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Abstract— Engineering materials, mostly steel, are heat 

treated under controlled sequence of heating and cooling to 

alter their physical and mechanical properties to meet desired 

engineering applications. In this study we did research on 

formation of bainite patches i.e. acicular ferrite cementite 

matrix on normalizing heat treatment. Desired microstructure 

for SAE 8622 steel BP shaft is uniformly distributed fine 

pearlite. To solve the problem three way approaches are 

followed. First is software based using JMatPro to get cooling 

curves like CCT and TTT transformation curve second heat 

transfer laws and unsteady state heat transfer equation to get 

the actual cooling curve followed by sample and then 

validating both two by practical heat treatment operation and 

result analysis. In my work effect of sample size on 

microstructure is studied while performing same heat 

treatment operation.  After studying all these it is concluded 

that gear blank of SAE 8622 steel with desired microstructure 

cannot be achieved by normalizing heat treatment. To achieve 

this microstructure isothermal transformation is to be used. 

By using CCT curve raw data from JMatPro and time 

temperature relation of sample while cooling calculated using 

heat transfer equation with the help of Microsoft Excel is 

clubbed on origin software to see the exact cooling curve 

followed by sample helps in optimizing heat treatment 

operation to be done. Selected heat treatment is performed on 

sample and desired results are obtained. 
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I. INTRODUCTION 

Mechanical properties are structure-sensitive in nature and 

their magnitude depends largely on size, shape and 

distribution of various micro constituents. Mechanical 

properties can be changed by varying the relative proportions 

of micro constituents. For this process used is called heat 

treatment. Heat treatment may be defined as heating and 

cooling operation(s) applied to metals and alloys in solid state 

so as to obtain the desired properties. 

Heat treatment of metals is an important operation 

in the final fabrication process of many engineering 

component. Its aim is to make the metal better suited, 

structurally and physically, for some specific application.  

Steel has constantly been subjected to heat treatment 

of one form or another. Sword smiths and cutlers trades make 

it very clear that precise method of hardening of steel, by 

plunging the solid red hot steel into water (thus producing 

‘martensite’), and its toughening, by tempering the quenched 

hardened steel at a moderate temperature, have been known 

empirically and used for thousands of years. Even the antique 

literary book, “The Odyssey of Homer” finds the description 

such as “Just as a smith plunges into cold water some great 

axe-head or edge and it hisses angrily-for that is the treatment, 

and the strength of iron lies in its temper”. 

Heat treatment process of steel must have been 

known quite precisely to people several hundred year go in 

various parts of the world , because the steel articles like 

daggers, knives, and swords etc. , produced by them, could 

favorably be compared with the best that can be produced  

using modern methods. 

To solve the problem of bainite patches in 

microstructure company has to change its heat treatment 

process. Previously heat treatment used is heating up to 

9200C then normalizing to room temperature. But now to 

solve the problem heat treatment used is heating up to 9200C 

then isothermal at 6500C then normalizing to room 

temperature to get desired microstructure. This is expensive 

heat treatment process because of isothermal process in 

which furnace is to be maintained at a particular temperature 

and also time consuming process 

II. MATERIAL AND METHODS 

In study of forged steel involving heat treatment by using 

JMatPro software cooling curve is obtained. To get desired 

properties specific cooling rate is to be followed by sample 

during cooling. It is well known that cooling rate of 

workpiece will be dependent on size of workpiece i.e surface 

area and volume. While increasing the sample size cooling 

rate get slower unless all other parameters kept constant. For 

plotting cooling curve on X-Y plane taking X-axis as time is 

seconds and Y-axis as temperature in degree Celsius. 

To calculate cooling rate use of heat transfer 

equations are used. For this work thorough study of heat 

transfer is to be studied. Heat transfer is the branch of science 

in which we predict the energy transfer take place between 

material bodies as a result of a temperature difference. 

Thermodynamics teaches that this energy transfer is defined 

as heat. The science of heat transfer not only study how heat 

energy get transferred but also predicts the rate of heat 

transfer takes place under certain specified condition. Heat 

transfer supplements the first and second principles of 

thermodynamics by providing additional experimental rules 

which may be used to establish energy transfer rates.  

Consider a problem treated by Thermodynamics and 

heat transfer of cooling of steel bar that is placed in a pail of 

water. Thermodynamics will be used to predict the final 

equilibrium temperature of the steel bar-water combination. 

But thermodynamics will not tell us how long it takes to reach 

this equilibrium condition of water or what temperature of the 

bar will be after a certain length of time before the 

equilibrium condition is attained. Heat transfer is used to 

predict the temperature of both bar and water as a function of 

time. 

Heat transfer is the exchange of thermal energy 

between physical systems. The rate of heat transfer is 

dependent on the temperatures of the systems and the 

properties of the intervening medium through which the heat 

is transferred. The three fundamental modes of heat transfer 

are  

1) Conduction 

2) Convection 

3) Radiation. 



Case Study of Steel Forgings involving Heat Treatment 

 (IJSRD/Vol. 5/Issue 05/2017/333) 

 

 All rights reserved by www.ijsrd.com 1384 

A. Biot No. and its calculation 

The Biot number (Bi) is a dimensionless quantity used in heat 

transfer calculations. It is named after the French physicist 

Jean-Baptiste Biot (1774–1862), and gives a simple index of 

the ratio of the heat transfer resistances inside of and at the 

surface of a body.  

 
Where, 

S – Characteristic length (Volume/Area) 

To calculate Biot No. thermal conductivity and 

overall heat transfer coefficient variable and is to be calculate 

for this problem. For thermal conductive of material JMatPro 

software help is taken which tell the varying thermal 

conductivity with respect to temperature for specific 

composition of steel.  

 
Fig. 1: Thermal Conductivity of SAE 8622 Steel (JMatPro) 

For overall coefficient of heat transfer first calculate 

effective radiation coefficient of heat transfer by comparing 

heat transfer through convection equal to heat transfer 

through radiation. 

 
Solving the equation  

 
Where, 

hr – radiation heat transfer coefficient 

Ar – Area for radiation 

Free Convective heat transfer coefficient 

 
Overall heat transfer coefficient is 

 
Using Microsoft excel Biot no. at different 

temperature 

The result of Biot No. in last row shows that Lumped 

capacity Analysis can be done easily because it is less than 

0.1 and as the temperature decreasing biot no. is decreasing 

more. 

III. COOLING RATE CALCULATION 

During heat transfer all three type of heat transfer mode are 

present conduction within the metallic body, convection 

through surface area exposed to environment and radiation to 

surrounding.  

Rate of decrease in internal energy of solid = Heat 

transfer from solid by convection + heat transfer from solid 

by radiation 

 
Here,  

 
To convert it in simple lumped capacity analysis 

take radiation heat transfer equal to convection heat transfer 

to calculate equivalent radiation heat transfer coefficient 

 
From above equation 

 
By using 

 
Above equation Lumped capacity analysis is 

modified to 

 
For value of density and specific heat JMatPro 

software is used. The approximate value taken from graph for 

specific heat is 700J/g. k and for density approximate value 

taken is 7660Kg/m^3. 

 
Fig. 2: Density of SAE 8622 Steel (JMatPro) 

 
Fig. 3: Specific Heat of SAE 8622 Steel (JMatPro) 

Now by using Microsoft excel above equation can 

be split in various step temperatures. Due to large number of 

calculation at different steps of temperature cooling time for 

each step can be calculated on Excel.  

IV. SIMULATION 

In this chapter useful information from JMatPro software is 

taken in terms of graph and raw data used in graph plotting. 

The Stable and metastable phase equilibrium, Solidification 

behavior and properties, Thermo-physical and physical 

properties, Phase transformations etc. are few use of JMatPro 

used in my work. Also in this chapter link between 

mathematical modeling and JMatPro software data is done 

using origin software which is used for graph plotting. 
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Different graphs generated in this chapter are validated by 

experimentally.  

A. Use of JMatPro  

For this problem JMatPro has key role because it gives us the 

approximate output for different heat treatment. To evaluate 

output different output transformation curves for particular 

chemical composition are to be studied 

 
Fig. 4: CCT curve with hardness on X-Axis 

 
Fig. 5: CCT Curve with Time on X-Axis 

B. Continuous Cooling Curve from JMatpro clubbed With 

Cooling curve of samples 

In this raw data of cooling curve is taken from JMatPro 

software in notepad. From notepad file useful data of time and 

temperature between start of ferrite, start of pearlite, end of 

pearlite, start of bainite and end of bainite are taken and 

copied to Microsoft excel file. Now column of time and 

temperature is taken from cooling rate calculated on excel for 

different samples is taken on same excel file where raw data 

of CCT curve of JMatPro is saved.  

1) Copy all data to Origin software by just select rows and 

column from Excel and paste it sheet of origin. After 

coping data select the axis of time column as X-axis and 

temperature column as Y-axis as given in figure 

 
Fig. 6: Work Sheet of Origin 

2) After selecting proper axis of each column click on plot 

and the graph will be plotted. The microstructure and 

hardness is analyzed for validation of cooling curve. 

 
Log time (sec) 

Fig. 7: Cooling Curve of Sample Clubbed with CCT Curve 

(Origin 8.0) 

3) In the previous cooling curve as shown all cooling curve 

are passing through bainitic region and required output is 

fine pearlite. For this microstructure we have to move for 

different heat treatment of austenitic temperature of 890 
oC soaking of 3 hour than air cooling for 300 seconds and 

isothermal transformation at 600 oC temperature for 90 

minutes than air cooled. Time for Isothermal is taken 

from CCT diagram of SAE 8622 Steel.  

 
Fig. 8: Cooling Curve of Sample with Isothermal Heat 

Treatment 

In figure 8 cooling curve of 75x75x40 mm3 SAE 

8622 steel is shown. And after practically performing the heat 

treatment microstructure of sample will be analyzed to check 

the validity of calculation.   

V. RESULT 

In this chapter all type of heat treated samples are 

characterized and its discussion is done. The various 

characterization technique used are optical emission 

spectroscopy used for chemical composition of material, 

optical microscope with digital camera used for 

microstructure capture of samples, phase analysis of 

microstructure, hardness, cooling behavior of sample and 

their size dependency on cooling rate, for macro hardness 

brinell hardness test is used at internal and external surface of 

sample to check the uniform temperature distribution of 

sample.  

Following results are discussed in this chapter 
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 Optical emission spectrometry 

 Optical microscopy 

 Grain size & Phase analysis 

 Hardness (Brinell hardness) 

A. Optical Emission Spectroscopy (OES) 

The material procured from Smarat Forging Pvt. Ltd was 

checked for chemical composition using spark optical 

emission spectroscopy. Result of OES in Table 1 shows 

various chemical composition percentages wise present in the 

SAE 8622 steel. 

Element percentage 

C 0.22 

Mn 0.89 

Si 0.19 

S 0.030 

P 0.033 

Cr 0.57 

Ni 0.44 

Al 0.03 

Mo 0.24 

Fe Rest 

Table 1: Chemical Composition of SAE 8622 Steel 

B. Optical Microscopy 

Microstructures obtained from computerized optical 

microscope of various sample are shown below: 

1) Sample 

 
Fig. 9: Microstructure of base sample of SAE 8622 Steel 

For a steel of low carbon content, say 0.22%, as shown in 

figure 9, a low magnification shows it to be composed of light 

and dark regions - about 70:30 in this case. The light regions 

are iron crystals containing very little dissolved carbon, as in 

the low carbon steel. Dark region is seen to be composed of 

alternate layers of two substances, iron and Fe3C. The spacing 

of the laminar spacing is often close to the wavelength of light 

and consequently the etched structure can act as a diffraction 

grating, giving optical effects which appear as a pearl-like 

iridescence. Consequently, this mixture of iron and iron 

carbide has acquired the name 'pearlite'. The origin of the 

pearlite and its effect on the properties of steel are revealed 

by examining what happens during heating and cooling of 

steel. 

2) Normalized sample of different size 

 
Fig. 10: Microstructure of SAE 8622 Steel at 100x  of Size 

75x75x20 

 
Fig. 11: Microstructure of SAE 8622 Steel at 100x of Size 

75x75x40 

 
Fig. 12: Microstructure of SAE 8622 Steel at 100x of Size 

75x75x60 

 
Fig. 13: Microstructure of SAE 8622 Steel at 200x of Size 

75x75x80 

Microstructure of sample of size 75x75x40 mm3 

heated up to 890oC hold for 3 hours  then air cooled for 300 

sec  then isothermal transformation at 600 oC for 120 minutes 

and then air cooling. 

 
Fig. 14: Microstructure of SAE 8622 Steel at 100x of 

sample 75x75x40 

The above Microstructure shows that light portion is 

proeutectoid ferrite and dark one is pearlite at 100x. and we 

can confirm that dark portion is pearlite as it has a laminar 

structure of ferrite and Cementite. 
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C. Phase Analysis 

For phase analysis of sample in Figure 7.8 is done on Dexel 

Software for calculating percentage of pearlite and ferrite in 

microstructure. 

 
Fig. 15: Phase Analysis of Isothermal Heat Treated Sample 

The figure 15 shows that pearlite present in 

isothermal heat treated sample microstructure is 30 % and rest 

is pro-eutectoid ferrite. And pearlite calculated using liver 

rule at 0.22% Carbon steel is 27 % it confirms that above dark 

portion in red colour is pearlite. 

D. Hardness testing (Brinell) 

Sample size Centre corner 

75x75x20 225 230 

75x75x40 210 213 

75x75x60 205 208 

75x75x80 198 201 

75x75x100 190 192 

Table 2: Brinell Hardness of Normalized Sample of Varying 

Size 

Sample Size Centre Corner 

75x75x40 157 159 

Table 3: Brinell Hardness of Isothermal Heat Treated 

Sample 

Brinell hardness test verifies that increase in sample size 

decreases the hardness of sample. Because of increase in 

acicular ferrite grain size hardness is decreasing. And also it 

confirms the uniform temperature distribution assumption is 

valid for sample having Biot no. less than 0.1 because slight 

variation of hardness is obtained on the surface and core of 

the sample. The hardness of isothermal heat treated sample 

shows no banite or Acicular ferrite present and its hardness 

confirms the microstructure obtained is fine pearlite. 

VI. CONCLUSION 

The present work of my thesis to get optimum in terms of 

time, energy and cost to achieve uniformly distributed fine 

pearlite by heat treatment of SAE 8622 Steel. The following 

conclusion can be made from the results discussed in chapter 

7 are given below 

[1] Microstructure of  steel have Coarse polygonal ferrite 

and pearlite 

[2] Upper bainite and bainite patches i.e. Matrix of acicular 

ferrite in cementite can be form by heating above 

austenitic temperature holding than normalizing SAE 

8622 steel 

[3] Size of sample plays a very much deciding role in end 

result microstructure when same heat treatment is 

performed 

[4] CCT curve obtained from JMatPro software is very 

useful for minimizing heat treatment trials done in 

industry for new product. 

[5] Time Temperature relation calculated from Lumped 

Capacity Analysis is very useful for predetermining the 

actual cooling path followed by sample on CCT curve to 

predict the end results of heat treatment 

[6] Exact time for isothermal transformation can be 

calculated from  

[7] Two types of Pro-Eutectoid Ferrite (allotriomorphic + 

idiomorphic) are confirmed from Microstructure  

[8] Time for isothermal transformation of austenite to 

ferrite/pearlite microstructure decreases by decreasing 

the isothermal temperature but is should be just above the 

highest temperature of Start of Bainite. 
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