and Mo ranging from 1 ng to 20 ng / mL, Cr, Cu, Ni and 

Mn ranging from 5 ng to 100 ng / mL and Zn, Fe, Mg and Al ranging from 100 ng to 1000 

ng / mL were prepared from the above stock solution. 0.1 N acidity was maintained for all 

these solutions. 

6.1.3.2 Estimation of trace elements in boron carbide 

 In order to validate the suitability of the digestion method developed in this study 

for the determination of trace elements present in boron carbide by ICP-MS method, 

standard addition method was employed due to non-availability of boron carbide standard 

reference materials. For this purpose, about 25 mg boron carbide (particle size < 90 µm) 

sample was weighed and transferred to the quartz vessel. 50 µL of the stock solution was 

added to the powder and dried at 353 K for 2 h. 1 mL of H2SO4 (36 N) was added to it and 

digested as discussed in Section 6.1.2. The digestion was carried out in duplicate. After 

complete digestion, the solution was transferred and made up to 10 mL in a polypropylene 

vial with double distilled water. Similar digestion experiments were carried out with the 

addition of 100 and 200 µL of stock solutions (in duplicate) to boron carbide.  

6.1.3.3 Isotopic analysis of boron in boron carbide 

About 10 mg each of natural boron carbide (containing 80 at% 
11

B and 20 at% 

10
B) and enriched boron carbide (containing 35 at% 

11
B and 65 at% 

10
B) samples were 

digested independently as described in Section 6.1.2. The solutions were made upto 10 

mL in polypropylene vial and used for the analysis of isotopic ratio by using ICP-MS. In 

order to check the accuracy of the present digestion method coupled with ICP-MS for the 

analysis of isotopic ratio, both natural boron carbide and enriched boron carbide samples 
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were analyzed by using Thermal Ionization Mass Spectrometry (TIMS) after digesting 

these samples by conventional sodium carbonate fusion technique. 

6.2 Results and discussion 

6.2.1 Estimation of boron 

Sulphuric acid acts as a medium for the digestion process. The possible reaction of 

boron carbide with nitric acid is shown below: 

B4C +12 HNO3→ 4 H3BO3 + COx+ 12NOX                                                                   (6.1) 

The reaction was found to be endothermic since the temperature of the solution 

dropped from 473 to around 420 K. Initial experiments were carried out using a quartz 

vessel with a straight vent tube of 8 mm dia and 100 mm long. However, the estimated 

value of boron in boron carbide was found to be lower than the actual value. The loss of 

boron might be due to sudden sputtering of the solution during the addition of nitric acid. 

In order to avoid this loss, a spiral vent tube was used instead of the straight vent tube. In 

addition, it was necessary to add nitric acid in small quantities through the capillary tube. 

Hence the tip of the capillary tube was dipped well inside sulphuric acid to enhance the 

interaction of nitric acid with boron carbide dispersed in sulphuric acid, facilitating the 

digestion reaction in a shorter time. As the digestion was carried out using concentrated 

sulphuric acid, there could be a difference in the nebulization rates of the sample and the 

standard solutions in the analysis using ICP-MS. In order to eliminate this problem, the 

digested solution was diluted to bring down the matrix concentration to 1 mg/mL. The 

final concentration of sulphuric acid in this solution is 0.36 N. This dilution (~100 times) 

brings the minimum detection limit to ~4 ppm of boron. However, in the case of 
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conventional sodium carbonate fusion method, the dilution is to the extent of ~500 times 

which causes the detection limit to be around 200 ppm. 

The variation of time and quantity of nitric acid required for the digestion of boron 

carbide with the average particle size is given in Table 6.1 and also shown in Fig. 6.1. 

When boron carbide powder sample of particle size <90 µm was used, the digestion could 

be completed within about 20 minutes and the volume of nitric acid consumed was only 

about 2.4 mL.  

The average particle size given in Fig. 6.1 represents the arithmetic mean of the 

extreme values of the particles in a typical size range assuming unimodal distribution. For 

example for those particles falling in the size range 90-125 µm, the average size is taken 

as 107.5 µm. The time and quantity of nitric acid required for the digestion were found to 

increase with increasing size of boron carbide particles. 

Table 6.1 Variation of the digestion time and volume of nitric acid required for the 

digestion of boron carbide with particle size  

Quantity of boron 

carbide (mg) 

Particle size 

range (µm) 

Digestion time 

(min) 

Quantity of nitric acid 

consumed (mL) 

46.5 < 90 20±1 2.4±0.1 

40.1 90-125 35±1 2.8±0.2 

44.4 125-180 45±2 3.3±0.1 

40.1 180-250 65±1 4.1±0.1 

39.9 250-350 66±2 4.2±0.3 
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Fig. 6.1 Variation of digestion time and quantity of nitric acid with average particle size 

 

Table 6.2 shows the results of the estimation of boron in boron carbide samples 

employing the digestion technique developed in this study. The accuracy and precision of 

the method were obtained from the results of the analyses of ten samples of the same lot 

of boron carbide having particle size < 90 µm. The results show a precision of 0.4 % 

(RSD). Table 6.2 also shows the results of the estimation of boron in boron carbide 

samples employing conventional digestion process (sodium carbonate fusion). The boron 

carbide samples employed in both the digestion experiments were from the same lot. The 

results of 6 determinations show a precision of 0.2% (RSD). Comparing the results of the 

analyses of boron in boron carbide samples employing these two digestion techniques, the 

accuracy of the present analytical method was found to be 99.8%. 
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Table 6.2 Results of the analysis of boron in boron carbide  

 

 

Boron carbide digested by the method developed in this study Boron carbide digested by conventional sodium carbonate fusion 

method 

Weight of boron 

carbide (mg) 

% B Average  

(% Boron) 

Standard 

Deviation(σ) 

Weight of boron 

carbide (mg) 

% B Average  

(% Boron) 

Standard 

Deviation(σ) 

109.2 78.77  

 

 

 

78.9 

 

 

 

 

0.4 

   

 

 

 

79.0 

 

 

 

 

0.2 

104.6 79.26   

102.9 79.8 102.1 79.27 

104.4 78.48 105.6 78.98 

104.2 78.51 101.9 78.86 

109.4 78.35 104.6 79.12 

108.5 79.51 103.5 78.95 

104.6 79.30 107.2 79.05 

105.1 78.57   

102.9 79.18   
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6.2.2 Determination of trace elements 

 Standard additions in three different concentrations (with duplicates) were 

employed for each analyte. The mean recovery and relative standard deviation were 

calculated from twelve determinations (Table 6.3). The amount of the element 

added/recovered is expressed in terms of concentration with respect to the mass of boron 

carbide sample. Good recoveries were obtained for Cr, Co, Cu, Cd, Ni, Fe, Mn, Pb, Zn 

and Mo. Matrix interference in the analysis of trace elements present in the solutions 

obtained through the digestion of boron carbide developed in this study by ICP-MS, is 

minimum when the concentration of boron in these solutions is less than 1 mg/mL. Table 

6.4 shows the results of the ICP-MS analysis of trace elements present in boron carbide 

as impurities. The digestion of boron carbide in quartz vessel has not introduced 

impurities as can be seen from the blank values given in Table 6.4. Each value given in 

Table 6.4 is the mean of six determinations. The experimental blank was found to be in 

the range of 1–10 ng / mL for impurities Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Zn and upto 30 

ng /mL for Mg Al and Fe. The detection limits (Table 6.4) were calculated as the 

concentration equivalent to three times the standard deviation obtained with the 

experimental blank. The detection limits for various elements were found to be in ppb 

levels except for Fe, Mg and Al. Results of standard additions for the analytes Mg and Al 

were not consistent due to high blank values. Recoveries for Pb and Cd were quantitative 

inspite of digestion at 473 K indicating the reliability of this method for the determination 

of these elements in boron carbide. Table 6.5 compares the limits of detection of the 

present method with other methods reported in the literature [136, 138, 142, 167]. 
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Table 6.3 Results of the recoveries of trace elements by standard addition method 

(digestion by the present method) 

Elements Amount added 

µg g
-1

 

Mean amount 

recovered µg g
-1

 

Mean Recovery 

(%) 

RSD  

(%) 

Al 50 38  

87 

 

18  100 91 

 200 187 

Cd 2.5 2.36  

94.5 

 

2.3  5 4.72 

 10 9.5 

Co 1.6 1.7  

102.9 

 

4.4  3.2 3.15 

 6.4 6.47 

53
Cr 25 26.2  

97.9 

 

11  50 48.9 

 100 92 

Cu 5 4.73  

95 

 

4  10 9.5 

 20 19.1 

57
Fe 875 905  

104 

 

3  1750 1790 

 3500 3725 

Mg 50 66   
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 100 93 100 

 

15 

  200 170 

Mn 5 5.5  

102 

 

6.6  10 9.9 

 20 19.6 

Mo 2.5 2.42  

98.5 

 

6.6  5 5 

 10 9.25 

60
Ni 50 51  

102 

 

3  100 102 

 200 207 

Pb 3.5 3.65  

100 

 

5.4  7 7.1 

 14 13.25 

Zn 500 563  

109 

 

5.6  1000 1098 

 2000 2088 
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Table 6.4 Results of the analysis of trace elements in boron carbide (digestion of boron 

carbide by the present method) by ICP-MS 

Element Mean concentration measured 

(n=6)\µg g
-1

 

Detection limits 

µg g
-1

 

Blank 

µg/mL 

Al < 20 - 20 

Cd < 0.1 0.1 0.2 

Co 0.84  ± 0.025 0.01 0.012 

53
Cr 102 ± 3.7 0.04 0.13 

Cu 3.2 ± 0.13 0.16 0.4 

57
Fe 3115 ± 160 25 38 

Mg < 30 30 35 

Mn 10.8 ± 0.39 0.07 0.1 

Mo 1.34 ± 0.056 0.03 0.03 

60
Ni 124 ± 6.0 0.18 0.36 

Pb 2.9 ± 0.07 0.5 0.04 

Zn 590 ± 35 3 6.4 
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Table 6.5 Comparison of limits of detection for trace metals present in boron carbide 

determined in the present study with other methods reported in the literature. Limits of 

detection is given in µg g
-1

 

Element Present 

method 

Other methods 

Microwave-

assisted acid 

digestion Neb-

ICP-OES [142] 

Slurry 

introduction 

axial viewed 

ICP-OES [142] 

Total reflection 

X-ray fluorosence 

spectrometry 

[138] 

DC-arc 

OES 

[136]  

SIS-ETV-

ICP-OES 

[167] 

Al -
a
 12 2 -

a
 8.5 0.9 

Cd 0.1 -
a
 -

a
 -

a
 -

a
  

Co 0.01 -
a
 -

a
 0.1 -

a
 0.15 

Cr 0.04 1 0.2 0.3 9.3 0.25 

Cu 0.16 2 0.3 0.1 2.2 0.18 

Fe 25 0.6 0.1 0.2 28 0.15 

Mg 30 3 0.02 -
a
 0.3 0.002 

Mn 0.07 2 0.04 0.3 0.92 0.015 

Mo 0.03 -
a
 -

a
 -

a
 -

a
 -

a
 

Ni 0.18 10 0.4 0.1 -
a
 2 

Pb 0.5 -
a
 -

a
 -

a
 -

a
 -

a
 

Zn 3 -
a
 -

a
 -

a
 -

a
 -

a
 

-
a
 not determined 

SlS-ETV-ICP-OES : Slurry Sampling Electrothermal evaporation Inductively Coupled 

Plasma Optical Emission spectrometry 

Neb ICP-OES: Nebulization Inductively Coupled Plasma Optical Emission 

spectrometry 

 

6.2.3 Determination of 
10

B/
11

B isotopic ratio 

 Table 6.6 compares the results of the determination of 
10

B/
11

B ratio by ICP-MS 

with those determined by using TIMS. The isotopic ratios of boron present in both 

natural and enriched boron carbides, determined after digesting the samples by the 
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present method followed by the analysis of the solution by ICP-MS are in good 

agreement with those obtained through sodium carbonate fusion method followed by the 

analysis by TIMS. Since the sample size required for the present digestion method is very 

small, this method can be employed for the determination of isotopic content of boron in 

irradiated boron carbide (control rod material in nuclear reactors) samples without 

elaborate experimental arrangements in hot cells. The apparatus can be housed inside a 

fumehood or glove box for the digestion of irradiated boron carbide. 

Table 6.6 
10

B/
11

B isotopic ratio in natural as well as enriched boron carbides  

Sample ICP MS (solution obtained 

employing present digestion 

method)* 

TIMS (solution obtained 

employing Na2CO3 fusion 

technique)* 

Natural boron carbide  0.2490±0.0035 0.2473±0.0009 

Isotopically enriched boron carbide  0.661±0.013 0.6596±0.0079 

* same lot of boron carbide used for both the digestion techniques 

 

6.3 Conclusions 

A simple and fast method was developed for the digestion of boron carbide. This 

method enables the determination of total boron, isotopic ratio of 
10

B/
11

B and trace metal 

impurities present in boron carbide in a shorter period of time compared to conventional 

techniques. The use of expensive platinum crucibles for digestion is eliminated. The 

advantages of the present method are the use of a simple apparatus, fast digestion process 

and small sample size for isotopic analysis. The accurate determination of total boron, 

isotopic ratio of 
10

B/
11

B and trace elements in boron carbide powders is also 

demonstrated.  
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Summary and Conclusions 

 

Thermodynamic equilibrium calculations were carried out on the system B-O-C 

using FactSage 6.2 in order to identify the optimum reduction temperature and mole ratio 

of B2O3 to C for the preparation of boron carbide by carbothermic reduction process. 

Novel and energy efficient methods were developed for the synthesis of nanocrystalline 

boron carbide, based on gel precursor route. A simple and fast method was developed for 

the digestion of boron carbide for the determination of boron, isotopic ratio of 
10

B/
11

B and 

trace elements (Al, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb and Zn) present in it. 

Thermal expansion of boron carbide was measured by high temperature X-ray diffraction 

technique. 

7.1 Thermodynamic analysis of carbothermic reduction of boric oxide 

 Thermodynamic equilibrium calculations were carried out on the system B-O-C 

using FactSage 6.2 in order to identify the optimum reduction temperature and mole ratio 

of B2O3 to C for the preparation of boron carbide by carbothermic reduction process. The 

thermodynamic stability region of B2O3(l), B4C(s), B4C(l), B(s), B(l) and C(s) for a mixture of 

B2O3 and C with C to B2O3 mole ratio of 0.5 to 1.75 in the temperature range 298-3573 K 

have been established. Based on these calculations, the optimum reduction temperature 

and stoichiometry of the reaction mixture were identified.  

7.2 Synthesis of nanocrystalline boron carbide from gel precursors 

 In order to prepare nanocrystalline boron carbide, suitable gel precursors were 

developed in the present study. Systematic studies were carried out to optimize the 

process parameters such as stoichiometry of the reactants, pyrolysis temperature etc. The 
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precursors and boron carbide prepared from these precursors were characterized by 

chemical analysis and X-ray diffraction method. The physical properties such as specific 

surface area, bulk density and particle size distribution were also measured for the final 

product. The crystallite size of the powders was determined by the X-ray line broadening 

technique. The microstructure and surface morphology were studied using scanning 

electron microscopy and transmission electron microscopy. The performance of boric acid 

and boric oxide as boron sources and sucrose and citric acid as the carbon sources for the 

preparation of gel precursors was compared. The studies led to the following conclusions. 

1. The products obtained through the gel precursor route were found to be 

nanocrystalline, free flowing and porous. 

2. The yield of boron carbide could be improved by using a specially designed 

graphite cylinder with lids as the reaction vessel. 

3. This study clearly brings out the fact that the use of sucrose as a gel forming agent 

has definite advantages over the use of citric acid. 

4. This study also brings out the fact that the use of boric oxide as a boron source has 

definite advantages (in improving the yield and lowering the free carbon residue in 

boron carbide) over the use of boric acid. 

5. The yield is maximum (~60%) with minimum carbon content (~4%) when the 

boric oxide and sucrose were used as boron source and carbon source respectively.  

7.3 Studies on the development of a method for the digestion of boron carbide for its 

chemical assay  

 A simple and fast digestion method was developed for the determination of 

boron, isotopic ratio of 
10

B/
11

B and trace elements (Al, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, 
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Ni, Pb and Zn) in boron carbide. Boron carbide was digested using an acid mixture in a 

simple quartz apparatus. Boron was subsequently determined by the conventional method 

of titration of mannitol-boric acid complex using the standard potassium hydroxide 

solution. Trace elements and isotopic ratio of 
10

B/
11

B were determined by using 

inductively coupled plasma mass spectrometer. The digestion technique developed in this 

study was validated by comparing the analytical results with those obtained by 

conventional “sodium carbonate fusion” method. Comparison of the results of analyses of 

boron in boron carbide samples employing these two digestion techniques showed the 

accuracy of the present analytical method to be 99.8%. Good recoveries were obtained for 

Cr, Co, Cu, Cd, Ni, Fe, Mn, Pb, Zn and Mo. The new digestion technique facilitates 

relatively fast and accurate determination of total boron, its isotopic content and trace 

elements present in it. The use of expensive materials such as platinum crucibles is 

eliminated. 

7.4 Studies on thermal expansion of nanocrystalline boron carbide 

 The thermal expansions of nanocrystalline (N-B4C) and microcrystalline (M-B4C) 

boron carbide were measured over the temperature range 298 to 1773 K by means of high 

temperature X-ray diffraction technique. 

 The generalized equations for the lattice parameters (both a and c) of both 

nanocrystalline and microcrystalline boron carbides (in nm) as a function of temperature 

are given below: 

For M-B4C: 

a(nm)= 8.0908×10
-10 

(T-298)
2 

+5.2418×10
-7 

(T-298)+0.5599                                        (7.1) 

c(nm) = 2.7382×10
-9 

(T-298)
2 

+1.2719×10
-6 

(T-298)+1.2085                                         (7.2) 
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For N-B4C: 

a (nm) = 8.5188×10
-10 

(T-298)
2 

+6.2606×10
-7 

(T-298)+0.5600                                      (7.3) 

c(nm) = 2.9407×10
-9 

(T-298)
2 

+1.9671×10
-6 

(T-298)+1.2083                                         (7.4) 

 The percentage linear thermal expansions were evaluated from the temperature 

variation of lattice parameter in the temperature range 298 to 1773 K. 

The generalized equations for the percentage linear thermal expansions of M-B4C and N-

B4C are given below: 

For M-B4C: 

% Expansion (a axis) = 1.442094×10
-7

×T
2
+9.406820×10

-5
×T–0.04094628                  (7.5) 

% Expansion (c axis) = 2.263169×10
-7

×T
2
+1.054712×10

-4
×T–0.05164089                  (7.6) 

For N-B4C: 

% Expansion (a axis) = 1.517726×10
-7

×T
2
+1.123957×10

-4
×T–0.04.712794                 (7.7) 

 % Expansion (c axis) = 2.433414×10
-7

×T
2
+1.626109×10

-5
×T–0.07019606                 (7.8) 

 The generalized equations for the temperature dependence of the coefficient of 

thermal expansion of both M-B4C and N-B4C are given below: 

αave = 5.30656×10
-15

T
2
+3.63777×10

-9
 T + 1.29243×10

-6
   (for M-B4C)                         (7.9) 

αave=  6.02386×10
-15

T
2
+3.42333×10

-9
 T + 9.79992*10

-7
   (for N-B4C)                        (7.10) 

  The average thermal expansion coefficients in this temperature range for the 

nanocrystalline and the microcrystalline boron carbides were found to be 7.76×10
-6 

and 

7.06×10
-6 

K
-1 respectively. The difference observed in the thermal expansion behaviour is 

probably due to increase in the surface energy of the lattice in the nanocrystalline material. 

 

 



Chapter 7 

 

 141 

Scope of future studies 

 This study has established the feasiblity of synthesis of nanocrystalline boron 

carbide using citric acid and sucrose as the carbon source and boric acid and boric oxide 

as the boron source. Systematic studies on sintering of boron carbide powders synthesized 

in this study using various methods viz., conventional sintering, microwave assisted 

sintering and spark plasma sintering can be studied to understand the sinterability of these 

powders.  

This study clearly brings out the fact that the use of sucrose (containg 12 carbons) 

as a gel forming agent has definite advantages over the use of citric acid (containg 6 

carbons). It will be of interest to study the feasibility of synthesis of boron carbide using 

gel forming agents which contain more than 12 carbons such as stearic acid. Studies to 

explore the feasiblity of synthesis of boron carbide using other boron sources such as 

borax is another interesting area as its melting point is higher than that of boric oxide and 

boric acid. This study would give a better understanding of the effect of boron source on 

the nature and quality of the powders prepared through gel precursors. Systematic studies 

can be carried out to explore the feasibility of microwave assisted synthesis of boron 

carbide from the gel precursors. This study may help to improve the yield of boron 

carbide as it is a bulk and uniform heating method. 

It would be intersting to study the synthesis of boron carbide from boric acid/boric 

oxide and citric acid/sucrose gel precursors in presence of oxidants such as ammonium 

nitrate.  

In the present study, thermal expansions of boron carbides with of two different 

average crystallite sizes (52 and 300 nm) have been measured. However, systematic 
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studies on the effect of crystallite size on coefficient of thermal expansion could be 

studied in detail.  

 In the present study thermodynamic calculations were carried out to understand the 

carbothermic reduction of boric oxide. It would be of interest to carry out detailed 

thermodynamic modelling of carbothermic reduction of other boron sources viz., boric 

acid, borax.  
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