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PREFACE 

 

Nanostructured bainitic steels represent a major advance in technology for 

producing very large quantities of three-dimensional objects like rail, armor, transmission 

shaft and bearing. The nanostructure bainitic steel usually is a mixture of slender plates 

of bainite embedded in a matrix of carbon enriched austenite. This austenite is stable 

under ambient conditions. Previous researchers found that nanostructured bainitic steel 

can be made carbide-free by adding sufficient amount of silicon concentration and by 

adding elements like Mn and Ni that increase the thermodynamic stability of the austenite 

at room temperature. However, that makes the transformation kinetics sluggish. 

Accelerated transformation of bainite can be obtained by adding small amount of Al and 

Co. The evaluation of nanostructured bainitic steel reports low toughness, reasonable 

fatigue, wear and corrosion resistance. Very less study is available on the effect of higher 

amount of retained austenite on tensile properties of high carbon carbide-free 

nanostructured bainitic steels. No study is available on the low cycle fatigue behaviour 

of high carbon carbide-free nanostructured bainitic steel. Tribological study at low and 

medium carbon bainitic steel shows that with increasing percentage of carbon wear 

resistance increases. However, there is hardly any literature on tribological behaviour of 

high carbon carbide-free nanostructured bainitic steels. There is no significant study 

available in literature on corrosion behaviour of high carbon carbide-free nanostructured 

bainitic steel with high amount of retained austenite as well as with variation of 

austempering time. Therefore, the objectives of the present investigation are to produce 

high carbon carbide-free nanostructured bainitic steel with improved strength, toughness, 

fatigue, wear and corrosion resistance.  
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The present thesis is divided into eight chapters. 

Chapter 1 accounts literature survey on synthesis and characterization of nanostructured 

bainite and its resultant mechanical properties like tensile, fatigue and wear behaviour 

and corrosion properties to find scientific gaps. Chapter ends with the objectives of the 

present investigation.  The objectives of the present investigation are:  

1. Design and characterization of ultrahigh strength carbide-free nanostructured 

bainitic (NSB) steel at lowest possible austempering temperature. 

2. Ductilization, strengthening and toughening of the NSB steel. 

3. Evaluation of low cycle fatigue behaviour of NSB steel. 

4. To study the influence of microstructure and mechanical properties on dry sliding 

wear behaviour of nanostructured bainitic steel. 

5. To study the effect of microstructure on Electrochemical and immersion 

Corrosion behaviour of nanostructured bainitic steel. 

Chapter 2 describes the design, synthesis and processing of materials and procedures of 

characterization of phases, microstructure, mechanical and corrosion properties. Three 

alloy compositions were designed using Jmat-pro database to get three different levels of 

martensite start temperature (much below room temperature, below room temperature 

and above room temperature). The selected compositions except manganese was melted 

in vacuum in an induction furnace at 1600°C. The temperature of melt was dropped to 

1575°C and vacuum was replaced by argon atmosphere. Ferro-manganese and 

manganese were added to the melt. The homogeneous melt was maintained at 1550°C 

and was cast as plate in a copper mold. The cast materials were homogenized at 1200°C 

for 24 h in vacuum followed by furnace cooling. The homogenized plates were hot rolled 
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at 1050°C for 75% reduction in thickness and air cooled. The chemical analysis of hot-

rolled plates was characterized by optical emission spectroscopy.  The rolled sheets were 

austenitized at 950°C for 30 minutes. One set of austenitized samples was austempered 

at 250°C for different time periods to get required amount of bainite and another set of 

samples was patented at 550°C for 1 h for fully fine pearlitic structure. The austempered 

and patented steels are characterized by x-ray diffraction for phases and its quantification, 

crystallite size, micro strain, dislocation density and carbon content of retained austenite. 

Morphology and distribution of coarse phases were imaged in optical microscope. 

Scanning electron microscopy (SEM) was utilized for morphology of bainite, retained 

austenite, pearlite and size of blocky austenite. The chemical composition of phases was 

determined by EDS. Morphology, size and its distribution of bainite and filmy austenite, 

carbides if any were studied using transmission electron microscopy. Selected area 

diffraction patterns were analysed for confirmation of phases. Further hardness, tensile, 

Charpy impact toughness and low cycle fatigue testing were conducted on austempered 

steels. Also, dry sliding wear and corrosion behaviour of austempered steels were 

conducted and compared with patented steels of the same composition.  

Chapter 3 illustrates the synthesis and microstructural characterization of high carbon 

high silicon carbide-free nanostructured bainitic steel. XRD and TEM studies confirm 

that the investigated steels are carbide-free. Austempering of specially designed B12VA, 

B14VA, and B15VA steels at 250°C results in carbide-free nanostructured bainite with 

plate thickness in the range of 24-36 nm along with filmy and blocky retained austenite. 

For a given composition and austempering temperature, increasing austempering time 

increases volume fraction of bainite, increases amount of filmy austenite but decreases 

blocky retained austenite. Austempering of B12VA, B14VA and B15VA steels for a 
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respective optimized period of 96 h, 48 h and 50 h at 250°C temperature produces ~65 

% bainite and ~35% retained austenite. 

Chapter 4 describes in detail the strengthening behaviour of high carbon high silicon 

carbide-free nanostructured bainitic steel. Yield strength of nanostructured bainite 

increases with increasing bainite content but ultimate tensile strength is mainly controlled 

by strain-induced martensite (SIM). Hardness of the austempered samples increases with 

increasing bainite content. XRD and TEM analysis confirmed that chemically stable but 

mechanically unstable blocky retained austenite undergo strain-induced martensitic 

transformation in all three compositions with decreasing order from B15VA, B14VA and 

B12VA as carbon percentage is in increasing order. SIM leads to high ductility with 

increasing strength and hardness. Among selected three compositions, B15VA-1 shows 

highest total elongation of 29.2%, Yield strength of 1281 MPa, highest ultimate tensile 

strength (UTS) of 1889 MPa, tensile toughness (UT) of 492 MJ/m3, hardness of 602 HV 

and product of strength and elongation (PSE) value of 55.16 GPa%. Work hardening 

behaviour of the selected nanostructured bainitic steel matches with the Swift model of 

three stages of deformation mechanism with increasing strain. Bainitic-austenitic steel of 

selected composition fails by mixed mode of fracture; however, the ductile fracture 

predominates. 

Chapter 5 describes the low cycle fatigue and Charpy impact behaviour of high carbon 

high silicon carbide-free nanostructured bainitic steel. The low cycle fatigue (LCF) tests 

were conducted at 5×10-3 s-1 strain rate and ±0.50%, ±0.60%, ±0.70% and ±0.80% strain 

amplitudes. It was observed that fatigue life decreases with increasing strain amplitude. 

B15VA-2 steel revealed excellent fatigue life (11322 cycles) at strain amplitude of 

±0.50% amongst the studied steels (B12VA-2, B14VA-2 and B15VA-2). Cyclic 
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hardening was observed in all the strain amplitudes for all samples. XRD studies of 

fatigue tested samples reveal the formation of new phase, martensite. During cyclic 

loading, blocky retained austenite which is chemically stable but mechanically unstable, 

is transformed to martensite and contributed to cyclic hardening. The crack initiation 

takes place at the surface in all the fatigue tested samples. The striations are very fine and 

are visible on some transgranular facets of some samples. B15VA-1 and B15VA-2 

samples reveal better impact energy among the studied steels (15-18 J/cm2). Charpy 

impact samples reveal typical quasicleavage fractography, indicating a specific pattern 

of fracture morphology. The crack propagation predominantly occurred through interlath 

cracking, suggesting a specific mechanism of crack growth within the material. 

Chapter 6 discusses the sliding wear behaviour of high carbon high silicon carbide-free 

nanostructured bainitic steel and compared it with that of patented steel. Patenting of the 

steels at 550°C results in a fine pearlitic structure. X-ray diffraction and transmission 

electron microscopy (TEM) were used to confirm the presence of nanostructured bainite 

and retained austenite in austempered steels, as well as ferrite and cementite in patented 

steels. In patented steels, the optical, scanning, and transmission electron microscopy 

revealed the presence of lamellar pearlite. The hardness and tensile strength of patented 

steels are much less than that of austempered steels. The mass loss is linearly dependent 

on the load and the specific wear rate as well as coefficient of friction decreases with the 

rise in load from 10 N to 50 N. The hardening volume of B15VA-1 sample is greater than 

that of B15VA-2 and P15VA, and it is mainly due to the transformation of blocky retained 

austenite to strain-induced martensite. The austempered and patented samples of B12VA 

and B14VA reveals similar trends but higher specific wear rate than the B15VA. The 

bainitic pins exhibited superior tribological response than the pearlitic one. SEM analysis 
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of worn surfaces confirmed that at lower load (10 N), abrasive wear occurs but at higher 

load (50 N), the wear mechanism changes to adhesive along with abrasive in bainitic 

steel and oxidative wear along with adhesive and abrasive wear in pearlitic steel. 

Chapter 7 discusses the effect of microstructure on electrochemical and immersion 

corrosion behaviour of high carbon high silicon carbide-free nanostructured bainitic steel 

and patented steel. Electrochemical and immersion corrosion tests are conducted in an 

aqueous 3.5% NaCl solution. The corroded surfaces are analysed with the scanning 

electron microscope (SEM) and X-ray photoelectron spectrometer (XPS). Corrosion 

resistance increases with increasing carbon percentage due to the formation of magnetite 

(Fe3O4), provided the content of other alloying elements remains the same. The presence 

of Ni decreases corrosion rate significantly, i.e., enhances corrosion resistance, charge 

transfer resistance (Rct) and polarization resistance (Rp). Reducing retained austenite in 

nanostructured steel decreases the corrosion rate due to the lesser area of galvanic couples 

and the formation of uniform, compact, and non-porous passive layer. The bainitic steel 

samples demonstrated superior corrosion resistance to that of the pearlitic steel due to 

lesser cell formation. The corrosion mechanisms of high-carbon bainitic and pearlitic 

steel are discussed. 

Chapter 8 presents major conclusions drawn from the present investigation along with 

suggestions for the future work. 

 

 

 
 

 


