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HEAT TREATMENT TECHNOLOGY 

MODULE-1 

1.0   SOLID STATE PHASE TRANSFORMATION: 

 

 

 

 

 



 
 

 

1.1   DIFFUSION 

 

At any temperature different from absolute zero all atoms, irrespective of their state of aggregation 

(gaseous, liquid or solid), are constantly in motion. Since the movement of particles is associated with 

collisions, the path of a single particle is a zigzag one. However, an aggregation of “diffusing” particles has 

an observable drift from places of higher to places of lower concentration . For this reason diffusion is 

known as a transport phenomenon 

 

 

In each diffusion reaction (heat flow, for example, is also a diffusion process), the flux (of matter, heat, 

electricity, etc.) follows the general relation 

Flux = (conductivity) x (driving force) 

 In the case of atomic or molecular diffusion, the “conductivity” is referred to as the diffusivity or the 

diffusion constant, and is represented by the symbol D. We realize from the above considerations that this 

diffusion constant (D) reflects the mobility of the diffusing species in the given environment and accordingly 

assumes larger values in gases, smaller ones in liquids, and extremely small ones in solids. 

 

The “driving force” for many types of diffusion is the existence of a concentration gradient. The term ΔC/Δx 

→ dC/dx “gradient” describes the variation of a given property as a function of distance in the x-direction. If 

a material exhibits a linear variation of concentration with distance in the distance x-direction, we speak of 



 
 

a constant Concentration gradient ΔC /Δx concentration x-direction. The gradient itself is the rate of change 

of the concentration with distance (dc/dx), which is the same as the slope of a graph of concentration vs. 

position (Δc/Δx)  

 

 

Steady State and Nonsteady Diffusion Diffusion processes may be divided into two types:  

(a) steady state and 

 (b) nonsteady state.  

 

Steady state diffusion takes place at a constant rate - that is, once the process starts the number of atoms 

(or moles) crossing a given interface (the flux) is constant with time. This means that throughout the system 

dc/dx = constant and dc/dt = 0. 

 

 

Nonsteady state diffusion is a time dependent process in which the rate of diffusion is a function of time. 

Thus dc/dx varies with time and dc/dt ≠ 0. Both types of diffusion are described quantitatively by Fick’s laws 

of diffusion. The first law concerns both steady state and nonsteady state diffusion, while the second law 

deals only with nonsteady state diffusion. 



 
 

 

 

 



 
 

 

 

 



 
 

 

 

 

 

  



 
 

 

 

 

 

 



 
 

 

 

 

PRACTICE PROBLEM 

For a steel alloy it has been determined that a carburizing heat treatment of 10-h duration will raise the 

carbon concentration to 0.45 wt% at a point 2.5 mm from the surface. Estimate the time necessary to 



 
 

achieve the same concentration at a 5.0-mm position for an identical steel and at the same carburizing 

temperature 

Ans: 40 hr 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

1.2  FORMATION OF AUSTENITE 

 

 

 



 
 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

1.9 

Pearlitic transformation:  

Pearlite is a product of eutectoid transformation in steel. It forms within austenite having a fixed amount of 

carbon (0.8%C) during isothermal hold at a temperature below 723°C (A1) but above 550°C (the knee of the 

TTT diagram). It has a lamellar structure consisting of alternate plates of cementite and ferrite. The distance 

between two consecutive cementite plates is ). The cementite plates are more widely spaced in 

coarseknown as its inter lamellar spacing ( pearlite. The finer details of coarse pearlitic structure are 

visible under optical microscopes. Nital (2% nitric acid in alcohol) the most common etching reagent for 

steel attacks only the boundary between ferrite and cementite. However the width of a cementite plate is 

so thin that it appears as a dark line. Its width is approximately 1/7th the width of a ferrite plate. Let us now 

look at the mechanism of decomposition of austenite into pearlite in a little more detail. This is shown in 

slide 3 by a set of sketches representing the redistribution of carbon within austenite resulting in the 

nucleation of a pearlite nodule. 

 

 



 
 

 

 

 

 

 

 

 

The sketch (a) in slide 3 shows how % carbon in austenite would change when a tiny plate of cementite 

(Cm) forms. Recall that % C in eutectoid austenite and Cm are 0.8 and 6.67 respectively. When a tiny plate 

of Cm forms the carbon content at the interface drops significantly. However %C in austenite away from 

the interface still remains at 0.8%. This is represented schematically as a plot of %C as a function of distance 

on the two sides of a Cm plate. The carbon profile keeps changing with time as the Cm plate becomes 

thicker. When %C at the interface drops below a critical limit ferrite plates nucleate on the two sides of the 

Cm plate. %C in ferrite is as low as 0.02%. Therefore nucleation of ferrite is accompanied by the rejection of 

excess carbon into austenite. The %C in austenite increases beyond 0.8%. The sketch (b) in slide 3 shows 

the variation of %C as a function of distance from the ferrite austenite interface. This too keeps changing 

with time. When it exceeds beyond a critical point Cm plates nucleate at the two ferrite austenite interfaces 

as shown in sketch (c) of slide 3. This too is accompanied by a change in carbon concentration at the 

interfaces. This is how the pearlitic transformation in steel may be assumed to be taking place.    On the 

basis of this ) of pearlite and theassumption it is possible to find a relation between the lamellar spacing ( 

temperature of isothermal hold. This is illustrated in slide 4 

 

 

 

 

 

 

 

 

The sketch (a) in slide 4 shows a pearlite nodule consisting of alternate layers of ferrite and cementite. The 

sketch (b) shows the relevant part of the Fe‐Fe3C phase diagram. The dotted horizontal line denotes the 



 
 

temperature at which the pearlite nodule has formed.    The line representing the composition of austenite 

that can coexist with ferrite as a function of temperature has been extended to intersect the dotted 

horizontal line denoting temperature at 

  

 



 
 

 

 

 

 

1.11 

ISOTHERMAL TRANSFORMATION OF AUSTENITE TO PEARLITE / TTT :  

 

We have just seen how a nucleus of pearlite once formed could grow within a grain of super cooled 

austenite. The effect of nucleation rate was ignored. Yet it is possible to explain why the time temperature 

transformation diagram of a diffusion controlled transformation has a characteristic C shape. The 

nucleation rate too like the growth rate depends on the degree of super cooling. Let us now look at the 

process of transformation at a constant temperature. The kinetics of transformation at a constant 

temperature is best followed by monitoring fraction transformed as a function of time. Module 24 explains 

various ways of monitoring the kinetics of such transformation. Slide 5 shows the isothermal 

transformation (or TTT) diagram of eutectoid steel and beside it there is a plot of fraction transformed (f) as 

a function of time (t) at a constant temperature (T).    The temperature at which the transformation has 

been monitored is shown as a horizontal dotted line on the TTT diagram (sketch (a) in slide (5)). The sketch 

(b) in slide 5 gives a plot of f as a function of time at a constant temperature T. Note that it has a 

characteristic ‘S’ shape. The transformation starts when the hold time t exceeds ts. Initially the rate of 

transformation is slow but it increases until it reaches a maximum. Thereafter the rate of transformation 

keeps decreasing until the transformation is complete at time t = tf 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

1.12 BAINITE: LOW TEMPERATURE EUTECTOID:  

Bainite forms in steel if it is quenched from the state of austenite to a temperature below the nose of the TTT 

diagram but above the Ms (temperature) and held there long enough for the transformation to go to completion (see 

fig 1). 

 It consists of an intimate mixture of ferrite and extremely fine carbides. Unlike pearlitic transformation it starts with 

the nucleation of ferrite laths or plates within which the tiny particles of carbides are dispersed.  

The precipitation occurs simultaneously as in the case of pearlitic transformation. It can therefore be viewed as a 

product of low temperature eutectoid transformation.  

Like pearlite the kinetics of bainitic transformation too is controlled by diffusion.  

However the nucleation of bainite laths or plates require higher degree of super‐cooling.  

 

 

Figure 1 shows the TTT diagram of eutectoid steel. It is reproduced here to show the main features of bainitic 

transformation. Bainite that forms near the nose of the TTT diagram is known as upper or feathery bainite. 

 It forms with the nucleation of ferrite laths on specific crystallographic planes of austenite and carbide platelets form 

on the boundary of the lath as it keeps extending. This leads to a microstructure as shown in fig 1.  

The gap between the platelets is too short to be seen under optical microscope. There is a close similarity between 

the structure of fine pearlite and upper bainite.  

The main difference is in the size of the cementite plate. In pearlite, cementite plates are long whereas in bainite it 

is made of a large number of broken platelets aligned along the axis of the ferrite lath 



 
 

 

 

The time it takes for pearlitic or bainitic transformations to start can be represented by two different ‘C’ shaped plots. 

It is shown in fig 2. Pearlitic transformation occurs just below the eutectoid temperature (A1). Bs is the temperature 

below which austenite can transform into bainite.  There should be a pair of similar ‘C’ shaped plots representing the 

time it takes for the transformations to be completed. These have not been shown to avoid overcrowding of too 

many curves within the sketch in fig 2. The lower bainite has a distinctly different structure. Its main features are 

shown with the help of a sketch in fig 1. 

 

 

 Lower bainite, also known as acicular bainite, forms with the nucleation of ferrite plates with a fine dispersion of 

thin rod shaped carbides. The composition of the carbide corresponds to Fe2.4C. It is known as epsilon carbide ). 

 These are aligned at an angle with respect to the axis of the ferrite plate. We would later( come across similar 

structure having a dispersion of epsilon carbide in a ferrite matrix during tempering of steel.  

This is why some time lower bainite might get identified as tempered martensite. This can be avoided by a careful 

examination under TEM or SEM at higher magnification. 

 Bainite is also characterized by the shorter distance between neighboring carbides. This suggests that diffusion of 

carbon during bainitic transformation is limited over a very short distance. We know that the diffusion distance is 

given by √ ܦݐ  where D denotes diffusivity of carbon in austenite. 

 Bainite forms at a relatively low temperature where the diffusivity of carbon is low. This is why carbides in bainite are 

in the forms of short platelets or thin & short rods.   

 



 
 

1.13 MARTENSITIC TRANSFORMATION: 

 Martensite forms in steel if it is quenched from the austenitic state to a temperature below Ms.   Unlike pearlite and 

bainite it is a homogeneous (single) phase. Austenite is FCC. It is stable at high temperature. The solubility of carbon 

in austenite is much more than that in ferrite the low temperature form of iron which is BCC. If the steel is cooled 

slowly carbon gets enough time to diffuse within austenite. As a result it transforms into a mixture of ferrite and 

carbide. However on quenching atoms of carbon are retained within the lattice even if the crystal structure 

transforms from FCC to BCC. The presence of excess carbon in BCC lattice is responsible for tetragonal distortion. This 

is why the crystal structure of martensite is BCT. It may be ’). The most importantconsidered as a super saturated 

solid solution of carbon in alpha iron (  

 

 

characteristics of martensitic transformation are as follows:   

 

 Athermal: Transformation occurs as long as the temperature keeps dropping.  

 

 Diffusion‐less: The composition of martensite is exactly same as that of austenite. 

 

 

 Crystal structure: Body centered tetragonal. Its c/a ratio is a function of carbon content. 

 

 Hardness: It is hard& brittle. Hardness increases with %C. It reaches RC 64 at %C = 0.6   

 

 

 Morphology: Depends on %C. It is acicular or needle like if %C > 0.3. Lath if %C < 0.3.     

 

 Speed: Extremely fast (~ velocity of sound / elastic wave). Takes place by shear.   



 
 

 

 CCT DIAGRAM 

 

 

 

 

 

 

Figure 7(a) shows how from the dilation versus T plot the transformation temperatures can be obtained. During 

heating the length of the sample increases almost linearly due to thermal expansion.  

As T goes a little beyond the eutectoid temperature ferrite carbide structure start transforming into austenite. 

Since austenite has higher packing density than ferrite it is accompanied by contraction.  

By the time T reaches 20°‐30°C more than A1 it completely transforms into homogeneous austenite (in case of 

eutectoid steel). Thereafter the cooling stahe begins. 

 Initially the sample contracts with decreasing temperature.  

The dilation versus T plot is nearly linear till it drops to Ts. Here onwards the length of the sample starts 

increasing. This is because of volume expansion accompanying the transformation of austenite into a mixture 

of ferrite and carbide. 

 The expansion continues until T reaches Tf where the transformation is complete. Thus from the dilation plot 

one can get temperatures at which the transformation begins (Ts) and ends (Tf).  

Once these are known the time at which the transformation begins (ts) and ends (tf) at this cooling rate can be 

directly read from the cooling curve as shown in fig 7(b).   

 



 
 

 

 

 

 

 

 

 

Repeat the experiment just described for a set of different cooling rates. Prepare a table giving the Ts, Tf, ts and tf as 

a function of the cooling rates. The temperature at which the transformation begins and ends depends on cooling 

rate if it is slow.  

However beyond a critical cooling rate it becomes independent of cooling rate. This defines the cooling rate above 

which the nature of the transformation is athermal. Plot these data to generate a transformation diagram as shown 

in slide 6.  

Note how ts and tf for the two cooling rates (5°C/s and 35°C/s) are marked on the corresponding T versus t plots. 

Beyond a cooling rate Ts and Tf are independent of cooling rate. They represent Ms and Mf temperatures.  

The line joining the points denoting ts at various cooling rates represent the time at which the transformation of 

austenite to pearlite begins. The curve is labeled as Ps. Similarly the line joining the points denoting tf at various 

cooling rates represent the time at which the transformation of austenite to pearlite is complete. The curve is labeled 

as Pf. The sketch shown in slide 6 is known as CCT or the continuous cooling transformation diagram 

 

 



 
 

RELATIONSHIP BETWEEN TTT AND CCT 

 

 

 

 Figure 8 shows the relation between the locations of the starting and the finishing lines in the CCT and TTT 

diagrams of eutectoid steel.  

The curves labeled Ps & Pf correspond to the starting and finishing points of pearlitic transformation in the CCT 

diagram. The dotted ‘C’ curves are the corresponding plots in its TTT diagram.  

There is continuous cooling curve superimposed on the diagram. It intersects the TTT curves at two points: a & b; 

whereas a’ and b’ are the points of intersection with CCT plots.  

When the cooling curve intersects the dotted line denoting the start of pearlitic transformation the effective hold 

time at this temperature is not long enough for the transformation to begin.  

The temperature should drop a little more for the pearlitic transformation to begin. This is why the point a’ is located 

at a lower temperature and longer time in comparison to those corresponding to the point a.  

Similarly when the cooling curve intersects the dotted line denoting the finishing points for isothermal 

transformation the effective hold time at this temperature is not long enough for the completion of the 

transformation. The point b’ (see fig 8) on the cooling curve therefore, is located at a little lower temperature.  

 

 

 

 

 



 
 

2.11 

MARTEMPERING 

This is a special heat treatment technique to decrease the severity of quenching to minimize residual stress. Instead 

of direct quenching to room temperature the part is first quenched in a bath maintained at a temperature a little 

above Ms. It is kept there for a while before final quenching. The isothermal hold helps reduce the temperature 

difference between the surface T is not expected to be low.(S) and the core (C) of the part. During the final 

quenching when  The surface and the core may undergo martensitic transformation more or less at the same time. 

This is illustrated with the help of a diagram given in slide 3 

 

 

. 

 

 

 

The sketch in slide 3 has cooling curves of the surface and the centre superimposed on the TTT diagram of 

hypo‐eutectoid steel. Isothermal hold in the bainitic bay helps reduce the temperature difference. The treatment is 

known as martempering.    It helps reduce residual stress, susceptibility to distortion and cracking. One of the 

objectives of tempering is to reduce quenching stress. It can be avoided if %C in the steel is low. The final structure 

would consist of 100% un‐tempered martensite. It is difficult to etch. If %C in martensite is high it should be 

tempered.   

 

 



 
 

 

AUSTEMPERING 

 

It is an isothermal heat treatment process where you get 100% bainite all through the section of a part. Bainitic 

structure has certain advantages. It is hard yet tough. Hardness of lower bainite can be as high as Rc50. It has better 

combination of strength and toughness than that of martensite of similar hardness. Maternsite needs to be 

tempered. On tempering its structure becomes a mixture of ferrite and carbide. Bainite being is a mixture of ferrite 

and carbide. This is similar to that of tempered martensite. Therefore austempered structure need not be tempered 

again. Besides this the isothermal hold allows enough time for temperature within the part to become uniform. As a 

result transformation occurs simultaneously at the surface and the centre. There is no chance of developing any 

residual stress.  Besides this it is the only way you could get bainite in plain carbon steel.    Slide 4 illustrates with the 

help of a TTT diagram important steps to be followed during austempering of hypo‐eutectoid steel.   

 

 

 

 

 

 

The sketch in slide 4 has cooling curves of the surface and the centre superimposed on the TTT diagram of 

hypo‐eutectoid steel. Isothermal hold in the bainitic bay helps reduce the temperature difference between the 

surface(S) and the centre(C). 



 
 

3.0 HARDENABILITY 

Qantitative parameter  that defines  the ability of steel to harden on quenching. It should be independent of the size 

and shape of the component and the quenching medium.  

   Hardenability may be defined as the ability of steel to become hard all through the section on quenching from its 

austenitic state 

 

 

Hardenability may be defined as the ability of steel to become hard all through the section on quenching from its 

austenitic state. When you quench steel in cold water a blanket of steam would immediately surround it. This has 

relatively poor conductivity. Therefore the initial heat extraction rate may not be very high. However as the steam 

blanket disintegrates into small bubbles that float up due to the difference in density the cooling rate increases 

significantly.   This stage is known as nucleate boiling. It is promoted by agitation. It may soon reach a steady state 

when the heat flow from the core to the surface of the part by conduction becomes equal to the heat being extracted 

by convection current set up within the water due to boiling and agitation. Clearly under such a situation the cooling 

rates at the centre and the surface cannot be the same. The difference between the two is a function of the size of 

the part made of the same steel.    This is illustrated with help of a set of diagrams given in fig 3. Note that on 

quenching the surfaces of the two parts come in contact with water at the same temperature. We may therefore 

assume that the cooling rates at the surface to be the same. However the cooling rates at the centers are widely 

different 

 

 



 
 

 Ideal critical diameter (DI): It is the diameter of the cylindrical sample which on quenching 

from the appropriate austenitizing temperature in an ideal quenching medium gives 50% martensite and 50% fine 

pearlite at its centre. The magnitude of H for such a medium is infinity. Clearly DI should be greater than Dcrit for a 

particular quenching medium. There are charts and tables that are obtained empirically or by numerical solution of 

heat transfer equations under appropriate convective boundary conditions at the surface to convert Dcrit to DI. Slide 

12 gives an example of the same. The chart Dc versus DI has a set of lines representing the correlation between the 

two. It illustrates how to convert Dc to DI with the help of a pair of dotted lines if it denotes the critical diameter for 

water quenching. 

Ideal critical diameter adequately describes hardenabilty of steel. It is a material property. It does not depend on the 

size and geometry of steel. It gives an estimate of the depth of hardness of steel on quenching in an ideal quenching 

medium having infinite severity of quench (H). However it depends on the composition of steel, austenitizing 

temperature (or austenite grain size) and the homogeneity of austenite 


