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Notes for Unit III of ME 302 

• Heat treatment of metals, Based on phase diagram and T-T-T-Diagram the heat treatment of 

various metals, Bulk heat treatments, surface heat treatments, Case carburising, Types of 

Anealing, Normalising, Spherodising, 

• Phase Transformations like Pearlite, Cementite, Austenite, Troostite, Bainite, Hard and soft 

Martensite etc. 

• Laser hardening, Cyniding, Boriding, Nitriding, Flame hardening, Ion implantation, Etc. 

• Heat treatment cycles. 

• Metallographic studies, Optical Microscope, Electron Microscope. 

Heat treating, as the name implies, is a series of treatments in which heat is used to alter the 

properties of a metal or alloy. 

Because time at temperature is also important, heat treatment can be further defined as a series 

of time-temperature treatments. 

Heat treatments are used for a variety of purposes, the most 

important being to control the mechanical properties, 

especially hardness, ductility, strength, toughness, and 

internal stresses. 

There are many types of heat treatment processes, some of 

which are applied only to steels and others that are applied 

only to other alloys. 

Heat treatment processes can be classified into four general 

categories: 

• Annealing(softening) 

• Hardening 

• Surface hardening 

• Miscellaneous 

 
The purpose of heat treating carbon steel is to change the mechanical properties of steel, usually 

ductility, hardness, yield strength, or impact resistance. 

Note that the electrical and thermal conductivity are slightly altered. 

 

 

As with most strengthening techniques for steel, Young's modulus is unaffected. 

Steel has a higher solid solubility for carbon in the austenite phase; therefore all heat treatments, except 

spheroidizing and process annealing, start by heating to an austenitic phase. The rate at which the steel 

is cooled through the eutectoid reaction affects the rate at which carbon diffuses out of austenite. 

Generally speaking, cooling swiftly will give a finer pearlite (until the martensite critical temperature is 

reached) and cooling slowly will give a coarser pearlite. Cooling a hypoeutectoid (less than 0.77 wt% C) 

steel esults i  a pea liti  st u tu e with α- ferrite at the grain boundaries. 

If it is hypereutectoid (more than 0.77 wt% C) steel then the structure is full pearlite with small grains of 

cementite scattered throughout. The relative amounts of constituents are found using the lever rule. 

Iron-carbon phase diagram, showing the temperature and carbon ranges for certain types of heat 

treatments. 
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Phase Diagrams 

A phase diagram is a type of graph used to show the equilibrium conditions between the thermodynamically- 

distinct phases; or to show what phases are present in the material system at various T, p, and compositions 

e uili iu  is i po ta t: phase diag a s are determined by using slow cooling conditions ⇒ no information 

about kinetics. 

Phase diagrams provide valuable information about melting, casting, crystallization, and other phenomenon. 

Phase equilibrium diagrams are plots of the relationship between temperature, pressure and composition. 

Phase diagrams and phase transformation are used in the understanding of how microstructure evolves and their 

properties in relation to manufacturing and engineering processes. The details of the thermal history controls the 

way phase transformation takes place. The processing of most materials involves a thermal history such as the 

thermal history of solidification which is cooling from a high temperature process. 

Phase transformation in Fe-C system 

▪ Peritectic reaction at 9 ⁰C 

L (0.53% C) + δ (0.09% C) → γ (0.17% C) 

▪ Eutectic reaction at ⁰C 

L (4.3% C) → γ (2.1 % C) + Fe3C (6.67% C). 

The eutectic mixture of austenite () and cementite (Fe3C) is called Ledeburite. Compositions right and left of 4.3% 

are called hyper and hypoeutectic steels (Cast iron) respectively. 

▪ Eutectoid reaction at ⁰C 

γ (0.8 % C) → α (0.025% C) + Fe3C (6.67% C). The eutectoid 

mixture of ferrite (α) and cementite (Fe3C) is called Pearlite. 

▪ Compositions right and left of 0.8% are called hyper and hypoeutectoid steels respectively. 

▪ Compositions up to 2.1% C are steels and beyond this it is considered as cast iron. 
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Time-temperature Transformation Diagram (T-T-T) 

An isothermal transformation diagram is only valid for one specific composition of material, and only if 

the temperature is held constant during the transformation, and strictly with rapid cooling to that 

temperature. Though usually used to represent transformation kinetics for steels, they also can be used 

to describe the kinetics of crystallization in ceramic or other materials. Time-temperature-precipitation 

diagrams and time-temperature-embrittlement diagrams have also been used to represent kinetic 

changes in steels. 
 

A typical T-T-T diagram is shown below. The phases formed on isothermal holding at a given temp for a certain 

period of time are indicated. 
 

At normal cooling rates pearlite (P) forms, higher cooling rates generates bainite (B). The size of 

pearlite or Bainite depends on the transformation temp. 
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Martensite (M) forms when the steel is cooled below the maternsite start (Ms) temp at much higher 

cooling rate so that the nose of the T-T-T curve (shown dotted) is avoided (the long blue arrow). 

Diffusion rates below Ms is so low that γ to M transformation is a diffusionless process (the C content 

remains same). However, the crystal structure changes from FCC (γ) to body centered tetragonal (BCT). 

In actual practice a steel is generally cooled continuously. Continuous-cooling-transformation (C-C-T) diagrams 

depict this situation. 

The C-C-T curve (Blue) is shifted to the right of the T-T-T (dashed) curve as continuous cooling transformation 

occurs at lower temperature and longer time compared isothermal holding. 
 

Bainite generally does not form in steels during continuous cooling and hence the C-C-T curve ceases just below 

the nose. 

The microstructure (fine or coarse) depends on the cooling rate. Higher the cooling rate finer the microstructure 

is. 

Finer size pearlite is called sorbite and very fine size pearlite is called troostite. 

The critical cooling rate is the one at which the cooling curve just touches the nose of the C-C-T curve. 

A cooling rate higher than the critical rate is needed to form martensite. 

AUSTENITE 
 

Austenite (or gamma phase iron) 

is a metallic non-magnetic solid 

solution of iron and an alloying 

element. In plain-carbon steel, 

austenite exists above the critical 

eutectoid temperature of 1000 K 

(about 727 °C); other alloys of 

steel have different eutectoid 

temperatures. It is named after 

Sir William Chandler Roberts- 

Austen (1843-1902). 

Phase diagram of iron carbon 

 

 
BAINITE 

Bainite is a mostly metallic 

substance that exists in steelheat 
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treatments. First described by Davenport E. S. and Edgar Bain, it forms when austenite (a solution of carbon in 

iron) is rapidly cooled past a critical temperature of 723°C (about 1333°F). after certain 

A fine non-lamellar structure, bainite commonly consists of ferrite and cementite. It is similar in constitution to 

pearlite, but with the ferrite forming by a displacive mechanism similar to martensite formation, usually 

followed by precipitation of carbides from the supersaturated ferrite or austenite. 

When formed during continuous cooling, the cooling rate to form bainite is higher than that required to form 

pearlite, but lower than that to form martensite, in steel of the same composition. 

Bainite is generally stronger but less ductile than pearlite. 

Spheroidizing 

Spheroidite forms when carbon steel is heated to approximately 700 °C for over 30 hours. 

Spheroidite can form at lower temperatures but the time needed drastically increases, as this is a 

diffusion-controlled process. The result is a structure of rods or spheres of cementite within primary 

structure (ferrite or pearlite, depending on which side of the eutectoid you are on). 

The purpose is to soften higher carbon steels and allow more formability. This is the softest and most 

ductile form of steel. The image shows where spheroidizing usually occurs. 

Full annealing 

Carbon steel is heated to approximately 40 °C above Ac3 or Ac1 for 1 hour; this assures all the ferrite 

transforms into austenite (although cementite might still exist if the carbon content is greater than the 

eutectoid). 

The steel must then be cooled slowly, in the realm of 38°C (68.4°F) per hour. Usually it is just furnace 

cooled, where the furnace is turned off with the steel still inside. This results in a coarse pearlitic 

structure, which means the "bands" of pearlite are thick. 

Fully annealed steel is soft and ductile, with no internal stresses, which is often necessary for cost- 

effective forming. 

Only spheroidized steel is softer and more ductile. 

Annealing 

Process annealing: A process used to relieve stress in a cold-worked carbon steel with less than 0.3 

wt% C. The steel is usually heated up to 550–650 °C for 1 hour, but sometimes temperatures as high as 

700 °C. The image shows the area where process annealing occurs. 

Isothermal annealing: It is a process in which hypoeutectoid steel is heated above the upper critical 

temperature and this temperature is maintained for a time and then the temperature is brought down 

below lower critical temperature and is again maintained. Then finally it is cooled at room 

temperature. 

Normalizing 

Carbon steel is heated to approximately 55 °C above Ac3 or Acm for 1 hour; this assures the steel 

completely transforms to austenite. The steel is then air-cooled, which is a cooling rate of 

approximately 38 °C (68 °F) per minute. 

This results in a fine pearlitic structure, and a more-uniform structure. 
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Normalized steel has a higher strength than annealed steel; it has a relatively high strength and 

ductility. 

Quenching 

Carbon steel with at least 0.4 wt% C is heated to normalizing temperatures and then rapidly cooled 

(quenched) in water, brine, or oil to the critical temperature. 

The critical temperature is dependent on the carbon content, but as a general rule is lower as the 

carbon content increases. This results in a martensitic structure; a form of steel that possesses a super- 

saturated carbon content in a deformed body-centered cubic (BCC) crystalline structure, properly 

termed body-centered tetragonal (BCT), with much internal stress. Thus quenched steel is extremely 

hard but brittle, usually too brittle for practical purposes. These internal stresses cause stress cracks on 

the surface. 

Quenched steel is approximately three to four (with more carbon) fold harder than normalized steel. 

Martempering 

Martempering (Marquenching): Martempering is not actually a tempering procedure, hence the term 

"marquenching". 

It is a form of isothermal heat treatment applied after an initial quench of typically in a molten salt    

bath at a temperature right above the "martensite start temperature". At this temperature, residual 

stresses within the material are relieved and some bainite may be formed from the retained austenite 

which did not have time to transform into anything else. 

In industry, this is a process used to control the ductility and hardness of a material. 

With longer marquenching, the ductility increases with a minimal loss in strength; the steel is held in 

this solution until the inner and outer temperatures equalize. Then the steel is cooled at a moderate 

speed to keep the temperature gradient minimal. 

Not only does this process reduce internal stresses and stress cracks, but it also increases the impact 

resistance. 

Quench and tempering 

This is the most common heat treatment encountered, because the final properties can be precisely 

determined by the temperature and time of the tempering. 

Tempering involves reheating quenched steel to a temperature below the eutectoid temperature then 

cooling. The elevated temperature allows very small amounts of spheroidite to form, which restores 

ductility, but reduces hardness. 

Actual temperatures and times are carefully chosen for each composition. 

Austempering 

The austempering process is the same as martempering, except the steel is held in the molten salt 

bath through the bainite transformation temperatures, and then moderately cooled. 

The resulting bainite steel has a greater ductility, higher impact resistance, and less distortion. 

The disadvantage of austempering is it can only be used on a few steels, and it requires a special salt 

bath. 
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Figure demonstrates the effect of chill rate upon final structure, and is called a time- temperature- 

transformation or TTT diagram. 

Essentially, when cooling from the melt or high temperature phases, there is an incubation period 

below the equilibrium melting point or transformation temperature (723°C in the case of the steel 

shown) before the transformation occurs. This undercooling provides the driving force for the 

transformation. 

During a furnace cool (i.e. slow cooling rate) the austenite will start to transform to ferrite and 

cementite after sufficient undercooling, resulting in a microstructure of coarse pearlite. 

 

 

With a high cooling rate such as that experienced with a water quench, it is possible to miss the 'nose'  

of the TTT curve altogether. Martensite is produced starting at about 220°C for the composition   

shown. The finish temperature of the martensite reaction for certain alloys can be below room 

temperature, so that at room temperature some unstable austenite is present. 

Case hardening 

Case hardening or surface hardening is the process of hardening the surface of a metal, often a low 

carbon steel, by infusing elements into the material's surface, forming a thin layer of a harder alloy. 

Case hardening is usually done after the part in question has been formed into its final shape, but can 

also be done to increase the hardening element content of bars to be used in a pattern welding or 

similar process. 

The term face hardening is also used to describe this technique, when discussing modern armour. 

Laser Hardening 

Laser hardening is a heat treatment process or surface hardening process in which a laser beam is used 

to heat the surface of a metal part and then let it quickly cool down in surrounding air. This process is 

used exclusively on ferrous materials suitable for hardening, including steels and cast iron with a 

carbon content of more than 0.2 percent. 

Laser hardening requires less refinishing work and has the ability to process irregular, three-dimensional 

workpieces. Laser hardening increases hardness and wear resistance, which leads to reduction of 

abrasive wear. 

To harden the workpiece, the laser beam usually warms the outer layer to just under the melting 

temperature (about 900 to 1400 degrees Celsius). Once the desired temperature is reached, the laser 

beam starts moving. As the laser beam moves, it continuously warms the surface in the processing 

direction. The high temperature causes the iron atoms to change their position within the metal lattice 

(austenization). As soon as the laser beam moves away, the hot layer is cooled very rapidly by the 

surrounding material in a process known as self-quenching. Rapid cooling prevents the metal lattice from 

returning to its original structure, producing martensite. Martensite is a very hard metal structure. The 

transformation into martensite yields greater hardness. 

Carburizing 

o Carburizing is a process used to case harden steel with a carbon content between and 0.3 wt% C. In  

this process steel is introduced to a carbon rich environment 
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• and elevated temperatures for a certain amount of time, and then quenched so that the carbon is 

locked in the structure; one of the simpler procedures is repeatedly to heat a part with an acetylene 

torch set with a fuel-rich flame and quench it in a carbon-rich fluid such as oil. 

• Carburization is a diffusion-controlled process, so the longer the steel is held in the carbon-rich 

environment the greater the carbon penetration will be and the higher the carbon content. The 

carburized section will have a carbon content high enough that it can be hardened again through 

flame or induction hardening. 

• It's possible to carburize only a portion of a part, either by protecting the rest by a process such as 

copper plating, or by applying a carburizing medium to only a section of the part. 

• The carbon can come from a solid, liquid or gaseous source; if it comes from a solid source the process 

is called pack carburizing. Packing low carbon steel parts with a carbonaceous material and heating 

for some time diffuses carbon into the outer layers. A heating period of a few hours might form a 

high-carbon layer about one millimeter thick. 

• Liquid carburizing involves placing parts in a bath of a molten carbon-containing material, often a 

metal cyanide; gas carburizing involves placing the parts in a furnace maintained with a methane-rich 

interior. 

Nitriding 

Nitriding heats the steel part to 482–621 °C (900–1150 °F) in an atmosphere of ammonia gas and 

dissociated ammonia. 

The time the part spends in this environment dictates the depth of the case. The hardness is achieved  

by the formation of nitrides. Nitride forming elements must be present for this method to work; these 

elements include chromium, molybdenum, and aluminium. 

The advantage of this process is it causes little distortion, so the part can be case hardened after being 

quenched, tempered and machined. 

Cyaniding 

Cyaniding is a case hardening process that is fast and efficient; it is mainly used on low carbon steels. 

The part is heated to 871-954 °C (1600-1750 °F) in a bath of sodium cyanide and then is quenched and 

rinsed, in water or oil, to remove any residual cyanide. 

 

 

NaCN + O  → NaCNO NaCNO + O  → NaCO  +CO + N CO → CO  + C 

This process produces a thin, hard shell (between 0.25 - 0.75 mm, 

0.01 and 0.03 inches) that is harder than the one produced by carburizing, and can be completed in 20 

to 30 minutes compared to several hours so the parts have less opportunity to become distorted. It is 

typically used on small parts such as bolts, nuts, screws and small gears. The major drawback of 

cyaniding is that cyanide salts are poisonous. 
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We hope you find these notes useful. 

You can get previous year question papers at  

https://qp.rgpvnotes.in . 

 

If you have any queries or you want to submit your 

study notes please write us at 

rgpvnotes.in@gmail.com 
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