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The Heat Treatment of Steel
Austenite This phase is only possible in carbon steel

at high temperature. It has a Face Centre Cubic

(F.C.C) atomic structure which can contain up to 2%

carbon in solution.

Ferrite This phase has a Body Centre Cubic

structure (B.C.C) which can hold very little carbon;

typically 0.0001% at room temperature. It can exist

as either: alpha or delta ferrite.

Cementite Unlike ferrite and austenite, cementite is

a very hard intermetallic compound consisting of

6.7% carbon and the remainder iron, its chemical

symbol is Fe3C. Cementite is very hard, but when

mixed with soft ferrite layers its average hardness is

reduced considerably. Slow cooling gives course

perlite; soft easy to machine but poor

toughness. Faster cooling gives very fine layers of

ferrite and cementite; harder and tougher

Pearlite A mixture of alternate strips of ferrite and

cementite in a single grain.
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Ferrite is soft

Cementite is very hard

Lower critical temperature:

Pearlite areas             austenite areas

Upper critical temperature:

Ferrite areas             austenite areas



The Heat Treatment of Steel
Figures 2a, 2b, and 2c. These are examples of crystallographic structures.
The different colors represent different layers of iron atoms. The size of the
iron atoms is essentially the same in each of these structures. The only
differences are the density, dimensions, and sizes of the gaps within these unit
cells. The smallest elements like carbon can fit into these gaps. Ferrite (a) has
a body-centered cubic crystal structure. Austenite (b) has a face-centered
cubic crystal structure. Martensite (c) has a body-centered tetragonal crystal
structure.
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Hypoeutectoid steel:

Ferrite + pearlite (≤0.8%C)

Hypereutectoid steel:

Pearlite + cementite (≥ 0.8% C)

The approximate tensile strength of annealed 

hypoeutectoid steel can be determined by the 

following formula:

Appro. Tensile strength = 
40000 % 𝑜𝑓 𝑓𝑒𝑟𝑟𝑖𝑡𝑒 +120,000 (% 𝑜𝑓 𝑝𝑒𝑎𝑟𝑙𝑖𝑡𝑒)

100

Let, 0.20 %C annealed steel contains 25% pearlite 

and 75% ferrite
Appro. Tensile strength = 40000*(0.25)+120,000*(0.75)

= 60,000 psi
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Annealing and hardening range:

Above 50⁰ F of

Upper critical temperature (Hypoeutectoid steel)

Lower critical temperature (Hypereutectoid

steel)

Normalizing range:

Above 100⁰ F temperature for both steels

(Hypoeutectoid steel and Hypereutectoid steel)

 For hypereutectoid steels, it is necessary to to

heat above the Acm line in order to dissolve

the cementite network.

 Normalizing may also be used to improve

machinability, modify and refine cast

dendritic structures.
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 The faster the cooling rate, the lower the

temperature of austenite transformation

and the finer the pearlite. The Fig 8.6

shows the difference in spacing of the

cementite plates in the pearlite between

annealing and normalizing.

 If the annealed coarse pearlite has a

hardness of about Rockwell 10, the

normalized medium pearlite will be about

Rockwell 20.

 The net effect is that normalizing

produces a finer and more abundant

pearlite structure that is obtained by

annealing, which results in a harder and

stringer steel.
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 While annealing, spheroidizing, and

normalizing may be employed to improve

machinability, the process to be used will

depend upon carbon content .

The table shows the carbon percentage (%)

and also the corresponding microstructure

The differences between hot rolled steel and cold rolled steel
relates to the way these metals are processed at the mill, and not
the product specification or grade. Hot rolled steel involves rolling
the steel at high temperatures, where cold rolled steel is processed
further in cold reduction mills where the material is cooled
followed by annealing and/or tempers rolling.



The Heat Treatment of Steel
 Under slow cooling rates, the carbon atoms

are able to diffuse out of the austenite

structure. The Fe atoms moves slightly to

become b.c.c structures. This is called gamma

to alpha transformation. This process is time

dependent.

 With a further increase in cooling rate,

insufficient time for C to diffuse out in

solution, the structure can’t form b.c.c

structure while the carbon is trapped in

solution. The resultant structure is called

martensite, is a supersaturated solid solution

of carbon trapped in a body centered

tetragonal structure.

 The axial ratio  𝑐 𝑎 increases with carbon

content to a maximum 1.08.
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MS = Martensite formation starts

Mf = Martensite formation ends

The transformation depends only upon the decrease in 

temperature and independent of time. The amount of 

matensite formed with decreasing temperature is not linear. 

The number of martensite produced at first is small, then the 

number increases and finally, near the end, it decreases 

again.

The transformation to martensite will stop and will not 

proceed again unless the temperature is dropped.

The MS temperature be changed by changing the cooling 

rate.

The MS temperature seems to be a function of chemical 

composition only, and several formulas have been 

developed by which it may be calculated.

MS (⁰F) = 1000-(650*%C)-(70*%Mn)-(35*%Ni)-

(70*%Cr)-(50*%Mo)
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The influence of carbon on the MS and Mf

temperature is shown in the fig. 8.11. the Mf

temperature line is shown dotted because it is not 

clearly defined. Theoretically, the austenite to 

martensite transformation is never complete, and 

small amount of retained austenite will remain even 

at low temperature.

For an example,

For 0.8%C, MS = 560⁰F and Mf = not defined

For 0.4%C, MS = 780⁰F and Mf = 400⁰F
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The hardness of the martensite increases rapidly at first 

with the increase in carbon content.

For an example,

For 0.4%C, Rockwell C Hardness is 60

For 0.8%C, Rockwell C Hardness is 65

The hardness number falls for higher carbon %, because 

it retains austenite.

Martensite is always harder than the austenite from 

which it forms that is shown in fig.8.12. 

Q. Critical cooling rate??



The Heat Treatment of Steel
Steps that are usually followed to 

determine an isothermal-transformation 

(IT) diagram:

Step-1 to step-6  (Page-260)

Sample 1: after 30s at 1300⁰F and 

quenched, showed only martensite at 

room temperature. There is no enough 

time for the transformation of course 

peralite from austenite.

Sample 2: after 6h at 1300⁰F and 

quenched, showed 95%A and 5%P at 

room temperature. There is enough time 

(6h) for the transformation of course 

peralite from austenite and thus there has 

been transformed 5%P from austenite. 
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One showing the beginning of the transformation,

another curve showing the end of the transformation

and dotted curve in the between showing 50%

transformed.

Portions of these lines are often shown as dashed

lines to indicate a much higher degree of

uncertainty.

The I-T diagram is also known as

TTT(Transformation, Temperature and Time)

diagram.

This curve looking like ‘S’ curve.
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I-T diagram for a 1080 eutectoid steel:

 Above the Ae1 austenite is stable. The area to the 

left of the beginning of transformation consists of 

unstable austenite.

 The area to the right of the end of transformation 

line is the products that are transformed from 

austenite at constant temperature.

 The area between the beginning and the end of 

transformation labeled A+F+C, A=Austenite, 

F=Ferrite and C=Carbide

 The point on the beginning of the transformation 

farthest to the left is known as the ‘nose’ of the 

diagram.

 The Ms temperature is indicated as a horizontal 

line. Arrows pointing to the temperature scale 

indicate the temperature at which 50% and 90% 

of the total austenite will have transformed to 

martensite (On cooling)  
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Cooling curve 1- very slow cooling rate

Cooling curve 2- cycle annealing

Cooling curve 3- faster cooling rate than cycle annealing

Cooling curve 4- slow oil quench

Cooling curve 5- intermediate cooling rate

Cooling curve 6- drastic cooling

 The formation of pearlite depends on cooling rate. 

 The curves 1-5 have slow cooling rate and these curves 

show the different types of pearlite like coarse, medium 

and fine. 

 But the curve 6 has no sufficient time for the formation of 

pearlite, because cooling rate for this curve is very fast. 

(See Fig. 8.14, sample 1)
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Fig 8.27 (0.35%C & 0.35%Mn-1035 steel): this 

is hypoeutectoid steel. The nose the I-T diagram 

is not visible, indicating that it is very difficult to 

cool this steel fast enough to obtain only 

martensite. Here, the I-T diagram is left sided 

and the nose is not visible.
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Fig 8.29 (0.50%C & 0.91%Mn-1050 steel): if

we increase the C parcentage, the I-T diagram

will shift to the right side, In fig 8.29, the

increased C percentage and Mn percentage ha

shifted the diagram to the right side compared

to the fig 8.27.

Now, it would be possible to completely harden

this steel much more easily than the plain

carbon steel.
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Fig 8.31 (0.35%C & 1.85%Mn-1335 steel): from

the I-T diagram of 1335 steel, we can understand

that, when we increase the Mn content in low

carbon steel, the diagram also shift to the right

side, where the nose is completely visible, the fig

8.31 has shifted more compared to the fig 8.29.
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Fig 8.32 (0.33%C, 0.45%Mn & 1.97%Cr): this

figure shows the effect of Cr. The addition of 2%

Cr has not only shifted the curve to the right but

also has changed its shape, particularly in the

region of 900 to 1200⁰F.
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Stage A-Vapor-blanket cooling state: In this stage

the metal remains so heated that produces vapor

films in the quenching medium. The films

surrounds the metal rod. Since the vapor films are

poor heat conducted, the temperature falls slowly.

Cooling is by conduction and radiation through the

gaseous films.

Stage B-Vapor-transport cooling stage: vapor films

removes in this stage and temperature falls rapidly.

This is the fastest cooling stage.

Stage C-Liquid cooling stage: the temperature of

the liquids surrounded the specimen rod falls into

the boiling temperature from vaporization

temperature. So there is no chance to form vapor in

this stage.

Cooling at this stage is occurred by conduction and

convection method. For this reason cooling rate is

very slow in this stage.
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Cooling rate depends on:
 Type of quenching medium

 Temperature of quenching medium

 Surface of the condition of part

 Size and mass of the specimen

Quenching medium:
Ideal quenching medium would show a high initial cooling rate to avoid

transformation in the nose region of the I-T diagram and then a slow cooling rate

throughout the lower temperature range to minimize distortion.

But unfortunately there is no ideal quenching medium.

Water and water solutions of inorganic salts have high initial cooling rates through

the A and B stages, but these high cooling rate persist to low temperatures where

distortion and cracking tend to occur.
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Industrial quenching mediums are

listed in order to decreasing quenching

severity:
1. Water solution with 10% brine

2. Tap water

3. Fused or liquid salts

4. Soluble oil and water solution

5. Oil

6. Air

The fig.8.38 shows the cooling rate for

different quenching medium where they stay

different times (duration) in different stages

(stage A-stage C)
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Generally the cooling rate decreases with

the increasing the medium temperature (fig.

8.37). But there are some quenching

medium those show more cooling rate in

higher temperature.

Table 8.2 shows the cooling rate of different

quenching medium at different temperature.

Such as,

Tap water: cooling rate decreases with the

increasing of medium temperature.

Gulf super-quench: cooling rate increases

with the increase of medium temperature.
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Surface condition:

When steel is exposed to an oxidizing atmosphere, 

because of the presence of water vapor or oxygen 

in the furnace a layer of iron oxide called scale is 

formed. When the heat treated steel with a thin 

layer of scale is submersed into the quenching 

medium its original cooling rate falls.

The fall of cooling rate due to iron oxide scale is 

shown in the fig.8.39.

Methods are used industrially to minimize the 

formation of scale:

Copper plating:

Protective atmosphere:

Cast iron chips:
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Size and mass: the ratio of surface area to mass is 

an important factor in determining the actual 

cooling rate.

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑚𝑎𝑠𝑠
= 

𝜋𝐷𝐿
𝜋

4
𝐷2𝐿𝜌

= 
4

𝐷𝜌

i.e. the cooling rate depends on the diameter (D) 

of a specimen.

Cooling rate is proportionally related to the 

diameter of a specimen.

Fig.8.40 shows the cooling rate of a specimen for 

different diameter.
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Fig.8.42 shows the surface cooling for different 

dia sized specimen for a certain quenching 

medium.
1

2
D specimen shows the fastest cooling rate (forms 

martensite)

and 5D specimen shows the lowest cooling rate 

(forms pearlite and ferrite)

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑚𝑎𝑠𝑠
= 

𝜋𝐷𝐿
𝜋

4
𝐷2𝐿𝜌

= 
4

𝐷𝜌

From the above equation, we get more cooling 

rate for 
1

2
D specimen and lowest for 5D specimen.
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Fig.8.43 shows the cooling rate of different 

positions of a 1D bar quenched drastically in 

water.

G-center and S-surface of the specimen. If we 

draw a vertical line at 2s, we can see that there is a 

large temperature difference between G and A 

after 2s and the temperature difference is (1470-

600)⁰F = 870⁰F.

The temperature differences give rise to stresses 

during heat treatment which may result in 

distortion and cracking.
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There are five principal methods of case hardening
1. Carburizing

2. Nitriding

3. Cyaniding or carbonitriding

4. Flame hardening 

5. Induction hardening

The first three methods change the chemical compositions and the last two methods does not change 

the chemical compositions.

1. Carburizing: the usual carburizing temperature is 1700⁰F. A low carbon steel, usually 0.20%C 

or lower, is placed in an atmosphere that contains CO.

Fe+2CO→ 𝐹𝑒(𝑐)+ 𝐶𝑂2
At this temperature, the Fe takes place the above reaction.

Therefore, very quickly, a surface layer of high carbon (about 1.20%C) is built up and the surface 

becomes more harder.
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Decarburization: Removing carbon from the surface layer if the steel is heated in an atmosphere

containing 𝐶𝑂2, is called decarburization.

i.e. 𝐹𝑒(𝑐)+ 𝐶𝑂2 → Fe+2CO (reverse of the carburizing reaction)

Other possible decarburizing reactions are:

𝐹𝑒(𝑐)+ 𝐻2𝑂 → Fe + CO + 𝐻2

Or, 𝐹𝑒(𝑐)+ 𝑂2 → Fe + 𝐶𝑂2
Commercial carburizing methods:

Pack carburizing: the work is surrounded by a carburizing compound in a closed container. The

container is heated to the proper temperature for the required amount of time and then slow cooling.

Carburizing compounds usually consists of hardwood charcoal, coke, and 20% of barium carbonate

as an energizer.

Gas carburizing: the steel is heated in contact with CO and or hydrocarbon which is readily

decomposed at the carburizing temperature. The hydrocarbon may be methane, propane, natural gas

or vaporized fluid hydrocarbon.

Gas carburizing allows quicker handling by direct quenching, lower cost, cleaner surrounding, closer

quality control and greater flexibility of operation in comparison with pack carburizing.
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Liquid carburizing: Liquid carburizing is

a method of case hardening, steel by

placing it in a bath of molten cyanide so

that carbon will diffuse from the bath into

the metal and produce a case hardening.

The cyanide case is harder in nitrogen and

lower in carbon.
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Cyaniding and carbonitriding:
Cyaniding: the active hardening agents of cyaniding baths, carbon and nitrogen are not produced

directly from Sodium cyanide (NaCN). Molten CN decomposes in the presence of air at the surface

of the bath to produce Sodium cyanate (NaNCO).

2NaCN + 𝑂2 → 2NaNCO

4NaNCO → 𝑁𝑎2𝐶𝑂3 + 2NaCN + CO + 2N

This process is particularly useful for parts requiring a very thin hard case, such as, screws, small

gears , nuts, and bolts.

Carbonitriding: Carbonitriding is a case hardening process in which a steel is heated in a gaseous

atmosphere of such composition that C and N are absorbed simultaneously. The term carbonitriding

is misleading because it implies a modified nitriding process.

Nitriding: this is process of case hardening of alloy steel in an atmosphere consisting of a mixture in

suitable proportions of 𝑁𝐻4 gas and dissociated 𝑁𝐻4.

The effectiveness of the process depends on the formation of nitrides in the steel by the reaction of N

with certain alloying elements (Mo, Mn etc.)


