
 

 

N220 Nanocarbon Black Containing Low 

Carbon MgO-C refractory 

 
 

Dissertation submitted to the 
 

National Institute of Technology Rourkela 
 

in partial fulfilment of the requirements 
 

of the degree of 

 
 

Doctor of Philosophy 

 
in 

 

         Ceramic Engineering 
 

by 
 

Satyananda Behera 
 

(Roll Number. 512CR6013) 
 

 
Under the supervision of 

 

     Prof. Ritwik Sarkar 
 
 
 
 
 
 
 

 

 

December, 2017 

 

        Department of Ceramic Engineering  
National Institute of Technology Rourkela



i 

 

 
 
 

   Ceramic Engineering Department 
 

National Institute of Technology Rourkela 

 

January 2017 
 
 
 

Supervisors’ Certificate 

 

 
This isto certify that the thesis entitled “N220 Nanocarbon Black Containing Low Carbon MgO-

C refractory” being submitted by Mr. Satyananda Behera for the award of the degree of Doctor of 

Philosophy in the Department of Ceramic Engineering, NIT Rourkela, is a record of bonafide research work 

carried out by him under my supervision and guidance. Mr. Behera has worked for four years on the above 

topic. His research work at the Department of Ceramic Engineering of National Institute of Technology, 

Rourkela has reached the standard fulfilling the requirements and the regulations relating to the degree. The 

contents of this thesis, in full or part, have not been submitted to any other university or institution for the 

award of any degree. 

 
 

 

 
 
 
 

                                                 Ritwik Sarkar   
                                        Associate Professor   

                                                                         Department of Ceramic Engineering   
NIT, Rourkela 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 



ii 

 

 

Declaration of Originality 
 

 
I, Satyananda Behera, Roll Number 512CR6013 hereby declare that this dissertation entitled 

“N220 Nanocarbon Black Containing Low Carbon MgO-C refractory” represents my 

original work carried out as a doctoral student of NIT Rourkela and, to the best of my 

knowledge, it contains no material previously published or written by another person, nor any 

material presented for the award of any other degree or diploma of NIT Rourkela or any other 

institution. Any contribution made to this research by others with whom I have worked at NIT 

Rourkela or elsewhereis explicitly acknowledged in the dissertation. Works of other authors 

cited in this dissertation have been duly acknowledged under the section “Bibliography”. I have 

also submitted my original research records to the scrutiny committee for the evaluation of my 

dissertation. 

 
I am fully aware that in thecase of any non-compliance detected in future, the Senate of NIT 

Rourkela may withdraw the degree awarded to me on the basis of the present Dissertation. 

 
 

 

January 2017 Satyananda Behera 

 

NIT Rourkela 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



iii 

 

ACKNOWEDGEMENT 
 

 
This manuscript would not have been possible without the help of my empathetic and 

supportive guide Prof. Ritwik Sarkar. I heartfelt thank him for his unconditional help, 

constant effort for improving my work, providing time to time feedback and never giving upon 

me. You have been a tremendous mentor for me. I would like to thank you for encouraging my 

research and for allowing me to grow as a research scientist. 

 
I am indebted to all my Doctoral Scrutiny Committee (DSC) members Prof S. K. Pratihar, 

Prof S. Behera, Prof S Bhattacharya and Prof M.K Mishra. I am highly obliged to the 

Director, National Institute of Technology (NIT), Rourkela and Prof. R. Sarkar, Head of the 

Department for the facilities to carry out the research work efficiently at the institute. 

 

I thankfully acknowledge the financial support of the TSD group of DST, India for supporting 

the work as sponsored research project (DST/TSG/Ceramic/2011/143). I would also like to 

thank TRL Krosaki Refractories Ltd., IFGL Refractories Ltd., Almatis India Ltd for the 

raw  materials and to carry out the work in there laboratory. 

 
I also express my thankfulness to all the faculties and my gratitude to all technicians and staff 

in Department of Ceramic Engineering who have helped with a number of aspects to carry out 

the research work in the laboratory. Special thanks to Kanchan, Venky, Akhilesh, badolia, 

bhishma, Sanjaya, Aiswarya, Ipsita, Pallavi, Pranati, Soumini, Rupita, Abhinaya, Gorinta, 

Pinky, Subham, Ashely, Vinaya, Soujanya, Soumya and all other beloved friends for kind 

cooperation and support in academic and non-academic areas during the research work.  

 

Last but definitely not least, some of the important people in my life, my parents, my brother, 

my sisters and one and my only nephew Katna are so lovingly acknowledged for their continual 

emotional support and encouragement. 

 
 

 

January 2017 Satyananda Behera 

 

NIT Rourkela 



iv 

 

Abstract 

 
In iron and steel industries, MgO–C refractories are widely used in basic oxygen furnaces, 

electric arc furnaces and steel ladles due to their excellent corrosion resistance, thermal shock 

resistance, and other excellent hot properties. Conventionally magnesia carbon refractories 

contain about 8-20 wt% of carbon. Carbon in the magnesia- carbon refractories imparts 

advantages like non-wetting properties, high thermal conductivity, low thermal expansion, and 

low elastic of modulus, high thermal shock resistances and other superior properties. 

 

But the use of carbon is also associated with disadvantages like oxidation, low fracture strength, 

high heat loss and higher carbon pick-up in steel. So, the tendency to use of high carbon content 

in the composition is stopped and researchers are developing MgO-C refractory having low 

carbon content without compromising the beneficial properties. Nano carbon, having finer 

particle sizes, can mix and distribute within the entire matrix uniformly even at a lower 

concentration and can result in improved mechanical, thermo mechanical, corrosion and other 

refractory properties. 

 

Such a developmental research is planned in the present work to reduce the total carbon content 

in MgO-C refractory by using nano carbon, replacing partially the conventionally used graphite 

as carbon source. The nano carbon black was varied from 0 to 3wt% with an increment of 0.5 

wt% in the MgO-C refractory compositions in combination with varying graphite content from 

1wt% to 5wt%. All the compositions were processed through conventional MgO-C refractory 

manufacturing technique .The processed compositions were evaluated for various refractory 

properties namely densification, strength, oxidation, hot strength, penetration depth (corrosion) 

and were also compared against the conventional 16 wt% graphite containing batch prepared 

by using the similar raw materials processed under exactly similar conditions. Optimized 

amount for nano carbon and graphite content in the MgO-C composition has been evaluated 

and in the optimized composition, different types of metal powder anti oxidants (Al, Si and 

Mg) along with boron carbide were incorporated to identify the suitable anti-oxidant for such 

composition. The formation of in situ ceramic phases in the matrix was studied through 

microstructure and phase analysis and these compositions were also evaluated for various 

refractory related properties. The corrosion study against converter slag was also carried out at 

microscopic level for the batches (conventional and low carbon batch) containing different 

antioxidant metal powders. The optimized batch from nano carbon, graphite content and 
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antioxidant type was further evaluated for thermal shock resistance, distribution of matrix 

phase and carbon by microstructural study, porosimetry study and also compared against the 

conventional only 16 wt% graphite containing composition. Batch composition containing 1 

wt% nano carbon and 3 wt% graphite as carbon source with Al metal powder antioxidant was 

found to be the optimized one and showed improved properties compared to the conventional 

composition.  

 

Uniform distribution of finer nano carbon black particles in the matrix phase fills the tiny void 

spaces between coarse, medium and fine particles of magnesia in a better way, thus enhancing 

the compaction of the composition resulting in improved densification, strength and other 

properties. However, greater extent of nano carbon content in the composition showed negative 

effect as the excess nano carbon particles could not enter in the voids, thus increased the bulk 

volume of the composition causing deterioration in the properties. 

 

 

Keywords: in situ ceramic phase, antioxidants, refractory properties, matrix phase. 
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1.1 Definition of refractories 

According to the ASTM C71 the definition of the refractories is “nonmetallic materials having 

those chemical and physical properties that make them applicable for structures or as 

components of systems that are exposed to environments above 10000 F (5380 C)” [1.1]. The 

iron and steel industry has undergone a drastic technological improvement. This has resulted 

in significant changes in the operating practice. These changes include an increase of the 

furnace capacity, operating temperature, the physico-chemical condition of reactors, etc. To 

cope with these changes in the manufacturing and application environment the refractories used 

in these applications must be upgraded accordingly in terms of better properties and life. Over 

and above these materials should be environment-friendly. 

1.2 What are Refractories used for 

Refractories are used by the metallurgy industry in the internal linings of furnaces, kilns, 

reactors and other vessels for holding and transporting metal and slag. In non-metallurgical 

industries, the refractories are mostly installed on fired heaters, hydrogen reformers, ammonia 

primary and secondary reformers, cracking furnaces, incinerators, utility boilers, catalytic 

cracking units, coke calciner, sulfur furnaces, air heaters, ducting, stacks, etc. The majority of 

this listed equipment operate under high pressure, and operating temperature can vary from 

very low to very high (approximately 482°C to 1593°C). The refractory materials are therefore 

needed to withstand temperatures over and above these temperatures. Listed below (Table 1.1) 

is the sample melting temperatures of key metallurgical elements where the refractory 

application is critical [1.1]. 

Table 1.1: Melting temperatures of key metallurgical elements 

Key materials Melting temperature (0C) 

Iron 1537 0C 

Nickel 1454 0C 

Copper 1082 0C 

Aluminum 660 0C 

Zinc 415 0C 

Lead 326 0C 

Tin 232 0C 
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Due to the extremely high melting point of common metals like iron, nickel and copper, 

metallurgists have to raise furnace temperatures to over 1537°C. Furnaces are lined with 

refractory materials such as magnesia, which has a melting point above 28000C.  

Refractory, a non metallic inorganic material, with very high melting temperature, excellent 

mechanical properties both at room temperature and at high temperatures and high resistance 

to withstand rapid temperature fluctuations, including repeated heating and cooling. They also 

have good corrosion and erosion resistances against molten metal, glass, slag and hot gasses, 

etc. Because of good thermal stability of refractories, they are used in kilns, furnaces, boilers, 

incinerators and other applications in industries like iron and steel, nonferrous metal, cement, 

glass, ceramics, chemicals, etc. 

Iron and steel industries are one of the leading industries in terms of consumption of 

refractories. Therefore the iron and steel sector plays a vital role in controlling the demand and 

supply market of the refractory. The production of refractory has increased significantly over 

the years as a result of the continuous growth in the production of crude steel with time.  

For most of the last decade, global crude steel production has been growing. Total global steel 

production was around 1.1 billion metric tons in 2005 which has been increased to 1.6 billion 

metric tons by 2015, an increase of 475 million metric tons (~ 41.4%) over ten years’ time. 

Global production dipped in 2009 following the global financial crisis but rebounded quickly 

by 2010. In 2014, global production hit a record high of 1.67 billion metric tons. Weak global 

demand for steel in 2015 caused a slight contraction in crude steel production worldwide, 

decreasing 2.8 percent from 2014. The World Steel Association has forecasted relatively 

stagnant steel demand levels for 2016 and 2017, which would indicate that production may 

hold steady at current levels in the near future [1.2]. 

From the global stock, steel industries (75%), cement industries (12%), non-ferrous industries 

(5-6 %) and glass industries (3%) are the major consumers of refractories, which had been 

shown in  the Figure 1.1.  Refractories are  mostly used (70%)in basic metalindustries whereas  

iron and  steel industries  are the  primary consumers  of refractories. Therefore, refractory 

production is in tuned with the demand of iron and steel industries.  In steel making  furnaces, 

particularly basic  nature refractories  areusing because  of the  basic reaction takes place during 

steel making process [1.3].  
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Figure 1.1: Consumption of refractory industry wise 

Refractories are very important materials used in the manufacturing industry. More 

specifically, they are used in the production of steel, cement, glass, etc. The service life of these 

types of materials is determined by how good they can resist the working conditions of a given 

process e.g. the steel making process. In the steel industry, these materials are used as furnace 

lining in vessels for holding and transporting liquid steel and slag [1.4]. 

The oxides of aluminium (alumina), silicon (silica) and magnesium (magnesia) are the most 

important materials used in the manufacturing of refractories. Another oxide usually found in 

refractories is the oxide of calcium (lime). Fire clays are also widely used in the manufacture 

of refractories. Refractories must be chosen according to the conditions they will face. Some 

applications require special refractory materials. Zirconia is used when the material must 

withstand extremely high temperatures. Silicon carbide and carbon (graphite) are two other 

refractory materials used in some very severe temperature conditions, but they cannot be used 

in contact with oxygen, as they will oxidize and burn. 
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1.3 Requirements of Right Refractory 

The general requirements of a refractory material can be summed up as:  

1) Its ability to withstand high temperatures and trap heat within a limited area like a furnace;  

2) Its ability to withstand action of molten metal, hot gasses and slag erosion,etc.;  

3) Its ability to withstand load at service conditions;  

4) Its ability to resist contamination of the material with which it comes into contact;  

5) Its ability to maintain sufficient dimensional stability at high temperatures and after/during 

repeated thermal cycling;  

6) Its ability to conserve heat. 

1.4 Background of MgO-C Refractory 

Refractories are predominantly based on six high melting point metal oxides together with 

carbon and some carbides and nitrides. The oxides used are those which are reasonably 

abundant, of reasonable price and alone or in combination give brick and monolithic products 

the thermal, mechanical, physical and chemical properties required for a particular application. 

To meet the varied demands of the major metallurgical and heat containment industries the 

“big six oxides” expand to a range consisting of approximately 400 chemically or physically 

distinct brick and monolithic products. If we consider brick shapes, individual items number 

more than 5 000 [1.5]. 

1.4.1 The 1950’s 

The evolution and use of magnesia refractories in combination with carbon started over forty 

years ago in the early 1950’s with pitch-bonded dolomite refractories, developed primarily for 

the basic oxygen furnace. In these early days some of these linings in the basic oxygen furnace 

lasted only 100 heats, often not giving sufficient time to reline the second vessel in a two 

furnace shop [1.6]. 

1.4.2 The 1970’s 

The Very measurable improvement came when magnesia fines were used in conjunction with 

the coarse dolomite fractions bonded with pitch. Further improvements came with the all 
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magnesia pitch-bonded refractory. In the 1970’s the burned and impregnated magnesia 

refractory with finite pore size became the standard for the charge pad and other high wear 

areas, starting the beginning of the zoned lining for basic oxygen furnaces. About that time 

magnesia purity became a factor and a special low boron 96% magnesia grain having a lime to 

silica ratio of 2 to 3:1 was used extensively [1.6]. 

1.4.3 The 1980’s 

The 1980’s saw the development of resin bonded magnesia-graphite, first with higher carbon 

content and then with the addition of antioxidants to preserve the carbon content. 

1.4.4 More Recently 

Recently fused magnesia grain, magnesia sinter with larger crystallite size, and very high purity 

magnesia sinter were introduced to further improve the corrosion resistance. 

1.5 Features of MgO-C Refractory 

Magnesia-carbon (MgO-C) refractory is acomposite material.  It is acombination of magnesia 

(MgO) and Carbon (C) and bonded with high carbon-containing pitch or resin with some 

metallic powder as anti-oxidants to protect the carbon. MgO-C refractories are made by using 

a high capacity press. These refractories exhibit excellent resistance slag corrosion and thermal 

shock resistance at operating temperatures. Magnesia-carbon refractories (MgO-C) are widely 

usedin steelmaking  furnaces like  basic oxygen  furnaces, electric arc furnaces  andsteel ladles, 

etc. [1.7]. 

1.6 Other Types of Magnesia-Carbon Refractories 

In addition to conventional pitch and resin bonded and burned and impregnated magnesia 

refractory, the following three types of magnesia carbon refractory are available on the market 

[1.6]. 

 The first series contains regular sintered magnesia (97% Mg0) with medium quality 

graphite (95% C). 

 The second contains high purity sintered magnesia (99% Mg0) with high purity 

graphite (99% C) 

 The third contains high purity sintered magnesia with high purity graphite plus 

antioxidants. 
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1.7 Nano Materials and its importance in refractory 

Nano materials are finding their way into an increasing number of modern products. 

Manufacturers benefit from introducing small amounts of nano materials into their products to 

enhance existing properties or provide new functionalities. This trend does come with a new 

set of unique processing challenges. The main stimulus for the development of the 

contemporary refractory industry is an improvement of existing and the development of new 

high-temperature technology with even more severe specifications for refractory operating 

conditions, i.e. temperature, chemical erosion, mechanism, etc. Here the task of improving the 

service properties of refractories is inseparably connected with the question of reducing the 

cost of production, observation of ecological standards, the possibility if utilizing waste 

products, and recycling refractories. In view of this use in refractories of highly- (0.1 – 1 mm) 

and nanodispersion (10 – 100 nm) systems with a controlled composition and morphology is 

very important. In fact, the refractory branch, for tens of years and thousands of tons of 

consumed technical grade carbon (soot) and silica (microsilica, Aerosil) is already one of the 

largest world users of nano materials. Development of new refractory technology has a 

favorable effect on the formation of the market for new industrial nano materials, stimulating 

an increase in the volume of their production and a reduction cost.  

 

Nanosize oxide powders are very promising from the point of use in other types of unmolded 

refractories, such as, low-cement corundum thixotropic mixes that are used extensively in 

ferrous metallurgy. It was found that addition of 0.05 – 0.20 wt.% of nano powders have 

increased the compressive strength for corundum monolithic components by 25–30%. 

 

Carbon black is a generic term for an important family of products that is used principally for 

the reinforcement of rubber, as a black pigment and because of its electrically conductive 

properties. It is an extremely fluffy fine powder with a large surface area and is composed 

essentially of elemental carbon. Carbon black is one of the most stable chemical products. In 

general, it is the most widely used nanomaterial, and its aggregate dimension ranges from tens 

to a few hundred nanometers (nm); it imparts special properties to composites of which it is a 

part. 
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Magnesia-carbon (MgO-C) composites have been widely used in steel making industry for 

their excellent thermal shock resistance and corrosion resistance, resulting from graphite’s high 

thermal conductivity and low wetting property and high refractoriness of magnesia. To produce 

low-carbon steel for higher grade steel products, low-carbon refractories become being in great 

demand. However, the thermal shock resistance of the refractories decreases greatly with the 

decrease in graphite content, which restricts their practical application. Recently, several 

researchers pay more attention to overcoming the poor thermal shock resistance of the low-

carbon MgO-C composites by adopting nanotechnology. Although some expected results have 

been achieved, their manufacture process is rather complex. 

1.8 Applications 

Magnesia-carbon refractory was originally designed for water cooled electric furnaces, have 

been used in the basic oxygen converter, in combined blowing vessels, and with the 

improvement through the years, their use has spread to many other applications such as ladle 

slag lines, degassers, etc. Physical properties of 10, 15 and 20 wt% graphite containing MgO-

C refractories used in BOF were given in Table 1.2, 1.3 and 1.4 respectively. 

Table 1.2: Properties of magnesia-carbon BOF bricks containing 10% graphite [1.10]. 

Property Conventional 
97 % pure MgO+95% 

pure Graphite 

99 % pure MgO+ 

99% pure Graphite 

Bulk density  (g/cc) 2.678 2.760 2.760 

Porosity 

Cured 3.5 3 3 

Coked 9.2 8.5 8.5 

Mod. Of Rup. (kg/cm2) 

At 250C 126 175 175 

At 14000C 119 119 119 

After coking at 14000C 70 84 84 

Chemical Analysis 

Graphite 10 10 10 

SiO2 0.9 0.6 0.2 

CaO 1.98 1.98 0.6 

B2O3 0.035 0.035 Trace 
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Table 1.3:Properties of magnesia-carbon BOF bricks containing 15% graphite 

Property Conventional 

97 % 

pureMgO+9

5 % pure 

Graphite 

99% 

pureMgO+99 

% pure 

Graphite 

97% 

pureMgO+97 % 

pure Graphite + 

Antioxidant 

Bulk density (g/cc) 2.634 2.708 2.708 2.529 

Porosity (%) 

Cured 5.75 4.35 4.30 4.25 

Coked 10.75 9.35 9.00 3.40 

Mod. Of Rup. (kg/cm2) 

At 250C 134 156 151 155 

At 14000C 151 147 151 144 

After coking at 

14000C 
61 68 74 153 

Chemical Analysis 

Graphite 15 15 15 15 

SiO2 1.00 0.70 0.20 0.20 

CaO 0.20 0.10 0.10 0.10 

B2O3 0.03 0.03 Trace Trace 

 

Table 1.4: Properties of magnesia-carbon BOF bricks containing 20% graphite. 

Property Conventional 
97 % pure MgO + 95 % 

pure Graphite 

99 % pure MgO + 99 

% pure Graphite 

Bulk density (g/cc) 2.577 2.619 2.619 

Porosity 

Cured 6.50 4.60 4.70 

Coked 12.30 8.60 9.40 

Mod. Of Rup. (kg/cm2) 

At 250C 108 124 123 

At 14000C 106 126 123 

After coking at 

14000C 
63 65 63 
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Chemical Analysis 

Graphite 20 20 20 

SiO2 1.10 0.80 0.30 

CaO 1.75 1.75 0.70 

Fe2O3 0.30 0.10 0.10 

B2O3 0.02 0.02 Trace 

 

In the near future, the main steelmaking units remain oxygen converters with a capacity of 160 

to 400 tons (combine-blown converters included) and arc furnaces with a capacity from 25 to 

200 – 300 tons. About 80 – 90% of steel will be continued to be produced by continuous-

casting technology and about 100% of the total cast steel will be subjected to post-furnace 

processing [1.10]. 

1.8.1 Basic oxygen furnace 

A typical top-blown basic oxygen furnace is a refractory lined vertical cylindrical vessel with 

a closed bottom, and an open upper cone through which a water-cooled oxygen lance can be 

raised and lowered is shown in fig 1.2. The basic oxygen furnace (BOF) is a vessel used to 

convert pig iron, of about 94% iron and 6% combined impurities such as carbon, manganese, 

and silicon, is reduced to varying levels below 1% impurities depending on the product 

specifications. The oxygen initiates a series of intensively exothermic (heat releasing) 

reactions, including the oxidation of such impurities as carbon, silicon, phosphorus, and 

manganese. The wear factors of the refractory lining are due to either the individual and 

combined effects of the following reasons [1.13-1.14].  

 Corrosion due to chemical attack of slag 

 Temperature 

 Oxidizing atmosphere 

 Impact and Abrasion 

 Mechanical damage during deskulling 

MgO-C refractory refractories are widely used in slag lines of basic oxygen furnace because 

of their superior slag-corrosion resistance. By using of MgO-C refractories, clean steel can 

be produced with a minor amount of refractory consumption [1.15]. The wear conditions 

and recommended refractories in different parts of BOF are shown in Table 1.5. 
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Figure 1.2:  Different zones of basic oxygen furnace (BOF) 

 

Table 1.5: Wear conditions of different BOF areas and recommended materials [1.13] 

Area  Wear Conditions Recommended refractories 

Cone 

Oxidizing atmosphere 

Mechanical abuse 

Thermo-mechanical 

stress High temperature 

Pitch-bonded magnesia brick Resin-bonded 

low-carbon refractories with anti-oxidants 

Trunnions 

Oxidizing atmosphere 

Slag corrosion Slag and 

Metal erosion 

Premium-quality MgO-C refractories are 

containing fused MgO and anti-oxidants. 

Charge Pad 
Mechanical Abrasion 

from scrap and hot metal 

Pitch-impregnated burned magnesia brick 

Standard-quality, high-strength MgO-C 

refractories containing antioxidants. 

Tap Pad 

Slag erosion High-

temperature Mechanical 

erosion 

High-strength, low-graphite MgO-C 

refractory with metallic additives. 
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Turn-down 

slag lines 

Severe slag corrosion 

High temperature 

MgO-C refractories (premium quality) 

containing fused magnesia with 

antioxidants. 

Bottom 

Stadium 

Erosion by moving metal, 

slag, and gasses Thermo-

mechanical stresses as a 

result of the expansion. 

High-strength standard-quality MgO-C 

refractories are containing anti-oxidants. 

MgO-C refractories without metallic 

additives characterized by low thermal 

expansion and good thermal conductivity 

 

1.8.2 Electric steelmaking production. 

In the world practice, a general trend in the development of steelmaking has been, along with 

the improvement of arc-furnace equipment (for example, water-cooled refractory linings), 

computerized control systems, and individual units of the fabrication line, the introduction of 

advanced energy-saving high-speed melting technologies. In particular, alternative cheaper 

sources of energy are used that either convey heat to the furnace independently or utilize, with 

a higher efficiency, the chemical heat of gas reactions in the hot zone of the unit. 

The Danarc system, developed by Danieli Co., provides an example of these energy-saving 

technologies [1.16]. In this system, the higher performance (shortened time of operating cycle, 

economical use of energy and electrodes) is achieved by an additional supply of fuel (carbon 

powder and natural gas) and a two-step rated use of oxygen blown through bottom tuyeres, 

where at step 1 the burning is carried out in a stoichiometric regime, and at step 2, the residual 

CO is after burnt. This technology allows optimum use of the heat of carbon oxidation reactions 

and minimizes the concentration of CO in the leaving process gasses [10]. 

Electric arc furnaces (EAF) showing in fig 1.3 are used to produce molten steel from scrap 

steel. EAFs are used to produce carbon steels and alloy steels primarily by recycling ferrous 

scrap. The operation of electric arc furnace has traditionally involved refining of phosphorus, 

sulphur, aluminum, silicon, manganese, and carbon from the steel [17].  

 Long arc operation 

 Water cooled wall and roof panel (withstand to TSR) 

 Foamy slags formation 

 Oxy-fuel burner 
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 Inert gas removing 

 Eccentric bottom tapping  

The slag line area blows the water cooled panels are lined with refractories that are like to 

withstand slag and molten steel and resist the opening of brick joints and spalling. In ancient 

days, fusion cast magnesia chrome bricks and fired dolomite and magnesite bricks were used, 

but at present, magnesia carbon refractories are widely used. These refractories are particularly 

used in hot zones, furnace bottom zones, and slag line applications. The current days, they have 

also used for the bottom blowing plugs, the sleeves of furnace bottom tap holes and furnace 

bottom [18]. 

 

Fig 1.3: Typical Electric arc furnaces (EAF) 
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1.8.3 Steel Ladle 

The development of ladle metallurgy resulted in much severer working condition to which 

ladle refractory had to be adjusted. The development of ladle lining has been discussed by 

several authors [1.19]. In expensive acid materials like slinging sand of ROSEKIchamatle were 

used in the past but they have been replaced by high alumina brick (andalusite, bauxite) or 

zircon containing materials. 

Today clean steel production makes the toughest demand on refractories which exceed the 

performance limits of andalusite and bauxite materials. Standard materials for steel ladle lining 

meet such demands alumina magnesia carbon refractory or basic refractory such as magnesia 

carbon refractory. They are used alone or combination with other materials that may be 

installed differently. 

A steel ladle is a container with refractory lining for transporting molten steel tapped from the 

electric arc furnaces or converter up to the casting shop showing in fig 1.4, reserving the steel 

during casting and occasionally during secondary refining of the steel. The below-mentioned 

factors are considered to be the most influencing objects in the lining life of steel ladles [1.19-

1.20]. 

 Inert ladle lining  

 High and reliable lining life  

 Slag basicity and fluidity of molten steel 

 Long holding time with hot molten steel 

 Stirring action of molten steel 

 Thermal spalling from temperature. 

 Fluctuation & Ladle handling method. 

 Ladle structural design & Tap conditions. 

 Lining/repairing method, etc. 

The area mostly corroded in steel ladle is the slag zone. The reasons for corrosion are; a 

chemical reaction with metal & slag, erosion by stirring, oxidation at high temperature and 

thermal spalling due to temperature changes. At the earlier stage, mag-chrome brick was 

used, but it was not very successful in achieving higher life because these bricks corroded 

very fast with the high basicity of slags. Later on, magnesia carbon refractories were found 
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as most suitable for the slag area, and performance was satisfactory, but to get higher life 

above 80 heats with one repair [1.21-1.23]. 

 

Fig 1.4: Structure of Steel ladle and their different zones. 

The MgO-C refractories used in steel ladle lining is divided into several zones, including slag 

zone, slag intermediate zone, metal zone and bottom zone shown in Table 1.6 

Table 1.6: Zone of application of the MgO-C refractory in steel ladle 

 

 

 

Steel 

Ladle 

Zone 

Type of bricks Basic slag 

resistance 

Abrasion 

resistance 

Spalling 

resistance 

Hot 

strength 

Slag 

Zone 

10% graphite 

containing MgO-C 

refractory 

Most 

important 

Moderate Most 

important 

Most 

important 

Metal 

Zone 

8%graphite containing 

MgO-C refractory 

Moderate Moderate Important Important 

Bottom 

Zone 

8%graphite containing 

MgO-C refractory 

Moderate Most 

important 

Important Most 

important 
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1.8.4 Secondary refining furnaces 

The use of MgO-C refractories has been considered for reduced pressure operations, for 

example, in RH degasser where the MgO-C reaction has seemed to be a source of trouble. This 

reaction is more significant at lower pressure at high temperatures. However, the effect of a 

slag coating on bricks may eliminate the problems at the hot surface. Therefore MgO-C 

refractories may be usable in furnaces operating under reduced pressure 

MgO–C refractories considering that most important refractory materials applied in the ladles 

and basic oxygen furnace slag line. One of the crucial problem of slag attack during the 

operational process of such equipment is to adjust the liquid composition in order to attain dual 

saturation (with respect to CaO–MgO) or at least the MgO. The MgO content required for 

liquid saturation is a function of the slag basicity and temperature. The slag conditioning 

practice provides important benefits to the steel making processes, including ladle refractory 

life improvement, better control of metal recovery, lower flux cost/additions among other 

benefits with using of MgO-C refractory [1.23]. 

A major challenge in the modern industry is to guarantee the competitiveness of products by 

developing resource-saving technologies with strict observance of environmental 

requirements. Manufacturers of refractory materials are confronted with continually changing 

economic scenarios and market conditions. Refractory manufacturers in the Commonwealth of 

Independent States (CIS) face the need to meet the ever-increasing demands on product quality 

and to compete with both domestic and foreign manufacturers. Requirements placed on product 

quality and cost-effectiveness become increasingly more stringent.Requirements put forward 

by users become continually more demanding — therefore in order to be able to keep their 

ground on the refractory market, manufacturers of refractory material will have to improve the 

technology using raw materials stable in properties, chemical composition, and structure, to 

update the operating equipment, and to use advanced automated systems. 

In the foreseeable future, magnesia- carbon refractories will remain the chief structural material 

for the lining of steelmaking and other thermal-power units operating at high temperatures and 

exposed to various iron- and silicate-containing melts.  

As is known, “magnesia” is the generic name for refractory materials based on periclase 

(magnesium oxide, M.P. 2800°C) in mixture with other highly refractory compounds like 

carbon. The volume of output and the quality of magnesia-carbon refractories are primarily 
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determined by development trends and rate of growth of the chief users of this kind of product, 

viz. the steelmaking industry. 

An understanding of metallurgical and other thermal processes is of utmost importance for 

optimizing the performance characteristics of refractories that are employed under the given 

operating conditions. In the latter part of the twentieth century, spectacular progress has been 

achieved in steelmaking metallurgy, namely: (i) use of oxygen for the blow of the bath (oxygen 

lancing) and intensification of mass-exchange processes, (ii) further updating of the converter 

process including bottom-blown and combined techniques, (iii) use of water-cooled linings for 

electric steelmaking furnaces, (iv) use of the off-center bottom tap ping and bottom tuyeres for 

fluid-metal blowing, (v) wide-scale use of the post-furnace steel processing and continuous 

casting techniques, (vi) computer-assisted control of all steelmaking processes and 

development of resource-saving technologies, (vii) Nano tech in modern refractory [1.9, 1.11-

1.12,1.16,1.24-1.30]. 

The resource-saving technology is understood “as a generic term for technologies in which the 

technological process is provided at minimum costs of energy, main and auxiliary materials, 

and direct labor costs for the required product quality and labor efficiency” [1.31-1.32]. Since 

refractory materials are not considered among the end products and are merely used to support 

the operating efficiency and economy of thermal power units, we suggest that the resource 

saving should be regarded in a broader aspect including minimization of costs in the production 

and uses of refractories in the system composition, structure ,properties ,technology design 

,service conditions and environmental impact. An understanding of metallurgical and other 

thermal processes is of utmost importance for optimizing the performance characteristics of 

refractories that are employed under the given operating conditions. 

Development of improved and new refractory products is an ongoing process critical to both 

manufacturer and user. The combined effects of developments in refractories and metallurgical 

processing are reflected in the specific consumption of refractories inthe steel industry, which 

over the last four decades has fallen from 35 kg/t to 10kg/t in the advanced countries. When 

specific consumption was high refractories were regarded as an auxiliary raw material rather 

than a component of the production equipment, which they now are. 
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1.9 N220 Carbon Black 

N220 Carbon black is a material produced by the incomplete combustion of 

heavy petroleum products such as FCC tar, coal tar, ethylene cracking tar, and a small amount 

from vegetable oil. It is a form of paracrystalline carbon that has a high surface-area-to-volume 

ratio. It is dissimilar to soot in its much higher surface-area-to-volume ratio and significantly 

lower (negligible and non-bioavailable) PAH (polycyclic aromatic hydrocarbon) content. The 

highest volume use of carbon black is as a reinforcing filler in rubber products, especially tires. 

While a pure gum vulcanization of styrene-butadiene has a tensile strengthof no more than 

2.5 MPa, and almost nonexistent abrasion resistance, compounding it with 50% of its weight 

of carbon black improves its tensile strength and wear resistance. 

N220 nano carbon blacks have chemisorbed oxygen complexes (i.e., carboxylic, quinonic, 

lactonic, phenolic groups and others) on their surfaces to varying degrees. These surface 

oxygen groups are collectively referred to as volatile content. It is also known to be a non-

conductive material due to its volatile content. Acid is sprayed in high-temperature dryers 

during the manufacturing process to change the inherent surface chemistry of the black. The 

amount of chemically-bonded oxygen on the surface area of the black is increased to enhance 

performance characteristics. 
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2.1. Background 

Steel users are in demand of very high-grade steel with stringent quality parameters and very 

high purity. Such requirement from steel users enforces improvements in quality and process 

of steel manufacturing. Certainly, these improvements in the steel making process have 

demandedfar improved quality of refractories, and as a result, many new refractory 

technologies have been developed to support the modifications and improvements of steel 

manufacturing.  

Magnesia-carbon (MgO-C) refractories started its campaign only a few decades ago and as on 

today are an essential component for steel making, especially for the lining of basic oxygen 

furnaces, electric arc furnaces and steel ladles [2.1-2.16]. They have excellent chemical and 

thermo-mechanical properties like corrosion resistance, thermal shock resistance, hot strength, 

etc. which make them un-parallel in such applications. Gradual improvements and 

modifications are also going on in magnesia-carbon refractories to cope up the modifications 

and improvements of the steel making processes. Generally MgO-C refractories contain about 

12–18% total carbon, and the primary source of carbon is graphite [2.17-2.23]. Use of graphite 

as carbon source offers the following major advantages [2.3, 2.14, 2.18-2.19, 2.24-2.27]. 

 Higher application temperature due to high melting point and no eutectic formation. 

 Improvement in the corrosion resistance against metal and slag due to very low 

wettability. 

 Increase in thermal conductivity, reduction in thermal expansion and elastic modulus, 

resulting in excellent thermal shock resistance. 

 Better packing efficiency due to lubrication property 

 Reduced chances of iron oxide corrosion as aniron oxide may reduce to metallic Fe by 

C. 

These advantages, due to incorporation of carbon (as graphite) have initially attracted the  

refractory manufacturers to use more and more amount of carbon, but as the time progresses, 

knowledge and technological developments have made it clear that higher carbon content in 

the refractory imparts  several drawbacks too, like, [2.28-2.30] 

 The Greater extent of oxidation resulting in a highly porous poorly bonded weak 

refractory that is easily penetrated and corroded by slag. 
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 Increased thermal conductivity of refractory increases the energy loss through the lining 

wall, increasing the specific energy requirement per unit of steel produced. 

 Increased heat transfer to outer wall increases the shell temperature, resulting in damage 

and deformation of metallic shell. 

 Increased chances of carbon pick-up by molten metal. 

 Generation of the higher extent of COxgasses. 

The above disadvantages are a great challenge to the refractory technologists and 

manufacturers. In order to reduce the chances of energy loss through refractory and carbon pick 

by steel caused by traditional high carbon MgO-C refractories, it is necessary to develop a new 

kind of MgO-C compositions with much-reduced carbon content [2.29-2.39]. Also, as the steel 

quality requirements are becoming stringent day by day, the steel refining process has markedly 

improved. To cope up with these advancements, a new class of refractories with extra-low-

carbon or carbon-less composition is in demand and without compromising the properties is 

being targeted. However, reduction in carbon content may lead to deterioration in thermal 

shock and corrosion resistances of the new class of MgO-C compositions.  

2.2. Basic idea of MgO-C Refractory 

MgO-C refractory is a composite material based on MgO and C and bonded by high carbon 

containing pitch and resin, with some metallic powder as anti-oxidants to protect the carbon. 

These MgO-C refractories are made by high pressure and are of an unburned type. These are 

known to possess excellent resistance to thermal shock and slag corrosion at elevated 

temperatures. Thus these materials have found extensive applications in steel making processes 

especially in basic oxygen furnaces, electric arc furnaces, the lining of steel ladles, etc. [2.5]. 

2.2.1. MgO-C refractories have the following features: [2.5] 

 High refractoriness as no low melting eutectic occurs between MgO and C. 

 Graphite, the carbon source, has very low thermal expansion; hence in the composite 

form of MgO-C, the thermal expansion is low. 

 Graphite, having a unshared free electron, has very high thermal conductivity, which 

imparts high thermal conductivity in the MgO-C composite, 

 As the thermal expansion is low and the thermal conductivity is high the thermal shock 

resistance of MgO-C is very high. 
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 Nonwettability of carbon gives similar character to MgO-C refractories, and thus it 

prevents the penetration of slag and molten steel. 

 Better ability to absorb stress, thus keeping down the amount of discontinuous wear 

due to cracks. 

2.2.2. Main constituents of MgO-C refractories 

 Magnesia grains are the main constituent of the system and offer very high resistance 

to basic slag corrosion, but suffer from poor thermal shock resistance [2.40-2.41]. 

 Graphite imparts non-wetting nature to MgO-C that improves the corrosion and 

improves thermal shock resistance of the system but it susceptible to oxidation. 

 Antioxidants that tend to retard overall kinetics of oxidation of carbon and improves 

high-temperature strength by the formation of carbides. 

 The phenolic resin that holds the different aggregates and network particles together in 

a structure that can be taken care of with less breakage.  

2.3. Raw materials for MgO-C refractory 

The raw materials are playing avital role in the performance and life of the refractories. Several 

research works had been channeledout to  find out  the outcome  of different  rawmaterials 

based  on purity,  crystallite size,  porosity and  other parameters  of various  new materials 

along the final properties of MgO-C refractories. The main  raw materials used for the 

preparation of MgO-C refractory are magnesia, graphite, antioxidants and  binders like resin, 

powder resin, and pitch. Details of the raw materials used in present work; described below. 

2.3.1. Magnesia 

Magnesia or magnesium oxide is an alkaline earth metal oxide. The majority of magnesium 

oxide produced today is obtained from the calcination of naturally occurring minerals, 

magnesite, MgCO3, being the most common. Other important sources of magnesium oxide are 

seawater, underground deposits of brine and deep salt beds from which magnesium hydroxide 

[Mg(OH)2] is processed.  Magnesium is the eighth most abundant element constituting about 

two per cent of the earth's crust and typically 0.12% of seawater. Both MgCO3 and 

Mg(OH)2 are converted to MgO by calcination.  The thermal treatment of the calcination 

process affects the surface area and pore size and hence the reactivity of magnesium oxide 

formed.  The source largely determines the level and nature of impurities present in the 

calcined material.  Caustic calcined magnesia which is used in a wide range of industrial 
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applications e.g. plastics, rubber, adhesives and acid neutralizationis formed by calcining in the 

range 700 – 1000oC. By calcining in the range 1000 – 1500oC the magnesium oxide is used 

where its lower chemical activity is required e.g. fertilizer and animal feed. Dead-burned 

magnesia, which is produced in the shaft and rotary kilns at temperatures over 1500oC, has 

reduced chemical reactivity, therefore, is more suited to refractory applications. Finally fused 

magnesia which is produced in an electric arc furnace from caustic calcined magnesia at 

temperatures more than 2650oC is used for a variety of refractory and electrical applications. 

Magnesia constitutes the major portion of magnesia-carbon refractories, varying between 80% 

and 90% by weight. Three different types of magnesia are used for the magnesia-

carbonrefractories. Namely, fused magnesia, produced by fusing magnesia electric furnace, sea 

water magnesia produced by very high-temperature firing of magnesium hydroxide extracted 

from sea water, and sintered magnesia produced from natural magnesite [2.40-2.41].  

There are few dense engineering ceramics of the structural type made from pure 

magnesia. However, there is a wide range of refractory and electrical applications where 

magnesia is firmly established [2.42].  The properties of major interest are as follows: 

 Good Refractoriness 

  Good Corrosion Resistance e.g. Basic Slags, Sodium Hydroxide, Fe, Co, Ni 

 High Thermal Conductivity 

 Low Electrical Conductivity 

 Transparency to Infrared 

 Large periclase crystal grain to reduce the extent of grain boundary 

 High concentration of fused magnesia than that of sintered magnesia 

 High ratio of CaO/SiO2 and small content of B2O3 

 High purity and minimum impurity of magnesia 

2.3.2. Graphite 

For refractory purposes, natural and artificial graphite (coke from coking plants) are important 

for the manufacture of carbon bricks. The raw materials for carbon blocks should have ash 

content as low as possible as well as a high yield. Because carbon or graphite refractories are 

both made up of the single element carbon, their distinction depends upon the basis of their 

crystal structure. Carbon Refractoriesgenerally do not have a well-ordered crystalline structure 

and may be considered amorphous, depending on the initial raw materials and the temperature 

that reached during the manufacturing. The graphite structure is well known, Fig 2.1 and 
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indicates a planar structure with an infinite two-dimensional array of carbon atoms arranged in 

hexagonal networks in the form of a giant aromatic molecule. The carbon-carbon bond 

(covalent) in the plane is strong as indicated by the interatomic distance of 0.142 nm where the 

bonding (van der Waal type) between the planes is weak the interatomic planar spacing being 

0.304 nm. Consequently, Graphite has a layered structure and may occur in flakes or show a 

preferred orientation of its crystallites because of the alignment of the crystallites in fabrication 

process i.e. the planar structure a result has anisotropic properties. 

The properties of graphite, in particular, single crystal graphite, in terms of thermal expansion, 

thermal conductivity and compressibility are attributed to the structure. Thermal expansion 

perpendicular to the planes is 200 times that parallel to the planes. Thermal conductivity 

paralleled to the planes is 200 times that perpendicular to the planes. Its compressibility is 104–

105 times greater in the direction perpendicular to the plane. However, the degree of anisotropy 

decreases for the graphite components produced from a random array of graphite crystallites 

and the properties of such a body can't be readily inferred from orientation factors in the random 

structure. This is the case for manufactured carbon refractories as they contain amorphous 

carbon andwell-ordered crystalline structure [2.27]. 

 

 

Fig 2.1: Crystal structure of graphite [2.27] 

In MgO-C refractory, carbon plays a very vital role by providing non-wetting nature to the 

refractory. Now the carbon source used is graphite. Among different commercial sources of 

carbon, graphite shows the highest oxidation resistance. Carbon, when used in oxidizing 

atmosphere. Like in furnaces as refractories, gets oxidized, resulting in a porous structure with 
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very poor strength. Hence resistance against oxidation is very important for the carbon source. 

Again due to the flaky nature it imparts higher thermal conductivity and lowers thermal 

expansion, resulting in very high thermal shock resistance. Hence the carbon source used is 

flaky graphite. The Higher amount of graphite results in a better compressibility during 

pressing,that helps to fill the interior pores of the refractory composites and decreases the pores 

and pore size. However, due to the irreversible expansion of graphite at higher temperatures, 

this effect was diminished. Calculation of the oxidized layer thickness changes with oxidation 

time, based on the weight loss results of TG test and the proposed equations showed that with 

an increase in graphite content, the thickness of oxidized layer decreased even if the weight 

loss increased. These results were successfully explained by determining changes of the 

effective diffusion coefficient as well as the graphite molar density with the changes of graphite 

content. 

The presence of some minerals has anadverse effect on the corrosion resistance of MgO-C 

refractory. Such as quartz, kaolinite and anorthite in theash of graphite decreases the corrosion 

resistance of MgO- C refractory. After decomposition, the impurities of flake graphite reacts 

with MgO grains and forms low-melting phases. Thus decreases the corrosion resistance [2.43]. 

Hence, the ash content of graphite should be as low as possible, and purity should be very high. 

The roles of graphite are 

 Graphite covers the spaces of magnesia grains and fills porous brick structure, 

 The contact angle of graphite is very high. So it prevents the slag penetration into the 

brick due to the high wetting angle between slag and graphite.  

 At higher temperature, magnesia is reduced to pure magnesium by carbon, and this 

vaporized magnesium comes to the surface of the brick and again oxidized to magnesia. 

The formation of a dense layer of MgO and CO at the slag- brick interface prevents 

further penetration of oxygen into the brick. 

            MgO + C  = Mg +CO………..(2.1) 

                  Mg + ½ O2  = MgO………......(2.2) 

 Due to high thermal conductivity and low thermal expansion of graphite, improves the 

thermo-mechanical properties and spalling resistance of the brick. The size of graphite 
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has a great role for improving the abrasion, corrosion and oxidation resistance of MgO- 

C refractories [50]. 

 Slag containing Fe2O3 has higher corrosive action than that of containing FeO. Carbon 

reduces Fe2O3 to FeO and further reduction of FeO produces metallic iron, enriches the 

production of steel [2.43]. 

      Fe2O3 + C = 2 FeO + CO…………(2.3) 

FeO +C = Fe  + CO……………….(2.4) 

Graphite has the tendency of compressibility in the mixture to get a dense structure.This is the 

major problem faced during the manufacturing of MgO-C refractory. Also, the binder has a 

great role on the pressing of a dense brick. 

2.3.3. The Combined effect of magnesia with carbon 

The combination of graphite and refractory oxides, such as MgO, provides valuable properties, 

like, good thermal shock resistance (resulting from the low thermal expansion and high thermal 

conductivity of graphite) [2.44] and excellent slag resistance (resulting from graphite's low 

wettability) [2.45], which are essential in steel making practice for the lining of ladles, arc 

furnaces and oxygen converters. Despite these advantages, graphite's susceptibility to oxidation 

is the major weakness of carbon-containing refractories, leading to degradation of brick 

properties in service. The mechanism of oxidation and disappearance of carbon in MgO–C 

refractories is generally classified into two categories, direct and indirect oxidation. In direct 

oxidation, carbon is consumed by gaseous oxygen (the so-called ‘gas phase 

oxidation’), 9reaction 2.50. While, indirect oxidation refers to reaction of carbon with solid 

oxygen in MgO for example (the so-called ‘solid phase oxidation’), (reaction 2.6) [2.3] 

…………………. (2.5) 

…………(2.6) 

Fig. 2.2 describes the thermodynamic stability of MgO in the presence of carbon. As this figure 

shows, reduction of MgO (reaction 2.6) becomes important at temperatures higher than 

1400 °C and reaction (2.5) is the major mechanism of oxidation at temperatures lower than 

1400 °C. 

http://www.sciencedirect.com/science/article/pii/S0272884202000494#FDR1
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Fig.2.2: Thermodynamic stability of MgO in the presence of C under various PMg[2.3]. 

2.3.4. Resin 

Usually, tar pitches with a softening point of 70-80 °C and no less than 42% coking residue are 

used as binding agents [2.46]. They are processed at a temperature of 120-150°C which 

guarantees a viscosity of 1-4 Pas. In many cases, the moulding process is followed by 

tempering, with the aim of eliminating part of the volatile components. Such treatment provides 

for a reduced susceptibility to deformation due to an increased viscosity of the binding phase; 

furthermore, some fraction of the irreversible thermal expansion caused by gas bubbles is 

accelerated. 

Artificial resins allow to carry out both moulding and mixing at room temperature. Unlike 

pitches, they do not proceed through a thermoplastic phase during coking, which creates the 

possibility of greater accuracy of the products (6). The decisive factor in the selection of the 

optimum artificial resin is the residual carbon content after coking. These contents vary over a 

wide range. Most favorable are the harden-able artificial resins of the phenol formaldehyde 

type (molecular weight 50-.000 before hardening) since in their hardened state they form a 

spatial network which is converted into a complete carbon network (glass carbon) after coking. 
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The curve of weight losses of a resin binder during heating differs from that of a pitch binder 

(Fig 2.3 a and b). Unlike pitch, phenol formaldehyde resin binders show a thermosetting 

behavior. At a temperature normally lying between 150 and 200 °C the resins harden either 

directly or catalytically. A high-molecular phenol structure mainly cross-linked by methylene 

bridges is formed, which is called the resite skeleton. The pyrolysis of resite begins above 

350oC with the separation of phenols, cresols, xylenols and lower oligomers form the boundary 

zones of the macromolecules, as well as the release of hydroxyl groups. Later on, small 

amounts of aromatic cores which do not contain hydroxyl groups are separated above 550 °C. 

Simultaneously, methane and carbon monoxide are produced by the breaking up the phenol 

cores and from the remaining methyl groups. In the result of pyrolysis, a polymeric carbon 

skeleton with a spatially interlinked band structure is formed, which can be characterized as 

widely isotropic. For structural reasons, the coking residue of resin binders is always lower 

than that of high-quality pitches. Under ideal pyrolysis conditions, about 52 % polymeric 

carbon can be obtained from the resin binder (solids content 75 %) [2.46].  

 

Fig 2.3 a. Mass loss from different bonding       Fig 2.3 b. Rate of mass loss formdifferent                     

materials against temperature    bonding materials against temperature[2.46]. 

2.3.5. Antioxidants 

In magnesia-carbon refractory materials usually, is used a carbon content of 8 wt% - 20 wt%. 

The function of the carbon is to seal the porous structure, improve the slag and metal corrosion 

due to non-wetting character and improvement of thermal shock resistance due to high thermal 
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conductivity and low thermal expansion characteristics. However, the carbon incorporation in 

the refractory bricks suffers two main drawbacks, low mechanical strength and high carbon 

oxidation susceptibility at high temperatures. The immediate consequence of carbon oxidation 

is the decrease of mechanical strength associated with considerable porosity increase, which 

reduces the resistance to air and slag penetration. 

The direct oxidation of carbon with the oxygen (O2) elapses between 400˚C and 1200˚C and 

oxygen partial pressure in the range higher than 10−4 mbar[Equation (2.7)].  

2C (s) + O2            2CO (g)……….. (2.7) 

At temperatures exceeding 1400˚C indirect oxidation occurs and becomes predominant. 

Carbon reacts with oxides or liquids incorporated in the system [2.47]. An alternative control 

of carbon oxidation in refractory bricks would be covering the carbon particles surface with 

protection layers of specific oxides (Al2O3, SiO2, TiO2, MgO and ZrO2) or carbides (SiC). 

Selected oxides, such as ZrO2 and TiO2, in the presence of carbon, serve as electron donators 

and transfer electrons to carbon phase, generating a stable electronic distribution and thereby 

inhibit carbon oxidation [2.47]. 

The coated carbon has better oxidation resistance, however, studies reveal that this effect is 

limitedto higher temperatures and specific boundary conditions. Moreover, the weak inter-

linkage between carbon and the coated layer results in poor strength and crack propagation 

resistance. Another effective way to prevent oxidation of carbon-containing refractories is 

using anti-oxidants. The anti-oxidants react with carbon phase and thereby contribute to 

degrease of carbon oxidation rate. Some of the products formed after the reactions of the carbon 

phase with anti-oxidant reveal volumetric expansion. The porosity of the carbon-containing 

refractory is reduced and, the same is true for the permeability and oxygen diffusion in the 

refractory. 

The most used anti-oxidants are metallic powders (Al, Mg, and Si), carbides (SiC, B4C), 

borates (ZrB2, CaB2) or a combination of those materials. 

The selection of the anti-oxidant substance depends on the refractory matrix material. For 

example, metallic powder of Mg and Al are usually added to MgO-C refractory, while SiC and 

B4C are used in Al2O3-C refractory bricks. Some works have been published aiming to 
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understand the behavior of selected anti-oxidants. However the majority of these studies had 

been carried out for the MgO-C system. Each anti-oxidant substance acts at different operating 

temperatures; the use of more than one type of anti-oxidant substance can complement the 

action of these materials in terms of prevention of the carbon oxidation. 

2.3.5.1. Metallic Antioxidants 

The powder of Al, Mg, Si and the alloys of these materials are often used as anti-oxidant 

substances due to the low cost and effective protection that increase the strength and oxidation 

resistance of the refractory material. However, the use of carbon refractory materials is limited 

by the strong tendency to react with water. In an attempt to use the metallic powder, different 

superficial treatment methodologies have been proposed in the literature to inhibit reaction with 

water. A recommended treatment consists in the use of alcoxide metals as precursors to obtain 

an oxide coating (Al2O3, SiO2, TiO2) onto the surface of the metallic powder. The main 

disadvantage is the insufficient adhesion between the metallic powder and the oxide layer 

(Al2O3, SiO2, TiO2). The oxide layer is easily detached from the surface of these materials, 

allowing the water contact and hydrogen generation [2.47]. 

2.3.5.2. Non-Metallic Anti-Oxidants 

The use of non-metallic anti-oxidant materials is frequently associated with liquid phase 

formation. The liquid phase is formed by these materials reacting with oxygen at high 

temperatures. The liquid phase acts as pore filling agents and prevents carbon oxidation. 

However, the formation of these phases causes the degradation of refractory corrosion 

resistance and mechanical proprieties in the high-temperature domain [2.47]. 

2.3.5.3. Carbides (SiC, B4C, Al8B4C7, Al4SiC4) 

SiC forms the SiO2 phase under oxidative conditions. The SiO2 phase acts as pore filler above 

1500˚C. The performance of the SiC as the anti-oxidant material is similar to the described 

mechanisms of Si. When the amount of SiC is higher than 5 wt%, the average durability of 

MgO-C refractories decrease due to the extended formation of SiO2(s) and thus the corrosion 

resistance decreases [2.47]. 

Anti-oxidant like B4C, does not act only as oxidant agent preventing CO (g) formation, but 

also stimulate the formation of a dense oxide layer onto the hot surface of the refractory brick. 

Thermo gravimetric analyses prove the oxidation course in the following sequence: B4C, 



Chapter-2 Literature Review 

33 
 

 

carbon, Al-Si, Al, SiC. Approximately at 1000˚C B4C will react with CO (g) or N2 (g) from 

the atmosphere to form B2O3 or BN, respectively (Equations (2.8)-(2.9)). 

B4C (s) + 6CO (g)   2B2O3 (l) + 7C (s)……….. (2.8) 

B4C (s) + 2N2 (g)  4BN (s) + C (s)………….. (2.9) 

B4C is an effective anti-oxidant and not susceptive to oxidation. However B is expensive, and 

the formation of liquid phases of B2O3 and 3 MgO.B2O3 at high temperatures also decrease the 

mechanical strength and corrosion resistance of refractories respectively. 

2.3.5.4. Borides (ZrB2, Mg-B, CaB6) 

The effect of the ZrB2 addition in MgO-C refractory bricks was mainly studied in the 

temperature range between 600˚C and 1200˚C. Starting from 650˚C the ZrB2 acts in the CO 

(g) reduction, and ZrO2, B2O3and C are formed (Equation (2.10)): 

ZrB2 (s) + 5CO (g)  ZrO2 (s) + B2O3 (l) + 5C (s)………… (2.10) 

The oxides formed tend to form a protective layer in the material surface contributing to 

reduced carbon oxidation. The study of Mg-B addition simultaneously with Al or Al-Mg alloy 

as anti-oxidant proved the good performance of these materials to inhibit the carbon oxidation 

and to increase of the rupture modulus of MgO-C and Al2O3-C refractories respectively. The 

Mg-B will react with CO (g) at temperatures higher than 1000˚C and B2O3(l) and B4C (s) are 

formed. The agreed use of Mg-B with Al or Al-Mg alloy provides the formation of an oxide 

layer in the refractory surface consisting of spinel MgAl2O4, MgO and a vitreous phase based 

on B. The CaB6 addition in the MgO-C refractory bricks in the presence of Al and alloy Al-

Mg also contributes to reduced carbon oxidation and improved material properties. The CaB6 

will react with carbon or CO (g) at temperatures above 1000˚C to form CaB2C2and CaC2, as 

described for Equations (2.11) and (2.12). 

CaB6 (s) + 6CO (g)  CaB2C2 (s) + 2B2O3 (l) + 4C (s)………..(2.11) 

CaB2C2 (s) + 3CO (g) CaC2 (s) + 2B2O3 (l) +3C (s)……… (2.12) 

The oxidation resistance of the MgO-C refractory bricks with CaB6 and Al or Al-Mg alloys is 

improved because a layer of low porosity is formed in the surface of the material. This layer 
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constitutes mainly of MgO.B2O3 formed from MgO reaction with B2O3. The main benefit of 

the addition of more than one species of anti-oxidant is the inhibition of carbon oxidation. In 

some cases, these mixtures contribute to the improvement of the refractory corrosion resistance 

and the thermal shock resistance. However, it is still necessary to investigate the relevant 

mechanisms and performances of these materials in more extended and conclusive studies. 

A factor of concern using those anti-oxidants is the unwanted formation of harmful impurities 

in the steel, i.e. spinel inclusions [2.47], resulting from corrosion of single metal/alloys (Al, Si 

or Mg) or carbides or boron based antioxidants (i.e. CaB6, B4C, ZrB2) within 

steel/slag/refractories interfaces.Another criteria of modern carbon-containing refractories 

suggest increased refractory life, improved refractory stability, reduced refractory wear and 

reduced carbon content, in order to the implement low CO2-emission refractories. The 

realization of both approaches within the MgO-C-system requires the development of suitable 

MgO-C materials combined with metallic anti-oxidants, carbides or borides in consideration 

of thermodynamic basics [2.47].  

2.4. Nano-technology in refractory 

Use of nano-technology in refractories is relatively new, and research work is going on in 

several directions to utilize the benefits of this advanced materials technology in the applied 

field of refractories. Nano particles are almost in molecular scale, the smallest unit of material 

commercially available and due to their very fine size they develop interesting phenomena in 

terms of packing, pore filling, bonding, etc. and are expected to be capable of unique activation 

[2.48]. Use of nano materials in refractories has shown following two control technologies 

[2.48]. 

1. Control of the packing structure by dispersion of nano particles of various shapes, or in 

pore structure by modification on the surface of coarse grains. 

2. Control of the combination structure in the heat treatment process of binding materials.  

Due to the finer size of the nano particles (higher surface area) their surface energy is very 

high, which is helpful in nearly all physiochemical processes. According to thermo-dynamic 

view, this type of materials may reduce the melting and sintering temperatures, increase in 

chemical activity and the rate of occurrence of chemical reactions and also the possibility of 

preparing alloys, compounds, and composites [2.48-2.49]. Also, the mechanical properties will 
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also improve as the typical size of defects that grow during failure of a component becomes 

smaller than the size of structural elements of the material [2.49]. 

In refractory, use of nano-sized materials has started for improving the rheological properties 

of unshaped refractories since mid of the 1990s.The benefits obtained are anincrease in density, 

strength, erosion resistance, thermal shock resistance and a reduction in total monolithic 

requirements. 

In magnesia-carbon refractories, use of nano-additions has provided a marked increase in the 

refractory quality and its performances. Use of nano-sized antioxidants, namely metallic 

aluminium and silicon greatly improves oxidation resistances and increases the formation of 

carbide phases during operation resulting in higher hot strength [2.49]. A combination of these 

nano-sized anti-oxidants with lamellar type graphite, densely enclosing periclase particles and 

recompensing their thermal expansion, has made it possible to reduce the carbon content in 

converter refractories. Apart from protection from oxidation, oxide nano coatings based on 

silicon oxide or alumino-magnesia-spinel [2.50], can provide hydrophobic from hydrophilic 

properties to metal and carbon particles and to accomplish control of rheological characteristics 

of repair mass for converters. Nano-sized oxide powders are very promising from the point of 

use in low-cement alumina-based unshaped refractories used in ferrous metallurgy [2.51-2.53]. 

In particular, the addition of 0.05 – 0.20 wt% of nano powders makes it possible to increase 

the ultimate strength in compression for corundum monolithic components by 25 – 30% 

[2.49].Use of nano boron carbide as anti-oxidant [2.54] in MgO-C refractory showed higher 

hot strength and oxidation resistance at an early temperature and better thermal shock 

properties. Use of nano-sized MgAl2O4 spinel in the matrix of MgO-C refractory showed 

improved corrosion, oxidation, and thermal spalling resistances compared to that of 

conventional MgO-C refractory [2.55-2.59]. Nano-spinel particles modify the pore size 

distribution of MgO-C refractory, restricting the flow of oxygen and slag into the matrix, 

protect the graphite particles from possible decarburization and results in better performances 

in the slag lines of ladle metallurgical furnaces.  

Nano carbon is also being used in refractories as various types of composites such as Al2O3 - 

nano carbon composite, ZrO2 - nano carbon composite, TiO2 - nano carbon composite in 

refractory industries [2.60]. In recent years, different researchers have tried to improve the 

thermal shock resistance by decreasing the elastic modulus on the application of various nano 

technology approaches [2.61-2.62]. One of them is FANON technology [2.62], in which matrix 
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of  theMgO-C refractoryis reformed by dispersing a specific pitch, which preserved  carrieras 

a secondary particle on the surface of the MgO grains with special  treatment so that a reduction 

of the graphite  from theMgO-C bricks  becomes possible. Likewise NR technology [2.62] also 

another one where the nano-structured matrix is formed by combining the nano-particles with 

carbon black and hybrid graphite black and with the carbon structure produced by heating of 

the organic binders. Both the technologies have produced improved properties by controlling 

the microstructure.  

2.5 Nano Carbon (Carbon Black N220) 

Carbon black is not soot or black carbon, which are the two most common, generic terms 

applied to various unwanted carbonaceous by-products resulting from the incomplete 

combustion of carbon-containing materials, such as oil, fuel oils or gasoline, coal, paper, 

rubber, plastics and waste material. Carbon black is chemically and physically distinct from 

soot and black carbon, with most types containing greater than 97% elemental carbon arranged 

as acini form (grape-like cluster) particulate. On the contrary, typically less than 60% of the 

total particle mass of soot or black carbon is composed of carbon, depending on the source and 

characteristics of the particles (shape, size, and heterogeneity).  

Measuring the structure or morphology of carbon black is a more difficult task. The current 

industry test index is the dibutyl phthalate absorption (DBPA) number. Dibutyl phthalate 

(DBP) absorption measures the relative structure of carbon black by determining the amount 

of DBP a given mass of carbon black can absorb before reaching a specified viscous paste. 

Thermal blacks have the lowest DBPA numbers (32-47 ml/100g) of any carbon black, 

indicating very little particle aggregation or structure. Furnace blacks, on the other hand, do 

not consist of individual spheres of carbon but exhibit a rather wide range of particle 

aggregations in which carbon particles are fused into grape-like clusters and reticulate chains 

or branches. Even the lowest structure furnace blacks can be considered as having the moderate 

structure (DBPA: 65 ml/100 g). High structure furnace black has the greatest amount of 

reticulation. A part from thermal carbon black and furnace carbon black, some other type’s 

carbon black are Oil-furnace black, Lampblack, Acetylene black.  

Though there are different types of carbon black produced from industry accordingly to their 

manufacturer technique, only the thermal carbon black is used in refractory industry due to 

following reason [2.63].  

1. Increased brick density by:  
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• Filling voids  

• Reduces graphite flake rebound better than any other carbon source  

2. Acts as a seed for carbon to precipitate out and form stable carbide crystals. (i.e. Mg-

C, SiC, A1C)  

3. Is a more reactive carbon source than graphite 

4. Increases residual carbon content of brick 

5. Reduces weight loss of brick after first heat treatment 

6. Provides improved thermal shock resistance, chemical resistance, heat resistance and 

active slag resistance. 

7. Large particle size and low structure allow for higher loadability and therefore higher 

carbon content 

8. Soft pellets for easy incorporation and homogeneity during refractory 

manufacturing. 

9. Uniform pellet size distribution allowing use in bulk and semi-bulk automated and 

pneumatic material handling systems. 

2.6 Effect of nano carbon on refractory properties 

In the recent years, some researchers have obtained MgO-C refractory with excellent physical 

properties through the addition of nanometer carbon black to improve the structure of binding 

carbon. Use of nano carbon in MgO-C refractory resulting in superior spalling resistance as 

nano carbon suppresses the sintering of MgO and gradual improvement in mechanical 

properties with the increasing amount of nano carbon content. 

2.6.1. Effect of nano carbon in MgO-C refractory: Mixing 

Uniform dispersion and distribution of nano-carbons are the primary requirements to obtain 

the benefits of its use. Nano carbon of 20-25 nm size was reported [2.64] to disperse well in a 

phenolic resin with a binding agent (KH coupling agent) in a high speed stirring ~ 5000rpm. 

But, the viscosity of the resin increases with increasing amount of nano carbon content, making 

it increasingly difficult to disperse nano carbons homogeneously and results in poor properties. 

Again, increase in temperature is a common practice to reduce the viscosity of resin (mix). 

Viscosity is dependent on temperature, as per the follows the regression equation (2.13),  

η = 147.58 exp(-0.0761T) ……(2.13) 
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Where η is the viscosity of the phenolic resin, and T is temperature. Hence it is easier to disperse 

the nano carbons at higher temperatures, resulting in a homogeneous and uniform mix 

composition. But temperature above 50℃ does not further reduce the viscosity of resin 

effectively, hence temperature control at around 50℃ during mixing was proposed. [2.64] 

2.6.2 Effect of nano carbon in MgO-C refractory: Physical Properties 

The addition of nano carbon in MgO-C refractory improves the packing of the compositions, 

and thus it improves the packing density. The fine nano particlescan fill up the tiny space 

among the refractory coarse particle very well which results in an improvement in density, 

strength, and decrease in the porosity. However, at a higher amount of nano carbon, the 

beneficial effect of packing is no more due to the excess presence of nano carbon, which 

increases the overall volume of the compositions and reduces the strength and increases 

porosity. 

2.6.3 Effect of nano carbon in MgO-C refractory: Mechanical Properties 

Nano-carbons, dispersed in a resin, develop micro-cracks during the curing of MgO-C 

compositions due to shrinkage from the removal of volatile materials. These micro cracks can 

absorb energy; smaller the size of nano carbon, greater the extent of micro-cracks generated, 

resulting in an obvious improvement in mechanical properties [2.65]. 

Use of carbon black (average size 25nm) and carbon black semi-reinforced furnace black 

(SRFB) (size 70-250 nm) showed [2.66] improved mechanical properties compared to 

conventional graphite containing refractory due to the greater filling of interior gaps in between 

the MgO grains. In the recent years, some researchers have developed MgO-C compositions 

with excellent mechanical properties by improving the structure of binding carbon through the 

addition of nano meter sized carbon black [2.62, 2.65].  

Modulus of elasticity and amount of creep deformation were decreased with the increase in the 

fine carbon content as fine carbon particles are effective in suppressing the sintering of MgO 

particles [2.67-2.69]. With the increase in nano carbon black content strength at room and high 

temperatures were reported to enhance and about 40% increase was reported for 15% additions 

compared to the conventional MgO-C refractories [2.70-2.72]. 

Use of graphene oxide nano sheet (GONs) with different thickness, partially replacing graphite 

in MgO-C refractory, showed [2.73-2.76] improved mechanical properties. 2000C cured 
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samples showed the highest values, but coking at 10000C degrades the properties drastically 

due to the pyrolysis of the binder resin [2.72]. Firing at 14000C resulted in much higher cold 

modulus of rupture (CMOR) and flexural modulus (FM) for specimens containing GONs. 

Much improved thermal shock resistance was reported [2.72] for MgO–C refractories 

containing GON sand in-situ formed ceramic phases (like spinel, Al4C3, AlN) in the matrix due 

to strengthening and toughening of the matrix. 

2.6.3 Effect of nano carbon in MgO-C refractory: Thermo-mechanical and thermo-

chemical properties 

Nano-carbons are very fine particles when used in MgO-C composite on, they disperse and 

distribute evenly in the matrix and help in reducing the total carbon content of the refractories 

and thus result in amuch reduced thermal conductivity of the refractory [2.77, 2.78]. Again the 

fixed carbon coming after heat treatment from the graphite and resin in conventional MgO-C 

compositions shows glassy character, but the fixed carbon developing from nano carbon and 

resin has graphitic nature [2.79]. Being graphitic, the resultant mechanical strength, as well as 

oxidation resistance, is better than a glassy phase. Use of nano carbon in the MgO-C refractory 

minimizes the size of the pores too (due to finer size) and thus improves the corrosion 

resistances [2.79].  

Magnesia carbon bricks with nano structured matrix were developed [2.80] by using the nano 

compound graphitized black (hybrid graphite black; HGB), synthesized from carbon black and 

boron through the induction field activated SHS (Self–propagating High-temperature 

Synthesis) method, were reported to have outstanding resistances against thermal shock, 

corrosion, and oxidation and resulted in excellent performances and durability in RH degasser 

applications. 

Corrosion and thermal shock resistances of the MgO-C refractory were reported to improve 

[2.28-2.30, 2.62, 2.65] by reducing the pore size and to controlling the number of pores by 

systematically adding nano particles, which are much smaller than the finer fraction of 

theconventional matrix component. Also, attempts were made [2.70-2.71] to reduce the 

refractory elasticity by controlling the intensity of the binding material. Nano carbon particles 

along with organic binders controlled the bond structure of new types of MgO-C refractory and 

resulted in significant improvement of thermal shock resistance [2.30, 2.62,2.81].The nano 

structured matrix provides a bridge between macrostructure control and microstructure control 

of refractories. Diversity in pore structure (pores number, size, and shape) and control on the 
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bond character helped to attain both thermal shock resistance (low strength, coarse structure) 

and corrosion resistance (high strength, dense structure). Also,nano structured matrix formed 

in MgO-C refractory on the addition of nano-carbons was reported [2.35] to improve both the 

thermal shock and corrosion resistances. Aggregate carbon nano particles also have great effect 

on the reduction of elastic modulus and the relaxation of thermal stress in low graphite 

compositions. 

Again nano  carbon particles reduce the mal-distribution of stress in the interior of the 

refractories by absorbing and relieving the stress due to thermal expansion and shrinkage 

[2.65,2.82],which results in improvement of spalling characteristics; whereas in conventional 

MgO-C refractories high thermal conductivity and low expansion are more important 

[2.81,2.83-2.85]. Also, the formation of nano meter sized porosity in nano carbon containing 

compositions results in increased flexibility of the matrix and absorbs the thermal strains, thus 

improves the spalling character. MgO-C refractories with only 1.5% nano carbon particles 

showed thermal spalling resistance equivalent to that of conventional MgO-C containing ~18% 

graphite [2.65]. 

2.6.4 Effect of nano carbon in MgO-C refractory: Oxidation Behaviour 

Nano-carbons in MgO-C refractories, get distributed in the pores or nano-spaces, result in 

lower elastic modulus, produce high strength and low expansion property with greater 

oxidation and thermal shock resistances, and are highly useful material [2.86]. The oxidation 

behavior of nano carbon containing MgO-C refractory had already been studied by adding 

different types of antioxidant (Al, B4C, etc.) in different proportions. Nano-sized carbon gets 

oxidized easily and faster due to its very fine size when the temperature is above 10000C 

[2.87].Also, only 1/5th oxidation was reported compared to the conventional compositions. 

Improved mechanical properties reduced the damage generation in the matrix which restricts 

the transfer of oxygen in samples for oxidation and loosening of oxidized portion is reduced. 

Also,nano particles can block the expansion of cracks which contribute to the crack energy 

transfer effect [2.88]. 

Al metal powder, though an effective antioxidant for graphite containing compositions is not 

the best for nano carbon containing ones as nano carbon starts getting oxidized before the 

oxidation of Al metal powder. On the other hand, use of B4C results in the formation of low 

melting magnesium borate phases (like kotoite, Mg3B2O6) increases oxidation resistance by 
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forming a dense layer, filling up the open pores and preventing oxygen ingress. Formation of 

the liquid phase effectively prevents the oxidation of carbon, thus enhances the oxidation 

resistance [2.87, 2.89-2.94]. 

B4C(s) + 6CO (g) → 2B2O3 (l) + 7C(s) ……(2.14) 

B2O3(l) + 3MgO(s) → Mg3B2O6(s) ……….(2.15) 

But the use of a higher amount of B4C results in increasing extent of liquid phase formation 

helps in improving the oxidation resistance but drastically deteriorates the hot strength 

properties. Again higher thermal expansion of the borate phases and occurrence of grain growth 

due to liquid phase formation result in inferior properties in MgO-C compositions [2.87]. 

2.6.5 Effect of nano carbon in MgO-C refractory: Microstructure and phase formation 

The micro structural evolution and phase formation in MgO–C refractories are important for 

the development of the properties like mechanical, thermo-mechanical, resistances against 

thermal shock, oxidation, corrosion, etc. Phase analysis by x-ray diffraction showed periclase, 

graphite and spinel phases in MgO–C compositions containing nano carbon after coking at 

10000C [2.72, 2.95-2.104]. Phase distribution remains nearly similar even after coking at 

14000C. The detailed microstructural study revealed [2.72] that formation of MgAl2O4 spinel 

grains and Al carbide whiskers within the matrix. Plate-like AlN particles were reported to be 

formed at the site where metal Al particles were present in the compositions containing nano 

carbons. Compositions containing GONs and carbon nano tubes exhibited [2.72, 2.94-2.95] 

greater extent of in-situ formed plate-like AlN phase in the matrix. But, nano carbon black 

containing ones did not show any plate-like AlN phase but a great number of prismatic AlN 

[2.72].Also, formation of rod likealuminium carbide (Al4C3) particles in N220 carbon black 

containing MgO-C refractory compositions was found [2.105] to improve properties like hot 

modulus of rupture (HMOR), oxidation resistance, etc.  

2.7 Low carbon MgO-C refractory containing nano carbon 

Literature shows that use of nano carbon replacing graphite in MgO-C refractories has shown 

tremendous improvement in quality, but still, it cannot completely replace the flake graphite. 

Nano carbon, mostly used as amorphous carbon black, has inferior oxidation resistance and 

thermal conductivity compared to graphite flakes, which are also a primary requirement for 

MgO-C refractory. Hence a combination of graphite with Nano carbon results in optimum 
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properties, but the relative amount of graphite and nano carbon remains an important 

parameter. New types of magnesia-carbon refractories have been reported to be developed by 

Bag and others [2.107-2.110] with a total carbon content less than half of the conventional 

MgO-C refractories through conventional manufacturing technique by the addition of nano 

carbon. Improved thermo-mechanical properties, resistances against oxidation, corrosion, and 

thermal shock, etc.were reported for the composition containing 0.9 wt% of nano carbon along 

with 3 wt% of graphite compared to the conventional 10wt% graphite containing refractories 

for steel ladle applications. Homogeneous and uniform dispersion and distribution of nano 

carbon particles in the matrix phase, thereby filling the inter-granular voids in a better way 

were reported to be the key factor for such improvement. Bag et al also reported an increasing 

amount of nano carbon black was found to reduce the penetration depth of slag 2.107-2.110]. 

Nano carbon black particles, being very fine in nature possess high reactivity, high surface 

area, high specific volume, increase the surface to volume ratio by many folds thereby forming 

a coating on the surface easily, making the refractory non-wettable in nature. The Higher 

amount of nano carbon causes the greater extent of oxidation, creating an oxidized, loose, 

porous structure and deteriorating the properties. 

2.8 Use of Nano Carbon Black in MgO-C refractory 

Nano-tech magnesia carbon bricks, utilizing the nano compound graphitized black (hybrid 

graphite black; HGB) having outstanding features like high thermal shock resistance, corrosion 

resistance, oxidation resistance were reported to provide excellent durability in RH degassers 

[2.80]. The addition of nano-sized carbon black and hybrid graphite black in MgO-C refractory 

resulted [2.111] improved spalling resistance due to the formation of a nano-structured matrix 

and excellent high-temperature oxidation resistance. MgO-C refractories containing both nano-

sized carbon black and flake graphite were found [2.112] to reduce the total carbon content 

with a reduction in heat loss and thermal stress on the steel shell. The addition of nanometer 

carbon black was also reported [2.31] to improve the crushing and bending strengths before 

and after coking, oxidation resistance and thermal shock resistance of the low-carbon MgO-C 

composites. It was also reported that adding 0.4 wt% CNFs in the MgO–C refractories 

enhanced the flexural strength by 2.2 times compared to that of specimens without 

CNFs [2.72]. 1.5% nano carbon containing MgO-C refractories showed equivalent or better 

thermal spalling resistance to that of conventional 18% graphite containing 

composition[2.65].A combination of 3 wt% graphite and 0.9 wt% of nano carbon was found to 

be optimum and resulted in better/comparable properties compared to that of conventional 

http://www.sciencedirect.com/science/article/pii/S0272884211009424#bib0055
http://www.sciencedirect.com/science/article/pii/S0272884211009424#bib0060
http://www.sciencedirect.com/science/article/pii/S0272884211009424#bib0065
http://www.sciencedirect.com/science/article/pii/S0272884213010602#bib18


Chapter-2 Literature Review 

43 
 

 

MgO-C refractory containing 10 wt% graphite [2.107-2.110].The mechanical properties and 

thermal shock resistance of low-carbon refractories with 0.5 wt% Fe nano sheets were found 

improved compared which is attributed to in situ formation of CNTs [2.113]. MgO–C 

specimens added with the Ni-containing catalytic precursor showed larger displacement 

irrespective of the treating temperature used, and higher cold modulus of rupture after treatment 

at 14000 C, which was due to in situ catalytic formation of one-dimensional nano carbon and 

MgO whiskers in the matrix [2.114]. The influence of Al and Si additives on the 

microstructural, mechanical properties and thermal shock resistance of low carbon MgO-C 

refractories were investigated by T.B Zhu et al [2.115-2.116].  
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3.1 Motivation of the work 

Materials in the nanometer scale are being used for the development of innovative products in 

numerous technological fields for more than twenty years and nowadays with a rapid growing 

tendency. The use of nanoscaled materials in carbon bonded refractory products was introduced 

in 2003. The main reason for the rather late implementation of nanoscaled materials in carbon 

bonded refractories was their extremely high production. The addition of nano particles has a 

great effect on the properties of refractories due to it’s smaller particle size and larger surface 

area. Carbon is added in the MgO-C bricks for improving the thermal spalling and slag, metal 

penetration resistance due to higher conducting value and low wetting properties of carbon.  

 

Magnesia-carbon ( MgO-C ) composites have been widely used in steel making industry for 

their excellent thermal shock resistance and corrosion resistance, resulting from graphite’s high 

thermal conductivity and low wetting property and high refractoriness of magnesia. In order to 

produce low-carbon steel for higher grade steel products, low-carbon refractories become being 

in great demand. 

 

A plenty of research has been found on MgO-C refractories. Now days peoples are paying 

attention by adding nano materials in MgO-C refractory. Many researches has done by adding 

nano additives into the MgO-C refractory composites, however, there is no such literature has 

been found on systematically optimization of nano carbon, graphite, and anti oxidants with to 

their respective refractory properties and comparison with the 16wt % graphite content 

conventional MgO-C refractory.  
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3.2 Objective of the current work 

From the above literature study detailed in chapter 2 and motivation of the work given above, 

the objectives of the current work are as follows 

1. Variation of N220 nano carbon black content and its optimization in low carbon MgO-

C refractory through various properties evaluation. 

2. Variation of graphite content and its optimization in low carbon MgO-C refractory 

through various properties evaluation. 

3. Study and optimization of various anti oxidants on the optimized batch of N220 nano 

carbon containing low carbon MgO-C refractory through various properties evaluation.  

4. To study the optimization composition of N220 nano carbon containing low carbon 

MgO-C refractory with conventional (16%g) MgO-C refractory for thermal shock and 

other properties 

5. The overall objective of the present work is to optimize synergetic composition N220 

nano carbon containing MgO-C refractory and its properties evaluation and 

comparision with conventional (16%g) MgO-C refractory 

 

3.3 Organization of the Thesis 

The basic idea of MgO-C refractory has been discussed in chapter 1. Chapter 2 consists of the 

application of MgO-C refractory, literature regarding the various works on MgO-C refractories, 

nano materials in MgO-C refractory, the required properties of different ingredients of MgO-

C refractory and effect of nano carbon on magnesia-carbon refractories properties. Chapter 3 

describes the objective of the work. Chapter 4 explains about different raw materials used, 

different methods of characterization and process for the batch processing, etc. Optimization 

of nano carbon and graphite is described in chapter 5 section 1 &2 respectively.  The various 

type of anti oxidants and in-depth corrosion studies were done in chapter 5 section 3. In chapter 

5 section 4, the thermal shock resistance and elemental carbon distribution were done. Finally, 

the conclusion and scope for the future work are discussed in chapter 6. References are 

provided at the end of each chapter and are marked (indexed) in the running text mentioning 

the details of chapter number and section number. Like the 1st reference of Chapter #5, section 

1 is indexed as 5.1.1. 
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4.1 Raw Materials 

Refractory materials are without exception solids which can withstand high temperatures. They 

should keep their mechanical function, even in contact with corrosive liquids and gasses, for a 

required period. Usually, they do not possess a distinct melting point; they soften and melt in 

a specific and usually narrow temperature range. The end point of melting has not much 

significance; the start and the interval for softening are much more important for the application 

of the individual refractory material. The density, porosity, permeability, crushing strength, 

modulus of rupture and elasticity and thermal shock resistance are mainly determined by the 

raw materials and the production process of the refractories themselves. Most important is the 

packing or green density achieved by an appropriate grain size distribution and a sophisticated 

moulding of the individual article or brick. The subsequent firing or tempering gives finally 

the desired properties. Well, selected raw materials are the crucial part for the development and 

the production of satisfactory refractory products. The raw material properties influence 

directly and indirectly important refractory properties. The main constitutes for the formation 

of batch is given as follows 

4.1.1 Magnesia 

Commercially available high purity fused magnesia (Chinese source) of sizes 6-4 mm, 3-1 mm, 

1-0.075 mm and <75 microns (fig 4.1) were used as starting material in this work. High purity 

fused magnesia was chosen considering the selection criteria like purity, CaO/SiO2 ratio, low 

Fe2O3 content and large crystals in the range of 500-1500 μm. The physiochemical properties 

of fused magnesia are given in Table 4.1 A. 

 

 

 

 

 

 

 

Fig 4.1: Image of different grain  

sizes of magnesia 

 

 

 

4-6 mm 1-3 mm 

0-0.075mm <75 µm 
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4.1.2 Graphite 

Natural flake graphite (Agarwal Graphite Industries, India) was chosen for this work. The fixed 

carbon is about 94% (fig 4.2). Keeping the idea of thermal conductivity and coefficient of 

thermal expansion, flaky graphite was chosen. The surface area of graphite is 6.37m2g-1. The 

ash contain is 5.08%. The detail physiochemical properties of graphite is given in Table 4.1B 

 

 

Fig 4.2: Image of commercial flaky Graphite 

4.1.3 N220 Nano carbon black 

N 220 nano carbon black (Birla Carbon, India) (Fig 4.3) were used as starting materials. N220 

was chosen due to its higher surface area and particle size. The fixed carbon is 98% in nano 

carbon. The surface area of carbon black is 116.5 m2g-1. Physical and chemical analysis of N220 

nano carbon black is given in Table 4.1C. The micro graphs of nano carbon are given in fig 

4.4. 

 

Fig 4.3: Image of nanno Carbon 
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Fig 4.4: Micro graphs of N220 nano carbon black 

4.1.4 Other additives 

Phenolic liquid resin and powder resin were used as a binder. Fixed carbon in the resin is 48%. 

The Physical and chemical analysis of liquid resin is given in Table 4.1D. Aluminum metal 

powder, silicon metal powder, and magnesium metal powder (98% pure and finer than 100 

mm) along with boron carbide powder (95% pure, total B = 77 wt%, total C = 21 wt% and size 

< 150 microns) were used as anti-oxidant in the system. Carbrose P as additives of base raw 

materials for fabrication of low carbon graded MgO-C refractory. The Physical and chemical 

analysis of Carborose P is given in Table 4.1E 

 

Table 4. 1. Physiochemical properties of Raw Materials. 

A. Chemical composition in percentage of fused magnesia 

Raw Materials MgO Al2O3 SiO2 CaO  Fe2O3 Na2O 

Fused Magnesia 97.35 0.07 0.40 1.40 0.50 0.50 

 

B. Physical and chemical analysis of flake graphite 

Raw Materials Carbon (%) Volatile Matter (%) Ash (%) Surface area (m2g-1) 

Flake Graphite 94.1 0.80 5.08 6.37 

 

 

 

300nm 



Chapter-4 Experimental 

60 
 

C. Physical and chemical analysis of N220 nano carbon black 

Raw Materials Carbon (%) Volatile Matter (%) Ash (%) Surface area (m2g-1) 

Nano carbon 

black 

98.09 1.52 0.39 116.5 

 

D. Physical and chemical analysis of liquid resin 

Property Liquid Resin 

Viscosity(CPS) at 25oC 8500-9000 

Specific gravity at 25oC 1.23 

Non-volatile matter(%) 80.10 

Fixed Carbon(%) 47.85 

Moisture(%) ~4.0 

 

E. Physical and chemical analysis of Carborose P 

Raw Materials Carbon (%) Volatile Matter (%) Ash (%) Softening point (˚C) 

Carborose P 52 47 1.4 135 

 

4.2 Fabrication of low carbon MgO-C refractory 

4.2.1 Mixing: 

Selection of raw materials, their grading and grain size distribution (Granulometry) and 

composition together play a very important role in the development of various physical 

properties, microstructure and thermo-mechanical properties of MgO-C refractory refractories. 

Different size raw materials are taken for the batch processing to obtain a higher packing 

density. If only coarser particles are used minimum shrinkage value will occur but porosity will 

remain as inter-granular voids between the coarser particles. Hence for better filling the pores 

between different coarser refractory grains, the fine particles are also essential. Again the 

higher amount of fine particles than required results in adecrease in density and increase of 

coarse particles results in segregation. So to achieve better property of the bricks, the particle 

size distribution is very much essential. 

In this work we have tried several compositions ratio like 15:35:30:20, 5:30:40:35, 

20:30:30:20, 10:40:25:25 (large: medium: coarse: fine) to achieve a good packing density. 
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Among all these compositions, we have chosen 10:40:25:25 ratio throughout this work for the 

preparation of 5kg batch, where fines amount includes all fines i.e. fine magnesia, graphite, 

nano carbon, anti oxidants.  

The purpose of mixing the raw materials is to make a refractory batch and transform all the 

solid components and the liquid additions into a macro homogeneous mixture that can be 

subsequently molded or shaped by one of the numerous fabrication methods employed by 

modern refractory manufacturers. All the raw materials were thoroughly mixed using 

mechanical stirrer at room temperature for nearly 45 minutes. 

 

A Mettler Toledo electronic balance was used to weigh the raw materials and additives before 

mixing. The accuracy of the balance was up to the 4-digit decimal place (fig 4.5). First, 

magnesia grains of different grain size except the magnesia fines were mixed with nano carbon 

black in a mechanical mixture (Aimil India make fig 4.6) near about 10 min for better coating 

of magnesia grains by carbon black. Then the liquid phenolic liquid resin was added to the 

magnesia nano carbon composition and stirred for 10 min. Next, all the fines (magnesia fines, 

anti-oxidants, powder resin, etc.) were added to the mixture and further mixed for about 30 

min. Total mixing time used was 45 min. Figure 4.7 shows the flow diagram for the batch 

preparation. The details of different batch compositions for the optimization of nano carbon 

and graphite content and selection of anti oxidants are provided in their respective sections in 

result discussion.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.5: Electronic weighing balance                                                    Fig 4.6: Mixture machine 
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Fig 4.7: Flow diagram of batch preparation 

 

4.2.2 Pressing 

The mixed materials were compacted to give a desired shape by pressing.  The mixtures were 

pressed uni-axially by the hydraulic press in high chromium steel moulds (fig 4.8). The mould 

dimension for the different characterisation of the refractory sample is given in Table 4.2. After 

calculating the volume of the mould the appropriate amount of mixture was taken maintaining 

a green density obtained in the trial batch. The steel mould was cleaned using cotton and brush 

after each pressing. To avoid stickiness between the mixture and mould stearic acid was used 

as a lubricating agent. The mixture was added slowly into the mould with a bottom punch. To 
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achieve better-filled density and uniform leveling the mixture was tapped slowly into the 

mould. Then the top punch was applied slowly. First the pressing was  

 

 

 

 

 

 

 

 

 

Fig 4.8: Steel mould 

 

 

Fig 4.9: Hydraulic pressing machine 

 

Table 4.2: Different types of moulds used and there dimension 

Type of Characterization Mould Dimension 

Density and Porosity (Cured/Coked) 65 mm×65mm×40 mm 

Strength (Cured/Coked) 65 mm × 65mm × 40 mm 

Hot MoR 125 mm×25 mm×25 mm 

Oxidation test 50 mm ×50 mm Cylinder 

Corrosion test 75 mm×75 mm×75 mm 

Thermal shock resistance 30 mm×40 mm×40 mm 
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done uni-axially with a low pressure of 50 MPa. It was allowed to hold for 60 seconds and then 

the pressure was decreased slowly to remove the entrapped air inside the mixture. This process 

is called Dearing and is done to avoid the lamination in the brick. Finally the mixtures were 

pressed with a specific pressure of 150 MPa using a hydraulic press (Aimil, India, make) (fig 

4.9). 

4.2.3 Tempering: 

Tempering is the heat treatment process of the refractories at low temperature to remove 

volatiles from the organic green binders and to impart enough green strength. By this process, 

the chemical bond is developed in the refractory body. Phenolic resin converts to brittle solid 

mass called resite during the curing process and then with increasing the temperature it converts 

to carbonaceous phase (residual carbon) which is responsible for the final carbon binding and 

strength development in such structures. However certain drawbacks of residual carbon of 

phenolic resin cause limiting applications of phenolic resin as a binding agent. The pressed 

samples were tempered at 220 0C for 12 hours in a dry oven (Hot air oven, Weiber, Acmas 

Technocracy Pvt. Ltd. Delhi, India)(fig 4.10). 

 

 

Fig 4.10: Hot air oven 

4.2.4 Coking: 

Coking was carried out at 1000 0C for 4 h under reducing atmosphere (carbon bed) at a rate of 

5 0C /min, The samples are placed in an aluminum crucible filled with petroleum coke and 
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closed with a lid. Then the whole crucible was heated at 10000C for 4 hours, thus firing the 

samples was in a reducing atmosphere and then the furnace was cooled down at a rate of 5 

0C/min. After cooling, the samples are taken out and used for evaluation of microstructure and 

phase analysis. The strength of the different compositions after cokingwas characterized using 

a hydraulic press (Aimil, India, make) (fig 4.9).  

4.3 General characterization 

4.3.1 Bulk density (BD) 

Bulk densities of the samples were measured by a modified Archimedes principle, using xylene 

as the test liquid. The test specimen of 65 mm × 65mm × 40 mm is taken and dried at 100 0C. 

After taking the dry weight (W1) it is placed in a beaker containing xylene and the same was 

placed in an empty vacuum desiccators connected with a vacuum pump. The pump was run for 

atleast 60 minutes below 25 mm of the mercury column. This process is planned to fill up all 

voids present in the specimen with xylene. Then the pump was stopped, and the suspended 

weight (W2) and soaked weight (W3) are taken. 

BD is the ratio of the mass of the dry material of a porous body to its bulk volume expressed 

in g/cm3, where bulk volume is the sum of the volumes of the solid material, the open pores 

and the closed pores in a porous body.  BD was measured as per the standard of IS: 1528, Part 

-12 (1974) both for tempered and coked samples.  The BD was calculated as per the following 

formula, 

B.D =  (W1/W3-W2) ×  density of liquid at the test temperature.........................……(4.1) 

Density of xylene at 25oC was taken as 0.86 

Each value BD represented here was the average of five parallel samples. 

4.3.2 Apparent Porosity (AP) 

Apparent porosity of the samples was measured by a modified Archimedes principle, using 

xylene as the test liquid. The test specimen of 65 mm × 65mm × 40 mm is taken and dried at 

100 0C after curing. .Apparent Porosity (AP) referred to the extent of surface pores present in 

a sample and measured as the ratio of the voids (or pores) present on the surface to the bulk 

volume of the sample. The AP is measured using the same set up as used for bulk density 

measurement and the AP was measuredas the following formula 

A.P (%) = [(𝑊3-W1) / (W3−W2)] × 100   .…………(4.2) 
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4.3.3 Strength: 

Cold crushing strength and coked strength of refractory bricks and shapes are the gross 

compressive stress required to cause a fracture. The test specimen of 65 mm × 65mm × 40 mm 

is taken and dried at 100 0C after wet cutting. The cold crushing strength of the refractories is 

measured by placing a suitable refractory specimen of on flat surface followed by application 

of a uniform load to it through a bearing block in a standard mechanical or hydraulic 

compression testing machine (Aimil, India, make fig 4.9). The load at which crack appears in 

the refractory specimen represents the cold crushing strength of the specimen. The load is 

applied uniformly on the sample in the flat position. It is expressed as (Kg/cm2).   

The working formula for calculating CCS is given by CCS  =  Load / Area   

4.3.4 Hot modulus of rupture (HMOR): 

The modulus of rupture of the refractory specimen is determined as the amount of force applied 

to a rectangular test piece of specific dimensions until failure occurs. This test method covers 

the determination of the modulus of rupture of carbon-containing refractories at elevated 

temperatures in air. Each value of HMOR was the average of five parallel specimens.It was 

done by three- point bending test using HMOR testing apparatus (Bysakh India make) (fig 

4.11). All the specimens for HMOR were taken as 150mm × 25 mm × 25 mm and dried at 100 

0C after wet cutting, without pre-firing at air atmosphere. The final  

 

 

Fig 4.11: HMOR furnace 
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temperature of HMOR was 14000C with a heating rate of heating rate of 5oC/min with alumina 

supporting and mullite loading rods. It was done in anair atmosphere with a soaking time of 30 

min. Finally, the loading rate of HMOR was 1.3 kg/sec.It is done in the machine Bysakh India 

make. The HMOR value was calculated by the following formula:   

HMOR = (3 W×L) / (2 b ×d2)   

Where, “W” (kg) is the maximum load when the specimen is broken; “L” is the span length 

between the lower supporting points.  (125 mm for all the tests in the work)   “b” is the breadth 

(cm),“d” is the height of the specimen(cm). 

4.3.5 Oxidation resistance: 

For oxidation resistance test, cylindrical samples (height =50 mm, Diameter =50mm) dried at 

100 0C. These cylinders were placed in an electrically heated furnace (heating rate of 3 0C /min) 

under an ambient condition at 1200 0C for 2 h in a chamber furnace (Bysakh India make). The 

furnace is then cooled down at the rate of 5 0C /min. Fired samples were horizontally cut into 

two pieces. Then the black surface remaining was measured at eight different locations and the 

average value was noted. The diameter of the samples was also noted. 

% Oxidation= (Oxidized diameter/Total diameter) ×100 

BD and AP of the oxidized layer was measured according to the Archimedes principle. The 

details are mentioned on 4.3.1 and 4.3.2.  

4.2.6 Static slag corrosion test: 

Slag corrosion test by static crucible method was done for all the different compositions at 

1650 0C for 4 h with steel converter slag. Chemical composition (%) and basicity of the steel 

making converter slag are given in Table 4.3. The slag corrosion test was performed in cubic 

75mm×75mm75mm dimension sample. A 25mm dia and 25mm depth core drilling was done 

on the surface of the cubic sample. The converter fine slag was made fine powders by ball 

milling process. The slag was fed in the surface of the cubic sample and fired in a chamber 

furnace 1650 0C for 4 h at the rate of 5 0C /min and allowed to cool down at the same rate of 5 

0C /min. The sample was taken out (fig 4.12 some typical picture after firing at 1650 0C) and 

cut it horizontal in a diamond cutter. The sections after slag attack are visually compared and 

corrode dimensions were taken. At the same, the microstructure of the cored samples was 

studied for the slag refractory interface chemistry.  
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Fig 4.12: Some typical picture after firing at 1650 0C in static corrosion method 

 

Table 4.3: Chemical composition of steel converter slag(wt %) 

CaO SiO2 Al2O3 MgO Fe2O3 MnO CaO/SiO2 

37.5 16.48 6.08 6.95 26.45 3.99 3.00 

 

4.2.7 Microstructure 

The matrix phase of thefractured surface of the coked samples was studied for the FESEM 

analysis. Microstructural studies of the coked samples were investigated in a field emission 

scanning electron microscope (FESEM, model Nova Nano, FEI, USA, make) with EDX 

(energy dispersive x-ray) analysis attachment (Bruker, US make), after gold coating through a 

sputter coater (fig 4.13). EDX analyses were also carried out for the prepared samples. Energy 

Dispersive X-Ray Analysis (EDX), referred to as EDS or EDAX, is an x-ray technique used to 

identify the elemental composition of materials. The slag refractory interface and the reaction 

zone was studied through the EDX to get an idea about the slag components which are mainly 

responsible for the corrosion of refractory. The distribution of elemental carbon and matrix 

phase were also studied through the FESEM. EDX systems are attachments to Electron 

Microscopy instruments. 
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Fig 4.13: Scanning Electron Microscope 

4.2.8 Phase analysis 

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase 

identification of a crystalline material. The coked samples were broken into small pieces and 

grinded to below 75 micron. Then the matrix phase was characterized for phase analysis by 

powder x-ray diffraction technique, using Cu Kα radiation through Ni filter, in an x-ray 

diffractometer (Rigaku, Japan make) shown in fig 4.14. Different phases present and formed 

were determined by XRD pattern. Scan Angle 2θ = 10-60o, scanning rate = 5o per minute 

Analysis of obtained diffraction pattern was done by Philips X-pert high score software. XRD 

was done on the matrix part only to better identification of reaction product and phases 

developed in the matrix part, where actually reaction takes place.  
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Fig 4.14: XRD analyzer 

 

4.2.9 Thermal shock resistance: 

Thermal shock /thermal spalling is the direct result of exposing the refractory installations to 

rapid heating and cooling conditions which cause temperature gradients within the refractory. 

Such gradients cause an uneven thermal strain distribution through the sample, may cause 

failure of the material [4.1-4.2]. The standard method of finding out spalling resistance is 

heating the material at an elevated temperature followed by sudden cooling in air at ambient 

temperature. The thermal shock resistance of refractory materials is determined using standard 

quench tests in which the material is heated and cooled subsequently in a raising hearth furnace 

(Bysakh India make) (fig 4.15),and the number of heating & cooling cycles that a material can 

withstand before failure is taken as its thermal shock resistance. The quantification was done 

by the number of cycles to withstand such temperature fluctuations.  The sample specimen of 

50 mm cylindrical sample were taken and dried at 100 0C after wet cutting. These samples are 

heated at 1400ºC for 10 minutes and then suddenly brought down to the ambient condition by 

cooling it in air for 10 minutes. The number of cycles before any crack in the specimen was 

noted down as the spalling resistance. The testing was correlated to ASTMC-1171.  

Simultaneously the thermal shock resistance of the specimens fired at 1400 °C was tested 

according to the following method. The specimens were heated in a coke bed up to 1100 °C 

with a heating rate of 5 °C/min, and soaked at this temperature for 10 min. Then, the specimens 
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were taken out and quickly quenched into an oil bath; the purpose of using oil bath instead of 

the water bath was to prevent oxidation and hydration of the specimens. After completion of 

each cycle, the strength was measured [4.3].  

 

 

Fig 4.15: Raising hearth furnace 

 

4.3.10 Mercury Intrusion Porosimetry 

Mercury intrusion porosimeter measures the pore size of a given sample with increasing 

intrusion (mercury) pressure.. Mercury is intruded in the pores of the sample by increasing the 

pressure on the mercury, and the pore sizes are calculated as per Young-Laplace or Washburn 

equation 

ΔP= 𝛾 (1/𝑟1 + 1/𝑟2) =2𝛾𝐶𝑜𝑠𝜃 / 𝑟………..……..(4.3) 

Where r = radius of the Capillary Pore, γ = liquid-vapor interfacial tension, θ = contact angle 

between the liquid and capillary wall.  

One of the basic assumptions for the above equation is to consider all the pores as cylindrical 

ones. The methodology consists of evacuating the samples followed by the intrusion of 

mercury with increasing pressure. According to Washburn equation, the big sized pores will 

be filled first at a lower pressure, and the smaller ones will require a higher pressure to get 

filled. The volume of mercury intruded in the sample depends on pore size, shape, and their 

connectivity. Nature of pore and pore size distribution of the samples were evaluated through 
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porosimetry (Poremaster-33, Quantachrome, USA) (Fig 4.16). The sample was placed in the 

sample holder, and then the holder with the samples was evacuated. Next, the evacuated sample 

was infiltrated with mercury at increasing pressure. The volume of mercury being infiltrated in 

the sample was measured against pressure and finally plotted as against the size of the pore.  

 

 

Fig 4.16: Mercury Porosimeter 
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5.1.1 Introduction 

In the recent years, some researchers have obtained a MgO-C material with excellent physical 

properties through adding nanometer carbon black to improve the structure of binding carbon. 

Nano-carbons absorb and relieve the stress due to thermal expansion and shrinkage of 

refractories and also reduce the mal-distribution of thermal stress in the inner portion of 

refractories, resulting in an improvement in thermal shock resistance properties. 

 

Fine nano-sized particles play a vital role in filling up the interior pores and gaps of various 

grains/particles, resulting in ac ompact structure with improved physical, mechanical and 

chemical properties. Use of nano carbon in MgO-C refractory resulting superior spalling 

resistance as nano carbon suppresses the sintering of MgO and gradual improvement in 

mechanical properties with the increasing amount of nano carbon content [5.1.1-5.1.2]. 

Again increase in nano carbon content was found to reduce the modulus of elasticity and creep 

deformation behaviour and the texture of MgO-C refractory was found to be less affected. This 

indicated that fine carbon addition would be effective in improving the spalling resistance of 

low carbon MgO-C refractory because it would suppress the sintering of MgO. Also, increase 

in nanometer carbon black addition reported to improve MOR and CCS of MgO-C refractory 

by many researchers [5.1.3-5.1.4]. 

 

This section aims to optimize the nano carbon black content in low carbon MgO-C refractory 

in combination with a fixed 3 and 5 wt% of graphite content in the composition. The nano 

carbon is varied from 0 to 3% with an incremental increase of 0.5%. Compositions are also 

compared with the conventional 16 wt% graphite (without nano carbon) containing MgO-C 

refractory composition processed under exactly similar conditions. Physical, mechanical, 

thermo-mechanical and chemical properties were evaluated for each batch as per the standard 

methods (mentioned in 4) and compared with the conventional batch. The composition of slag 

was provided in table 4.3 chapter 4. The batch composition is provided in table 5.1.1 and table 

5.1.2. 
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Table 5.1.1: Batch Composition - 1 (5 wt.% Graphite) 

Raw materials 1 2 3 4 5 6 7 8 

Fused Magnesia 80 91 90.5 90 89.5 89 88.5 88 

Flake Graphite 16 5 5 5 5 5 5 5 

Nano Carbon Black N220 0 0 0.5 1 1.5 2 2.5 3 

Al Metal powder 2 2 2 2 2 2 2 2 

Boron carbide powder 1 1 1 1 1 1 1 1 

Carborose-P 1 1 1 1 1 1 1 1 

Powder Resin 1 1 1 1 1 1 1 1 

Liquid Resol Resin 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 

 

 

Table 5.1.2: Batch composition -2 (3 wt% Graphite) 

Raw materials 1 2 3 4 5 6 7 8 

Fused Magnesia 80 93 92.5 92 91.5 91 90.5 90 

Flake Graphite 16 3 3 3 3 3 3 3 

Nano Carbon Black N220 0 0 0.5 1 1.5 2 2.5 3 

Al Metal powder 2 2 2 2 2 2 2 2 

Boron carbide powder 1 1 1 1 1 1 1 1 

Carborose-P 1 1 1 1 1 1 1 1 

Powder Resin 1 1 1 1 1 1 1 1 

Liquid Resol Resin 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 
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5.1.2Bulk Density Study 

Fig. 5.1.1 shows that cured density (BD) has increased with the  increase  in  nano  carbon 

black content due to better  pore  filling, resulting in a better compaction up to 1wt% of nano 

carbon black addition for both the 5 and 3 wt% graphite containing batches and reaches a 

maximum density value of 2.96 g/cm3and 2.99g/cm3 respectively. Further increase in the nano 

carbon black does not result in the further filling of the pore volume, as the void space present 

in the system is nearly filled by even 1 wt% of nano carbon (much finer size results in greater 

volume). So, the excess nano carbon particles remain as free and enhance the bulk volume of 

the sample. Increasing amount of nano carbon further enhances the volume, thereby reducing 

the density values in both the batch [5.1.5]. 3 wt% graphite containing composition has little 

higher density value compared to that of 5 wt% graphite one, due to thepresence of higher 

amount of denser magnesia and less amount of graphite.  

 

 

Fig 5.1.1: Cured density of different batches 

 

The coked density also showed (Fig. 5.1.2) the similar tendency as observed in cured samples 

but density values are little low due to the removal of organic vapor and volatile materials at 

high temperature due to coking. Conventional 16wt% graphite containing composition showed 

relatively low-density values due to lower magnesia content, shown in as batch 1 in the figures. 
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Fig 5.1.2: Coked density of different batches 

 

5.1.3Apparent Porosity 

The change in AP with the increase in nano carbon is shown in fig 5.1.3. The addition of nano 

carbon is found to reduce the porosity values of the samples upto1 wt%, due to the better filling 

of void space by finer sized nano carbon particles. But, further, increase in nano carbon results 

in higher porosity values. Higher amount of nano carbon results in increasing the porosity may be  

 

 

Fig 5.1.3: Apparent Porosity of different batches 

 

Due to excess volume of the sample, as the excess amount of nano carbon could not further 

enter into the voids between the magnesia particles. A minimum prosody of ~3.5% is obtained 
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for 1wt% nano carbon and 3 wt% graphite containing batch compared to ~7% porosity for the 

conventional 16 wt% graphite (only) containing batch. 

5.1.4Crushing Strength (CCS) 

The variation of CCS of the cured batches with the variation in nano carbon black content is 

shown Fig 5.1.4. CCS increases with the nano carbon percentage in both 5% and 3% graphite 

containing batches. This is because of the increased filling of pores, resulting in an increase in 

compaction and densification and results in higher strength values in both batches. The CCS 

value increased up to 1 wt. % nano carbon due to the better filling of pores by the finer particles, 

after that addition of nano carbon resulting lower CCS due to higher volume fraction with low 

density [5.1.5].  

 

 

Fig 5.1.4: Cured strength (CCS) of different batches 

 

The CCS of coked samples (Fig 5.1.5) are lower than that of cured sample because the volatile 

materials are coming out at the higher temperature and making pores inside the sample causes 

lower strength. CCS values of conventional 16wt% graphite containing batch are also 

compared to batch 1 in the figures. 
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Fig 5.1.5: Coked strength (CCS) of different batches 

5.1.5 Oxidation Resistance 

Increasing amount of nano carbon black in the batches increases the oxidation, resulting in 

poor oxidation resistance (fig 5.1.6). Carbon oxidizes at high temperature in the oxidizing 

atmosphere and higher the carbon content, higher is the extent of oxidation. Again the total 

carbon content in both the batches composition are different, but the oxidation percentage of 

the batch containing 5wt% graphite is marginally higher than that of 3wt% ones, due to the 

presence of higher amount of carbon and gets oxidized faster. 

 

 

Fig 5.1.6: Diametrical percent oxidation of different batches 
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High oxidation was observed for the conventional 16wt% graphite containing batch 

comparable to the nano carbon containing batches. Percent oxidation of the conventional 

16wt% graphite containing batch is also comparedto batch 1 in fig 5.1.6. Cut surface of the 5 

wt% graphite containing batches after oxidation is shown in fig 5.1.7, as a representative one.  

 

 

Fig 5.1.7: Cut surface photographs of 5 wt% graphite containing batches after oxidation 

5.1.6 Hot Modulus of Rupture (HMOR)  

The HMOR values (fig 5.1.8) of both the 5 and 3 wt% graphite containing batches at 1400oC 

increase up to 1 wt% nano carbon black content but further increase reduces the HMOR values. 

This increase in HMOR value will associate with the formation of aluminium carbide resulting 

in a better strength at higher temperature.  

 

Fig 5.1.8: Hot MOR values of different batches 
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Formation of aluminium carbide the bonding of the matrix and resulting in higher strength at 

high temperatures. Finer size particles of nano carbon black have reacted faster and 

producedgreater extent of carbide, But above 1wt% nano carbon black addition increased the 

extent of oxidation may be responsible for loose structure resulting in a continuous decrease in 

HMOR values with further increase in nano carbon content. HMOR values of the conventional 

16wt% graphite containing batch are also compared to batch 1 in fig 5.1.8. 

5.1.7 Static Slag Corrosion Test 

Increasing amount of nano carbon black was found to reduce the penetration depth of slag (fig 

5.1.9). Hence it improves the corrosion resistance. The effect of carbon is more prominent 

when the particle size of carbon decreases to nano level as the reactivity, surface area, and 

surface volume increases by many folds.  

 

Fig 5.1.9: Slag penetration depth of different batches after static corrosion test 

 

Nano carbon being very fine in nature possesses high reactivity, high surface area, and specific 
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and corrosion. The corrosion resistance is increasing up to 1% nano carbon black containing 

for both the 3 and 5 wt% graphite containing batches. But, on further addition of nano carbon 

to both the batches, penetration depth was found to increase. This may be associated with the 

oxidation of excess nano carbon black present, which could not enter in the voids and enhances 
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extent slag penetration. Slag penetration depth of the conventional 16wt% graphite containing 

batch is also compared with low carbon containing MgO-C compositions in fig 5.1.9. Cut 
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surface of the 5 wt% graphite containing compositions after corrosion test are shown in fig 

5.1.10. Conventional batch (Batch 1) shows nearly no effect of corrosion and next are batch 4 

and batch 5. But the batch 6 and batch 8 shows a less corrosion resistance as the diameter of 

the corroding hole is increasing. 

 

Fig 5.1.10: Cut surface photographs of 5 wt% graphite containing batches after corrosion 

5.1.8 Conclusion 

Magnesia-carbon refractories with much reduced total carbon content, compared to the 

conventional magnesia-carbon refractories (16 wt.%), have been developed by using exactly 

the similar raw materials and the addition of nano carbon black. Variation of nano carbon 

content from 0.5 to 3 wt% combinations with 5 and 3 wt% graphite were studied. And3 wt% 

graphite combination with 1wt% nano carbon showing a better physical and mechanical 

property whereas batch with 5 wt% graphite and 1wt% nano carbon shows a better corrosion 

resistance and hot strength. Evenly disperse carbon particles were in the compositions, 

producing improved properties at lower carbon content. Uniform distribution of finer nano 

carbon black particles in the matrix phase results in filling of the tiny void spaces between 

coarse, medium and fine magnesia particles in a better way and enhances compaction. This 

reduces porosity, increases densification, strength, and improves other properties. Also, results 

in much greater oxidation resistance as the carbon particles are well entrapped in the voids of 

the magnesia particles. But, excess nano carbon particles, present for compositions containing 

above 1 wt% level, could not enter in the voids, as they are already filled up. So this excess 

nano particles enhances the bulk volume of the sample and affecting the properties. Oxidation 

was also found to enhance greatly above 1 wt% as the free nano carbon gets oxidized easily.  
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5.2.1 Introduction 

Conventionally MgO-C refractories contain about 8–20% total carbon where graphite is the 

primary source of carbon and resin being the secondary source. Carbon in the form of graphite 

in MgO-C refractory offered good corrosion resistance due to the non-wetting nature of 

graphite, better thermal shock resistance and minimized the chances of FeO corrosion of 

refractory due to the reduction of iron oxide by C to Fe metal [5.2.1-5.2.2]. 

Due to the above advantages, in early days refractory manufacturers started using a higher 

amount of carbon in MgO-C refractory compositions. But as the time progresses, it was found 

that higher amount of carbon is also associated with many drawbacks like greater degree of 

oxidation of carbon resulting in a highly porous structure with poor strength and corrosion 

resistance; increased thermal conductivity resulting in higher energy loss through the refractory 

wall and greater energy consumption per unit of steel produced, increased shell temperature 

causing damage and deformation of the metallic shell, generation of higher extent of COx gases 

and increased chances of carbon pick-up by molten metal.To avoid all these drawbacks, 

refractory researchers are trying to develop low carbon containing MgO-C refractory.  

Though nano carbon addition has resulted in superior properties in MgO-C refractories at a 

much lower total carbon content, still it cannot entirely replace the flake graphite in the 

composition. Nano carbon, mostly used as amorphous carbon black, has inferior oxidation 

resistance and thermal conductivity compared to graphite flakes, which are also a primary 

requirement for MgO-C refractory. Hence the amount of graphite in combination with nano 

carbon content remains an important parameter for the development of low carbon MgO-C 

refractory.  

In the previous section 1 chapter 5, optimization of the nano carbon contenthas ben done and 

this present section aims to optimize the graphite content for the compositions in combination 

with optimized 1wt% nano carbon. Flake graphite content was varied from 1wt% to 5wt%and 

the variation of the properties of low carbon MgO-C refractory is studied. Compositions are 

also compared with conventional 16 wt% graphite (without nano carbon) containing 

composition. Physical, mechanical, thermo-mechanical and chemical properties were 

evaluated for each batch as per the standard specification (mentioned in 4) and compared with 

the conventional batch. The composition of slag was provided in table 4.3 chapter 4. The batch 

composition is provided in Table 5.2.1. 

 

 



Chapter-5(2) Optimization of Graphite 

87 
 

Table 5.2.1: Batch Compositions for graphite (wt%) variation 

 

 

5.2.2Bulk Density study 

Cured density of the conventional MgO-C refractory having graphite content 16 wt% is 2.82 

g/cc. For low carbon containing compositions, high amount of graphite is replaced by nano 

carbon and fine magnesia, and the density is markedly increased. The combination of the low 

amount of graphite with nano carbon has a positive effect towards the enhancement of 

densification in the MgO-C refractory (Fig 5.2.1). Nano carbon, due to its finer size, helps to 

better pore filling, resulting in a better compaction. Batch composition 2 which contains only 

1wt% graphite has the highest cured density due to the presence of the highest amount of denser 

magnesia. For the same reason batch, 7 (5wt% graphite and 1 wt% nano carbon) resulted in 

minimum density values. 1 wt% nano carbon was found to be good enough to fill the void 

space in between the magnesia grains [5.2.3] and treated as optimized nano carbon content in 

these compositions. 

Raw materials Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 Batch 6 Batch 7 

Fused Magnesia 80 95 94 93 92 91 90 

Flake Graphite 16 1 1 3 3 5 5 

Nano Carbon Black  0 0 1 0 1 0 1 

Al Metal powder 2 2 2 2 2 2 2 

Boron carbide powder 1 1 1 1 1 1 1 

Carborose-P 1 1 1 1 1 1 1 

Powder Resin 1 1 1 1 1 1 1 

Liquid Resol Resin 3.75 3.75 3.75 3.75 3.75 3.75 3.75 
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Fig 5.2.1: Cured density of different batches 

The coked density also showed (Fig 5.2.2) the similar tendency as observed in cured samples 

but density values are little low due to the removal of organic vapor and volatile materials at 

high temperature due to coking [5.2.4]. 

 

Fig 5.2.2: Coked density of different batches 

5.2.3 Apparent Porosity 

Porosity was also found to be higher in the batches containing very low amount of carbon. This 

is due to the minimum presence of finer particles in the composition to fill the pores. Thus, the 

batch containing only 1 wt% graphite shows the highest porosity values. However, the increase 

in graphite content and especially the introduction of nano carbon greatly reduces the porosity 
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values, and the minimum porosity was observed for the 3 wt% graphite and 1 wt% nano carbon 

containing composition (fig 5.2.3). Whereas the AP value for the conventional batch is ~ 7 

%.This is because the conventional brick containing 16 wt.% graphite. The graphite being 

much coarser in size compare to nano carbon is not able to fill the voids as done by nano carbon 

particles. 

 

Fig 5.2.3: Apparent Porosity of different batches 

5.2.4 Cold Crushing Strength (CCS) 

The variation of CCS of the cured batches with variation in graphite content is shown fig 5.2.4. 

CCS of nano carbon black containing batches is much higher than the 16% graphite containing 

conventional batch.  

As nano carbon helps to fill-up the interior pores in between the magnesia grains, thus increases 

compaction and densification and results in higher strength values. Not much variation in 

strength values was found with the varying amount of graphite. Only a marginal increase in 

strength values was obtained for compositions containing nano carbon compared to without 

nano carbon, may be associated with better filling and packing due to the finer size of nano 

carbon [5.2.4]. 
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Fig 5.2.4: Cured strength (CCS) of different batches 

 

Fig 5.2.5: Coked strength (CCS) of different batches 

The CCS of coked samples (fig 5.2.5) are lower than that of cured samples because the volatile 

materials are coming out at the higher temperature and making pores inside the sample causes 

lower strength But the coked strength of nano carbon containing batches (batch 3, 5 and 7) is 

higher than that of without nano carbon containing batches (2,4,6) because of the formation of 

in-situ ceramic phases like aluminium carbide (Al4C3), magnesium aluminate spinel, 

aluminium nitride (AlN) whisker etc. The strength of the conventional 16wt% graphite 

containing batch was found to be comparatively lower that the other compositions [5.2.4]. 
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5.2.5 Oxidation Resistance 

Oxidation was found to be highest for the conventional composition and was found 

substantially higher for low carbon containing compositions, irrespective of graphite content 

(fig 5.2.6).  

 

Fig 5.2.6: Diametrical percent oxidation of different batches. 

Increasing amount of graphite from 1 wt% to 3 wt% was found to improve the oxidation 

resistance. Carbon oxidizes at high temperature in the oxidizing atmosphere, and higher the 

carbon content, higher is the extent of oxidation. Cut surface of batch 1 (16 wt% graphite), and 

batch 5 (3 wt% graphite with 1% nano carbon) are shown in fig 5.2.7. 

 

 Batch 1 Batch 5 

Fig 5.2.7: Cut surface photographs of Batch 1(16wt% graphite content) and batch 5 (3wt% 

graphite with 1wt% nano carbon) after oxidation 
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5.2.6 Hot Modulus of Rupture (HMOR) 

The HMOR values of different compositions are shown in fig 5.2.8. Hot strength was found to 

increase with the increase in graphite content of the low carbon MgO-C refractories. Again 

nano carbon containing batches showed higher hot strength values compared to that of the 

without nano carbon containing ones for same graphite content. Formation of in-situ ceramic 

phases of the fired samples is the reason for such betterment. Rod-like Al4C3 was observed in 

the nano carbon containing low carbon MgO-C refractory, thus enhancing the bonding of the 

matrix and resulting in higher strength at high temperatures.  

 

Fig 5.2.8: Hot MOR values of different batches 

Finer size particles of nano carbon black have reacted faster and produced the greater extent of 

carbide, thus improving the hot strength than without nano carbon containing compositions, 

irrespective of graphite content. Minimum hot strength was observed for the minimum carbon-

containing composition, batch 2. But in conventional batch with 16wt% graphite, increased the 

extent of oxidation from higher carbon content may be responsible for loose structure resulting 

in lower HMOR values [5.2.4]. 

5.2.7 Static Slag Corrosion Test 

The penetration depth (mm) of converter slag into the refractory wall was found to be minimum 

for the conventional composition. This may be due to the much higher amount of carbon (as 

graphite) used in the composition.  For low carbon containing compositions (batch 2 to 7), it 

decreases with the increase in total carbon content (fig 5.2.9). Higher graphite content resulted 

in a higher amount of non-wetting component in the system, resulting in greater corrosion 
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resistances. Nano carbon containing compositions showed relatively better corrosion 

resistances than the compositions without nano carbon, for all the batches with different 

graphite content.  

 

Fig 5.2.9: Slag penetration depth of different batches after static corrosion test. 

This may be due to a better distribution of nano carbon particles in the matrix and having very 

high surface area: volume ratio, resulting in higher non-wetting properties, even at much lower 

total carbon content. Minimum corrosion resistance was observed for batch 2, containing the 

minimum carbon content. Cut surface of different slag corroded samples after corrosion test 

are shown in fig 5.2.10. 

 

Fig 5.2.10: Cut surface photographs of batch 1, 2, &7 after corrosion. 
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5.2.8 Conclusion 

The low carbon containing MgO-C refractories with varying amount of graphite were prepared 

by conventional techniques of MgO-C refractory making. Variation of graphite content from 

1wt% to 5wt% with (1wt %) and without nano carbon was studied. Density and cold strength 

values of the low carbon refractories were found to be superior to the conventional ones. 

Oxidation resistance of the low carbon samples was found to be superior to the conventional 

composition, and hot strength was found to be improved for the low carbon compositions with 

varying graphite content and nano carbon. Formation of in-situ ceramic phases like spinel, 

carbide, etc. was found in the matrix phase is responsible for such improvements [5.2.5]. 

Corrosion resistance was also found to improve with increasing amount of graphite content for 

low carbon containing MgO-C refractories. 
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5.3.1 Introduction 

Carbon in magnesia carbon refractory oxidized in two ways, namely, (a) direct oxidation and 

(b) indirect oxidation. Direct oxidation occurs at a lower temperature (reaction 5.3.1) where 

carbon directly oxidized by the oxygen from the environment. Indirect oxidation usually starts 

above 14000C where carbon is oxidized by MgO (reaction 4.3.2) of the refractory or by FeO 

of the slag (reaction 4.3.3) [5.3.1]. 

2C + O2   2CO (g)……… (5.3.1) 

MgO + C                    Mg (g) + CO (g) ………(5.3.2) 

C (s) + FeO (l)                    Fe (l) + CO (g)…..(5.3.3) 

 

The resulting Mg gas from the reaction 5.3.2 oxidizes again and generates nascent MgO 

(reaction 5.3.4). This MgO is called the secondary oxidized phase and forms a dense MgO 

layer which coats the outer surface of the refractory and protects the carbon from further 

oxidation. 

2Mg (g) + O2 (g)                   2MgO (s)………(5.3.4) 

 

Though the addition of carbon has many advantages (same as mentioned in theprevious 

chapter), its oxidation at temperatures above 5000C is a major drawback, usually accompanied 

by the decrease in their mechanical strength and chemical resistance. To prevent the oxidation 

of carbon in MgO-C refractory, researchers have mainly used various metal powders and alloys 

as an anti-oxidant 

Incorporation of metal powders in low carbon MgO-C refractory results in the formation of in-

situ ceramic phases. This in-situ ceramic phase formation is important for the development of 

mechanical and thermo-mechanical properties, resistances against thermal shock, oxidation, 

corrosion, etc. 

Sections 1 and 2 of chapter 5, have optimized the combination of graphite and nano carbon 

content and the total carbon content. The present section targets to optimize the antioxidant 

powder by studying the effects of metal powders, namely Al, Si and Mg along with 1wt% B4C 

in the optimized 3 wt% graphite and 1 wt% nano carbon containing batch. The optimization 

study has been done by evaluating the properties of the compositions. First, the development 

of in-situ phase formation is studied by phase analysis and microstructure study. And then 

various other refractory properties were evaluated. At the same time, the properties were 

compared with the conventional 16 wt% graphite containing composition. The composition of 

slag was provided in table 4.3 chapter 4. The batch composition is provided in Table 5.3.1. 
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Table 5.3.1:  Batch composition (wt%) for anti oxidant study 

Raw materials Al0 Al1 Si0 Si1 Mg0 Mg1 

Fused Magnesia 80 92 80 92 80 92 

Flake Graphite 16 3 16 3 16 3 

Nano Carbon N220 0 1 0 1 0 1 

Al Metal powder 2 2 -- -- -- -- 

Si Metal powder -- -- 2 2 -- -- 

Mg metal powder -- -- -- -- 2 2 

Boron carbide 1 1 1 1 1 1 

Carborose-P 1 1 1 1 1 1 

Powder Resin 1 1 1 1 1 1 

Liquid Resol Resin 3.75 3.75 3.75 3.75 3.75 3.75 

 

5.3.2 Microstructure and phase analysis 

5.3.2.1Addition of Al metal powder 

 

Fig 5.3.1: XRD of Al1 batch composition  
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Fig 5.3.2: XRD of Al0 batch composition  

The phase analysis study of batch Al1 (fig 5.3.1) confirms the formation of in situ ceramic 

phases like magnesium aluminate spinel (MgAl2O4), aluminum carbide (Al4C3) along with the 

major constituents magnesia and carbon. This formation of the in situ ceramic phases is mostly 

responsible for the presence of nanocarbon as it has higher surface area and its higher reactivity 

[5.3.2]. But in the case of Al0 batch, only a little amount of spinel phase formation was 

observed (fig 5.3.4). The microstructural analysis (figure 5.3.4 A&B) is also showing the same. 

The presence of nano carbon in Al1 helps to form rod type aluminum carbide along with 

magnesium aluminate spinel confirm by EDAX (5.3.3). But in conventional batch (Al0), the 

only a little amount of spinel was detected (Fig 5.3.4). Large sized fused magnesia grains and 

flaky graphite, the main constituents, were also observed in both the Al0 and Al1 batches.  

4Al (s) + O2= 2Al2O3 (s)…………….. (5.3.5) 

4Al (l) +3C (s) = Al4C3 (s) …………….. (5.3.6) 

Al4C3 (s) +6CO (g) = Al2O3 (s) + 9C (s) …………….. (5.3.7) 

Al2O3 (s) + MgO (s) = MgAl2O4 (s) …………….. (5.3.8) 

The Al metal powder present in the matrix phase starts oxidizing on increasing the temperature 

and forms a thin Al2O3 layer (reaction 5.3.5). When the melting temperature of Al (that is 

6600C) is reached, a thin Al2O3 layer containing liquid aluminium within it forms  
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Fig 5.3.3: Microstructure of Al1 composition. (*AC- Aluminium Carbide, M- Magnesia, S- Spinel) 

 

Fig 5.3.4:  Microstructure of Al0 composition (*G- Graphite, M- Magnesia, S- Spinel) 

for a while, which breaks and releases the molten aluminium [5.3.3]. This released liquid 

aluminium reacts with C to form Al4C3 (reaction 5.3.6). Parallelly, carbon is also oxidized on 

increasing temperature by the diffused air into the sample.Now, the formed Al4C3 reacts with 

CO to form Al2O3 (reaction 5.3.7), which further reacts with MgO to form MgAl2O4 (reaction 

5.3.8), as reported by Taffin and Poirier [5.3.3]. 
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5.3.2.2 Addition of Si metal powder 

Phase analysis study of the Si1 and Si0 batches are shown in Figure 5.3.5 and 5.3.6 

respectively, whereas the microstructural micrographs of batches Si1and Si0 are given in 

Figure 5.3.7 and 5.3.8 respectively. Formation of SiC in the Si1 batch is due to the presence  

 

Fig 5.3.5: XRD of Si1 batch composition. 

 

Fig 5.3.6: XRD of Si0 batch composition. 
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Fig : 5.3.7 (A): Microstructure of Si1 composition 5.3.7 (B): Enlarged view of marked portion 

 

Fig 5.3.8: Microstructure of Si0 composition 

 [*M-Magnesia, G- Graphite, F- forsterite, SC-Silicon Carbide ] 

of nano carbon which has higher surface area and reactivity compared to graphite. The spider 

net like silicon carbide phases was observed in the Si1 batch (Figure 5.3.7 B, the enlarged view 

of the marked “B” portion of figure 5.3.7 A). But such a network of SiC is absent in Si0 batch 

(Fig. 5.3.8).Up to a certain amount, forsterite is better for the MgO-C refractory due to the 

filling of the pores and restricting the ingress of oxygen as reported by Gokce and others [5.3.1]. 

Thus improves the oxidation resistances. But at higher amount forsterite deteriorates the 

mechanical and hot strength properties [5.3.1] 

The presence of Si metal powder in these batches has a positive effect on the oxidation 

resistance due to the formation of a high amount of forsterite (Mg2SiO4) phase. It is assumed 
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that forsterite inhibits oxygen ingress by filling up the open pores in the sample. Si first reacts 

with C to form SiC (reaction 5.3.9) which then reacts with CO to form SiO2(s) (reaction 5.3.11). 

SiO2 then reacts with MgO to form Mg2SiO4 (reaction 5.3.12) [5.3.4]. 

Si(s) + C(s) = SiC(s)………. (5.3.9) 

2Si (s) + 2CO(g) = 2SiO (g) +2C (s)……………….. (5.3.10) 

SiC(s) + 2CO(g) = SiO2(s) + 3C(s)………………(5.3.11) 

SiO2(s) + 2MgO(s) = Mg2SiO4(s)……………….. (5.3.12) 

 

5.3.2.3 Addition of Mg metal powder 

Phase analysis of the matrix phases of the batches Mg1 and Mg0 is shown in fig 5.3.9 and 

5.3.10 respectively, confirming the presence of the main constituent phases magnesia and 

graphite. There are small peaks of sequicarbide (Mg2C3) phase are also observed for the Mg1 

batch only(fig 5.3.9), as also reported by Novak and Irmann [5.3.5 and 5.3.6],which may be 

due to the presence of nanocarbon in the batch 1. Higher reactivity of nanocarbon has reacted 

faster with MgO forming Mg (g), and it also reacts in greater extent for form the sequicarbide 

phase, which is absent for the only graphite containing Mg0 batch. 

 

Fig 5.3.9: XRD of Mg1 batch composition 
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Fig 5.3.10: XRD of Mg0 batch composition 

 

 

Fig 5.3.11 A: Microstructure of Mg1 composition   Fig 5.3.11 B: Enlarged view of marked portion 

(*MC- Magnesium Carbide, M-Magnesia) 
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Fig 5.3.11 C: EDS analysis of “C” marked portion in Fig 5.3.11 B. 

 

Fig 5.3.12: Microstructure of Mg0 composition 

(*G-Graphite, M-Magnesia) 

The microstructural photographs of the batches Mg1 and Mg0 are shows in fig 5.3.11 and 

5.3.12 respectively. In figure 5.3.11 A greater extent of nail type microstructure was observed. 

The enlarged view of the “B” marked portion of figure 5.3.11 A clearly shows (fig 5.3.11 B) 

the formation of insitu phase in the composition. To identify the nail structured grains, EDS 

analysis on these grain are done, and the details are given in figure5.3.11 C. Only magnesium 
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and carbon are found to be present on the nail featured grains, which is also found in the phase 

analysis (fig 5.3.9) as sequicarbide [5.4.8 and 5.4.10]. This in situ ceramic phase is observed 

on and aside of magnesia grains (fig 5.3.11 A), as can be seen in the higher magnification 

photomicrograph, figure 5.3.11 B. But this sequicarbide formation is not observed, both in 

phase analysis and microstructure study of theconventional Mg0 batch (fig 5.3.10 and 5.3.12), 

containing no nano carbon. 

The anti-oxidant Mg metal powder starts to evaporate around 5000C. Nano carbon, having 

higher surface area and reactivity, starts to react this magnesium vapor and forms magnesium 

carbide as proposed by Novak and Irmann, which on further heating converted to 

sequicarbide(Mg2C3) phase[5.3.5-5.3.6]. 

Mg(g)+C (Nano carbon)                     MgC2(s)…………… (5.3.13) 

MgC2(s)                        Mg2C3(s)……………………. (5.3.14) 

 

5.3.3 Coked Strength 

The coked strength of the different batches is shown in fig 5.3.13. Nano carbon, being finer in 

size can easily enter in the void space of magnesia grains and increase the compaction of the 

compaction [5.3.7-5.3.8]. Fine nano carbon particles can distribute uniformly in the matrix of 

the refractory. Thus,formation of insitu phases, as evidenced in the microstructural and phase 

analysis study, are also uniformly distributed, resulting in better bonding within the batches 

containing nano carbon and higher strength in the compositions. Amongst the three different 

anti-oxidants, aluminium is most effective, may be due to the formation of magnesium 

aluminate spinel, aluminiumcarbide, etc. Though the addition of silicon and magnesium result 

in different in situ ceramic phases, however, they are less effective [5.3.9]. 
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Fig 5.3.13: Coked strength of different batches 

5.3.4 HMOR 

The hot strength of all batches has shown in fig 5.3.14. The hot strength values of the nano 

carbon containing batches are higher compared to the conventional one. This increase in 

HMOR value is associated with the formation of in situ ceramic phases resulting in a better 

strength at higher temperature. But in the case of the conventional batch (16% graphite) 

increased the extent of oxidation may also be responsible for producing a loose structure 

resulting in lower HMOR values. Aluminum metal powder containing composition shows a 

better hot strength comparable to another batch due to the formation of rod-like aluminum 

carbide and magnesium aluminate spinel [5.3.2]. 

 

Figure 5.3.14: Hot MoR of different batches. 
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5.3.5 Corrosion resistance 

Compositions containing 16wt% graphite showed lower penetration depth, indicating greater 

penetration and corrosion resistances (fig 5.3.15) compared to that of the nano carbon 

containing compositions, irrespective of types of antioxidant used. The presence of amuch 

greater amount of non-wetting graphite has enhanced the corrosion resistance. Among the three 

different anti-oxidants, aluminum is found to be more effective against corrosion, may be due 

to the formation of aluminum carbide and spinel in the matrix phase (reaction 5.3.6 and 5.3.8). 

The higher surface of nano carbon produces greater extent of in situ ceramic phases and 

resultsin a better corrosion resistance.  

 

Fig 5.3.15: Slag penetration depth of different batches 

5.3.6 Discussion of corrosion mechanism in microscopic level 

Fig. 5.3.16 shows the microstructural photograph of the corroded portion of Al1 batch. Fig 

5.3.16 A shows the slag zone and unaffected refractory portions in two sides and between these 

two zones there is a reaction zone (slag penetrated zone). The degradation of refractory in the 

presence of the slag may occur by a combination of mechanisms like slag infiltration, direct 

MgO dissolution into the penetrated slag, erosion of percale grains at elevated temperature, 

MgO-C reaction and extrinsic oxidation of carbon by reducible slag component (e.g., FeOx, 

CrOx etc.).Higher magnification (figure 16B) indicates decarburization in the slag penetrated 

zone with some MgO dissolution. Next, to the slag penetrated layer, a thick decarburized layer 

is observed in which nearly no graphite is present, and many large voids are observed [5.3.2]. 

Rod-likealuminium carbide and spinel crystals were identified in the uncorroded refractory 

layer, as found in enlarged figure (fig 5.3.16 C) of a red marked portion of fig 5.3.16 B. 
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(*G- Graphite, M- Magnesia, SL- Slag Component, S- Spinel, AC- Aluminium Carbide) 

Fig 5.3.16 A: Micrographs of slag refractory interface of Al1 batch. 

Fig 5.3 16 B: Interface of thereaction zone and refractory. 

Fig 5.3.16 C: Enlarged view of marked portion. 

Fig 5.3.16 D: EDS of Reaction zone. 

Fig 5.3.16 E: EDS of slag refractory interface 

 

EDX analysis plots of the reaction zone are shown in Fig 5.3.16 D and E. Both the analysis 

shows that other than constituting Mg, O and C elements, there are Ca, Si, Al and Fe ions 

present. This indicates that these elements have come from the slag. From the elemental 

concentration of these impurity ions, it can be commented that the main penetrating 

components of the slag are CaO and SiO2.This type of similar feature was also reported by S. 

Zhang et al [5.3.4]. EDX analysis also shows that penetration effect of Al and Fe oxides from 

the slag but with a lesser extent. However, strong Al elemental peak intensity is observed in 

the figure 5.3.16 D, which may be due to the presence of high aluminium on the spot of EDS 

analysis may be due to the presence of concentric Al metal powder, added as an antioxidant in 

the composition.  
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(G- Graphite, F- Forsterite, SC- Silicon Carbide) 

Fig 5.3.17 A: Micrographs of slag refractory interface of Si1 batch. 

Fig 5.3.17 B: Enlarged view of marked portion. 

Fig 5.3.17 C: EDS of marked portion C 

Figure 5.3.17 shows the corroded microstructure of Si1 batch and the enlarged view of the un 

corroded portion is shown in fig 5.3.17 B. Un corroded portion shows the presence of both 

forsterite and silicon carbide phases (fig 5.3.17B). The Higher amount of forsterite (2MgO 
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SiO2, M2S) formation in Si1 compared to the conventional batch, Si0, as observed in fig 5.3.5 

and 5.3.6, has increased the MgO dissolution in slag and resulted in severe corrosion in Si1 

batch.   

The negative effect of the Si addition on the MgO dissolution was related to the formation and 

dissolution of SiO2 in the slag. SiO(g) formed in the uncorroded refractory and the penetrated 

layer, as mentioned in reaction 5.3.10 andwould diffuse towards the slag layer. When it arrived 

at the decarburized zone, it gets oxidized to SiO2 as per reaction due to the oxidizing effect of 

dense MgO andslag layers and oxidizing environment. 

SiO (g) + O2(g)= SiO2(s)…………………. (5.3.15) 

The SiO2 so formed would interact with MgO to form M2S, which further dissolved in the local 

slag. As predicted by the thermodynamic calculations, a small amount of slag could dissolve 

the M2S formed in the refractory, which would decrease the slag basicity (CaO/SiO2 ratio) and 

thus increase MgO solubility in the slag [5.3.2]. 

 

 

 

 

 



Chapter-5(3) Selection of Anti-Oxident 

113 

 

 

(* MC- Magnesium carbide) 

Fig 5.3.18 A: Micrographs of slag corrosion interface. 

 Fig 5.3.18 B: Enlarged view of marked portion. 

Fig 5.3.18 C: EDS of marked portion B 

 

Again, the presence of Mg metal powder, as an antioxidant, results in the formation of Mg 

vapour even from 500oC [5.3.5-5.3.6]. This causes a porous structure in the refractory and 

resulting in greater corrosion in the presence of liquid slag. Thus, Mg metal powder containing 

compositions, Mg0 and Mg1, showed higher penetration depth in the corrosion study (fig 

5.3.18). The batch composition Mg0 shows a better corrosion resistance compared to Mg1 due 

to a higher amount of graphite present. Some typical microstructures of refractory slag interface 

are shown in figure 5.3.18 A-B. Elements from the slag like silicon. Aluminium, calcium, 

iron,etc. are penetrating into the refractory which is found in EDS (fig 5.3.18 C).  

5.3.7 Oxidation Resistance 

High oxidation is observed (fig 5.3.19) for all the conventional 16wt% graphite containing 

batches compared to that of the nanocarbon containing batches for all the different antioxidants. 

The presence of greater extent of carbon in the compositions resulted in the greater extent of 

oxidation at the surface of the samples, causing porous nature and allowing greater oxygen 

C 
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ingress for further oxidation. Lower extent of oxidation in nano carbon containing low carbon 

refractories also related to the greater extent of in situ ceramic phase formation in the 

compositions and their distribution due to higher reactivity of nano carbon.  

 

Fig 5.3.19: Diametrical percent oxidation of different batches 

The same has also been evidenced in the phase analysis and the microstructural studies, like 

aluminium carbide and spinel in Al-containing batch, forsterite and silicon carbide in Si-

containing batch and magnesium carbide in Mg-containing batch. These insitu ceramic phases 

fill up the pores present in the composition thus restricting the oxygen ingress and also cover 

the carbon particles preventing the oxidation of carbon. Addition to this, secondary MgO 

formation, due to indirect oxidation of the refractory forming gaseous magnesium (reaction 

5.3.2) and further oxidation of it to form secondary oxidized MgO layer (reaction 5.3.4), 

protects the carbon from the ingress oxygen. This process is enhanced due to higher reactivity 

of the nano carbon. Among different antioxidants, aluminum metal powder shows higher 

oxidation resistances may be due to greater formation of rod-like aluminum carbide and 

magnesium aluminate spinel [5.3.2]. 

 

5.3.8 Density and Porosity of Oxidized layer 

Fig 5.3.20 and 5.3.21 shows the density and porosity values of oxidized layers of different 

batches. The samples were fired at 14000C in an open atmosphere, so the oxidation starts at the 

outer surface and progressively increases inwards with time. The oxidized surface density of 

the conventional batches is much lesser than the nano carbon containing low carbon refractory 

batches, irrespective of the antioxidant present.  
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Fig 5.3.20: Density of outer (oxidized) surface. 

Carbon oxidizes at hightemperature inoxidizing atmosphere and higher the carbon content, 

higher is theextent of oxidation, as observed in fig 5.3.19. According to particle size, graphite 

is much coarser than carbon nanoparticles. In conventional batch, the void space created due 

to the oxidation of graphite is bigger in size compare to nano carbon containing batches. Hence, 

the filling up of these smaller voids in nano carbon containing batches easily occurs by the 

secondary MgO layer (reaction 5.3.4) which is difficult for the conventional batch. Also, the 

secondary MgO formation is higher for the nano carbon containing compositions due to its 

higher reactivity. Among the different antioxidants, the density of the oxidized layer for the 

Mg-containing composition is found to be marginally higher compared to the others due to 

greater formation of the of the secondary MgO (reaction 5.3.4) in the presence of excess 

magnesium metal.  
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Fig 5.3.21: Porosity of outer (oxidized) surface 

5.3.9 Conclusion 

1. In this section effect of Al, Si and Mg metal powder antioxidants on the nano carbon 

containing low carbon and conventional (16wt% graphite) MgO-C refractories is studied 

using phase analysis, microstructural studies, oxidation resistance, corrosion resistance in 

microscopic level as well as quantitative level, coked and hot strength.  

2. Nano carbon, having finer size, helps to fill the void space of magnesia grains and increases 

the compactness results in a better strength. 

3. Metal powder addition to low carbon refractory results in a higher amount of different in 

situ ceramic phase formation because of the higher surface area and higher reactivity of 

N220 nano carbon compared to graphite. 

4. Al metal powder results in aluminium carbide and magnesium aluminate spinel formation, 

Si metal powder helps to form silicon carbide and forsterite and Mg metal powder produces 

magnesium sequicarbide in the matrix phase of the MgO-C refractory. 

5. The greatrer extent of these insitu ceramic phases formation in the nano carbon containing 

low carbon refractories resulted in improvement of various properties in the compositions. 

6. However, corrosion resistance was found to be higher in conventional compositions due to 

much higher amount of carbon (graphite) present.  

7. Formation of secondary oxidized (MgO) phase was also found to be higher for nano carbon 

containing compositions. 
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8. Among different antioxidants studied, Al was found to better due to uniform and greater 

extent of formation of insitu phases like aluminium carbide and magnesium aluminate 

spinel.  
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5.4.1 Introduction 

Magnesia-Carbon refractories are ideally suited for high-temperature applications, because of 

their properties. However, it is rare that exposure to high temperatures is not accompanied by 

rapid temperature changes and associated thermal stress. This thermally inducted stresses may 

be of such magnitude, that in conjunction with mechanical loads, the stresses may reach 

unacceptable levels 

MgO-C refractories are widely used in steel ladle, electric arc furnace, etc. For the most 

effective productivity of the steel plant, these high duty refractories need to fulfillsome 

demanding properties like high thermal shock, high mechanical strength and oxidation 

resistance at elevated temperatures. An optimization of the above properties and thus the 

refractory performance can be achieved by an appropriate adjustment of carbon content.  

In the recent years, some researchers have obtained a MgO-C material with excellent physical 

properties through adding nanometer carbon black to improve the structure of binding carbon 

[5.4.1-5.4.3]. Nano carbons absorb and relieve the stress due to thermal expansion and 

shrinkage of refractories and also reduce the mal-distribution of thermal stress in the inner 

portion of refractories, resulting in an improvement in thermal shock resistance properties 

[5.4.3]. But nano carbon, mostly used as amorphous carbon black, cannot replace graphite 

completely in MgO-C compositions as it has inferior oxidation resistance and thermal 

conductivity compared to graphite flakes [5.4.4]. Hence the amount of graphite in combination 

with nano carbon content remains an important parameter. The use of nanoscaled materials in 

carbon bonded refractory products was introduced in 2003 by Tamura et al. [5.4.1] and 

Aneziris et al. [5.4.5]. The main reason for the rather late implementation of nanoscaled 

materials in carbon bonded refractories was their extremely high production cost as well as 

difficulties to distribute homogeneously the nanoscaled powders in the refractory matrix 

This present section aims to study the thermal shock resistance, distribution of matrix phase 

and elemental carbon distribution of the optimized total carbon content batch based on the 

graphite, nano carbon, and anti oxidants contents and compare with the conventional batch. 

Reference to the previous chapters, we have optimized the total carbon content [5.4.6-5.4.7] 

and select one best anti oxidants [5.4.8] for the study of thermal shock resistance, distribution 

of matrix phase and elemental carbon distribution. In this section, we also compare the all 

above-mentioned properties with the conventional composition. Physiochemical properties of 

raw materials and testing procedure were mentioned in chapter 4.  The batch composition is 

provided in Table 5.4.1 
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Table 5.4.1: Batch composition (wt%) for further characterization 

Raw material Batch 1 Batch 2 

Magnesia 80 92 

Graphite 16 3 

Nano carbon 0 1 

Al-metal powder 2 2 

Boron Carbide 1 1 

Carbrose P 1 1 

Powder Resin  1 1 

Liquid Resol Resin 3.75 3.75 

 

5.4.2 Thermal shock resistance 

From the fig 5.4.1 it has been observed that an increase in retention strength value after the first 

cycle, this may be due to the micro crack of the both samples. Formation of spinel due to the 

reaction between alumina (forming on oxidation of aluminium metal powder) and fine 

magnesia in the matrix phase results in the creation of micro cracks due to the thermal 

expansion coefficient mismatch with magnesia. This thermal expansion mismatch has occurred 

during the first cycle causes the formation of micro cracks within the matrix. On further thermal 

shocks, these micro cracks also wanted to grow and result the propagation of cracks caused by 

the thermal shock this failure due to the thermal shock under load results an increase in strength 

retention capacity of the sample.  

This spinel formation is common on the both conventional and N220 nano carbon containing 

low carbon magnesia carbon composition, however low carbon containing composition 

produces higher extent of spinel due to the higher reactivity of nano carbon and greater 

formation of aluminium carbide which oxidized to form reacting alumina and hence produces 

more amount of spinel in the composition. So the effect of micro cracking is higher in nano 

carbon containing composition and strength retention capacity is also higher.  

But further increasing thermal shock cycles, this micro cracking effect is not very strong, and 

the strength retention capacity sharply decreases as the formation of the greater extent of micro 

cracks resulting poor strength. 
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Fig 5.4.1: Strength retention capacity after thermal cycle. 

Fig 5.4.2 represents the thermal shock resistance of the conventional (16% graphite) and nano 

carbon containing compositions. No crack was observed till 14 thermal cycles for the nano 

carbon containing composition and till 15 cycles for the conventional composition respectively. 

However, after 12 cycles, conventional composition showed a de-skulling / peeling off effect 

of its surface, where a layer of refractory was peeled off and detached from the original sample 

without formation of any visible crack. As no crack was observed, thermal shock test was 

continued for the sample. This peeling off effect was observed for every cycle after 12 th 

thermal cycle for the conventional composition, without any crack formation. However no such 

effect was observed for the nano carbon containing composition. First crack was observed for 

the nano carbon containing composition at its 15 cycle and for the conventional composition 

at the 16 cycle. Hence, from the crack observation study of thermal shock resistance there is 

hardly any difference in these two compositions. 
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Fig 5.4.2: Thermal shock cycle of different batches 

 

5.4.3 Distribution of carbon and matrix phase 

Fig 5.4.3 A&B show the micro graphs of cured low carbon containing batch and conventional 

batch respectively. Here it is clearly visible that, the matrix phase is well coated with the 

magnesia grains in nano carbon containing composition whereas in conventional composition 

there was not well the distribution of matrix phase. This results in a better refractories property. 

 

Fig 5.4.3: Matrix phase distribution in low carbon composition (A) and conventional composition (B) 

 

A 
B 

40µ 40µ 
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Fig 5.4.4: Elemental carbon distribution in the matrix phase in low carbon composition (A) and 

conventional composition (B) 

Elemental distribution of carbon was studied using scanning electron microscope, and uniform 

distribution of carbon particles was observed (as white spots), and no agglomeration was found 

in the batches. 1wt% N220 nano carbon along with 3wt% graphite containing batches are 

shown in figure 5.4.4 A and fig 5.4.4 B shows the 16wt% graphite containing conventional 

batch. The figures show that carbon is well distributed all through the body even at low carbon 

content. Uniform distribution of nano carbon black particles has resulted in to achieve similar 

of better properties even at much lower carbon content, compared to that of conventional 

composition.  

5.4.4Pore size distribution 

Mercury intrusion porosimetry data showed that pores are present in two major size clusters 

for the conventional 16 wt% graphite containing composition. The coarsest one is in the size 

range of ~ 100 microns and the second one in the range of 1 to 10 micrometer. These two 

different discrete size ranges of pores may be due to the presence of voids amongst coarse and 

medium particles and also between the medium and small particles and among the small 

particles in the composition. There is not many pores are observed in the sub-micrometer or 

nanometer size ranges. The size of the pores, especially the coarser one, is big enough to affect 

the strength and corrosion and penetration of slag. The presence of graphite, even at 16 wt% is 

not good enough to minimize the pores. Thus the conventional composition is found to have 

relatively lower refractory properties. 
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Fig 5.4.5:Incremental intrusion of mercury against pore size of the conventional batch. 

 

Whereas, the optimized batch of the low carbon composition, containing 3 wt% graphite and 

1 wt% nano carbon shows reduced extent of porosities in these pore size ranges. This is mainly 

due to the filling of the pores in both the size ranges by much finer nano carbon particles, 

resulting in reduced volume of pores, thus enhancing compaction of the composition and 

resulting in increased strength corrosion and penetration resistances. Also, a great reduction in 

pore volume of the 1 to 10 micrometer range indicates that the nano carbon particles are in well 

dispersed (not in much-agglomerated) form and can fill the finer size fraction of the pores. But, 

in the presence of nano carbon, a new type of pores, in the range of 20 to 30 nano meter, is 

found. Such a finer size of pores is formed may be due to the inter-particle porosity present 

among the nano carbon particles. However, the size range of these new pores is such small that 

will not adversely affect the strength and corrosion properties of the compositions. 
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Fig 5.4.6: Incremental intrusion of mercury against pore size of the optimized low carbon batch 

 

5.4.5 Conclusion 

1. In this section thermal shock resistance was studied by strength retention capacity 

method and thermal shock cycles method for the optimized nano carbon content 

composition and compared with the conventional composition. The matrix phase, 

elemental carbon, and pore size distribution was also studied for the same 

2. Strength retention capacity after the first thermal cycle was found to be higher for each 

composition may be due to the formation of micro cracks. This is because of the thermal 

expansion mismatch between the spinel phase and magnesia. 

3. Cracks were also observed after the 14th and 15th thermal cycles for the nano carbon 

containing composition and conventional composition respectively. 

4. Distribution of matrix phase and elemental carbon were found evenly disperse among 

the matrix phase in the nano carbon containing composition. 

5. The intrusion mercury porosity was also studied for the both batches and it was found 

that nano carbon particles being finer in size help to fill the pores among the coarse and 
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finer particles which further reduced the porosity level in nano carbon content 

composition. -

were found to reduce significantly in presence of nano carbon.  
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1. Magnesia-carbon refractories with much reduced total carbon content, compared to the 

conventional magnesia-carbon refractories (16 wt.%), have been developed by using 

exactly the similar raw materials and the addition of N220 nano carbon black. 

2. Variation of nano  carbon content from 0.5 to 3 wt% in combination with varying graphite 

content between 1 wt% to 5wt% has been studied. 

3. The density of low carbon contains batch (3 wt% graphite in combination with 1wt% N220 

nano carbon) shows 2.99g/cc density whereas conventional refractory shows 2.82g/cc 

which is more than 6% enhancement compared to the conventional refractory. Similarly, 

the cured strength is found to be better compared to the conventional refractory which is 

about 69%. This is mainly due to the better filling of void space in the refractory sample 

by fine nano carbon. 

4. The porosity is found to be ~3 % for the low carbon optimized batch, whereas for the 

conventional batch it is ~7%. Filling of the void space among the coarse, medium and fine 

particles by much finer nano carbon has reduced the porosity level also. But, presence of 

higher amount of nano carbon, above 1 wt%, results in deterioration in properties. Excess 

nano carbon present in the system could not further enter in the voids, as already filled, 

enhances the bulk volume of the sample and thus enhances the porosity values and 

deteriorates other refractory properties. 

5. The coked density and strength of all the compositions are found to be lower than the 

cured one because of the removal of volatile organic material at a higher temperature 

which affects the density, strength and other properties.  

6. The hot strength values are found to increase with increasing amount of nano carbon and 

5wt% graphite with 1 wt% nano carbon containing composition shows about 24% higher 

strength value compared to the conventional refractory. This is because of the presence of 

nano carbon which has higher surface area and higher reactivity and results in a greater 

formation of insitu ceramic phases. 

7. The oxidation resistance of low carbon refractory (3 wt% graphite in combination with 

1wt% N220 nano carbon)is found to be about 32% more than the conventional refractory 

because of the lower amount of carbon present. But higher amount of nano carbon shows 

drastic deterioration in oxidation as the excess carbon oxidizes very fast. 

8. The corrosion resistance of the low carbon compositions is found to be lower compared 

to the conventional refractory due to the higher amount of graphite phase present in 

conventional refractory. Corrosion resistance of the nano carbon containing low carbon 

compositions enhances with the increase in nano carbon content, but upto 1 wt%. Further 



Chapter-6 Summary of the work 

131 

 

increase in nano carbon resulted in weaker refractory, may be due to the oxidation of the 

excess free carbon present in the composition resulting in porous structure. 

9. 3wt% graphite in combination with 1wt% N220 nano carbon showing better physical and 

mechanical properties whereas 5 wt% graphite with 1wt% nano carbon shows a better 

corrosion resistance and hot strength. Little higher amount of total carbon might have 

restricted the slag better and produced greater extent of insitu ceramic phases enhancing 

the properties. However, greater nano carbon in the composition is not found to be 

beneficial. 

10. Effect of addition of Al, Si and Mg metal powders, as antioxidants, on the nano carbon 

containing low carbon and conventional (16wt% graphite) MgO-C refractories is studied 

using phase analysis, microstructural studies, oxidation resistance, corrosion resistance in 

microscopic level as well as quantitative level, coked and hot strength.  

11. Metal powder addition in the nano carbon containing compositions results in a higher 

amount of different in situ ceramic phase formation because of the higher surface area and 

higher reactivity of N220 nano carbon particles compared to that of the graphite, only 

present in the conventional composition. 

12. Al metal powder results in the formation of aluminium carbide and magnesium aluminate 

spinel phases, Si metal powder helps to form silicon carbide and forsteritephases and Mg 

metal powder produces magnesium sequicarbide in the matrix phase of the MgO-C 

refractory. All these phase formations are found in both the phase analysis by x-ray 

diffraction and microstructural analysis.  

13. The greatrer extent of these insitu ceramic phases formation in the nano carbon containing 

low carbon refractories resulted in improvement of various properties in the compositions. 

14. However, corrosion resistance was found to be higher in conventional compositions due 

to much higher amount of carbon (graphite) present.  

15. Formation of secondary oxidized (MgO) phase was also found to be higher for nano 

carbon containing compositions and especially for the Mg metal powder containing 

composition. 

16. Among different antioxidants studied, Al was found to better due to uniform and greater 

extent of formation of insitu phases like aluminium carbide and magnesium aluminate 

spinel. Formation of forsterite phase in Si containing composition adversely affected the 

hot strength and corrosion properties, whereas Mg containing composition causes porous 

structure at a much lower temperature and affects the properties adversely. 
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17. The thermal shock resistance in term of strength retention capacity after coking and 

thermal shock cycles were done for the 3wt% graphite with 1wt% N220 nano carbon black 

containing batch and conventional only 16 wt% graphite containing composition are found 

to be very similar. 

18. Evenly disperse carbon particles in the compositions and well coated matrix phase over 

the magnesia particles are found in the optimized low carbon containing composition. 

19. Porosimtery study shows decrease in the extent of larger sized pores to a great extent in 

the nano carbon containing composition compared to the conventional one due to filling 

of the voids in presence of nano carbon, even at much lower total carbon content. 
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