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To STudy The MicroSTrucTural evoluTion of en353 STeel under differenT heaT  
TreaTMenT condiTionS 

Steel is basically used in construction, automobile, buildings, infrastructure, tools, ships, appliances, machines and weapons due 
to its good mechanical as well as metallurgical properties. heat treatment of steels significantly enhance its mechanical and metal-
lurgical properties due to the formation of various phases depending upon the type of steel used for specific application. In present 
study, blank of en353 grade steel having different sizes were used to investigate the effect of heat treatment and microstructural 
changes. Jmat-pro software was used to predict the continuous cooling transformation behaviour of en353 steel. different phases 
such as bainite, perlite and other carbide inclusion can be observed in the microstructural examination. pearlitic microstructure 
developed for the specimen of size 40×40×40 mm heated at 870°c for 2 hrs and then isothermal heating was performed for same 
specimen at 600°c for 73 min followed by air cooling.

relevance Statement: Steel is an important material which is frequently used in almost all areas such as structure build-
ing, pressure vessels, transportation and many more other applications. addition of alloying elements in parent steel significantly 
improve the metallurgical as well as mechanical properties. Steel properties like tensile strength, toughness, ductility, corrosion 
resistance, wear resistance, hardness, hot hardness, weldability, fatigue etc. significantly improved with the addition of alloying 
and heat treatment. heat treatment processes can be used to improve the properties of steel which are frequently used in many 
manufacturing industries. different grades of steels which are heat treated under a set of sequence of heating and cooling to change 
their physical and mechanical properties so that it can fulfil its function under loading condition. With the help of heat treatment 
process desired microstructure has been achieved which exhibit good mechanical properties of steels.
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1. introduction

Steel is an alloy of iron and carbon with carbon content 
up to 2.1%. Steel also contain some other alloying elements 
which are added to improve its properties to meet the desired 
end application. Steel properties like tensile strength, tough-
ness, ductility, corrosion resistance, wear resistance, hardness, 
hot hardness, weldability, fatigue etc. significantly improved 
with the addition of alloying and heat treatment. apart from 
alloying, heat treatment processes can be used to improve the 
properties of steel. Steel can be classified on the basis of vari-
ous factors such as amount of carbon content present, like mild 
steel, medium carbon steel and high carbon steel. on the basis 
of microstructure in the annealed state hypo-eutectoid, eutectoid, 
& hyper-eutectoid steel and on the basis of production method 
used such as forged steel, rolled steel and cold drawn steel [1-
3]. It has been observed that engineering materials mostly steels 

are heat treated under controlled manner under a set sequence 
of heating and cooling to change their physical and mechanical 
properties so that it can fulfil its function under loading condition. 
heat treatment is a process of producing certain microstructure to 
achieve desired mechanical properties by combination of timed 
heating cooling operations. different mechanical properties 
which are achieved like Toughness, yield strength, hardness and 
ultimate tensile strength [4-6]. Some of the previous researcher 
has performed an experiment on en353 steel to investigate the 
effect of cryogenic heat treatment on fatigue strength. Specimen 
selected for study was 25 mm rod in the hot worked condition. 
For this he had selected three different type of heat treatment i.e. 
conventional heat treatment (chT), shallow cryogenic treatment 
(ScT) and deep cryogenic treatment (dcT). In this experimen-
tation, 54 samples of size 10cm diameter and 10 cm height i.e. 
all samples of same size. after different heat treatment, rotating 
bending fatigue test, micro hardness, retained austenite micro-
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structure and fractography were studied. They had observed that 
the overall fatigue life improved by 71.42% for ScT over chT 
whereas there was a reduction of 26% fatigue life in dcT over 
chT [7-11]. In previous study it has been observed the effect 
of post forging heat treatment on impact fracture toughness and 
tensile properties. For this micro alloyed cast steel was examined. 
Samples were heated up to 1230°c and soaked then hot forged. 
Final temperature after forging maintained above 950°c tempera-
ture and then air cooled. post forging rectangular specimens of 
sizes of 11×11×60 mm and 11×11×110 mm respectively were 
cut from the forged piece. Specimens were heat treated at 840, 
860, 880, 900, 920 and 950°c for 1 h using an electric furnace 
followed by air and furnace cooling [12-13]. It was observed 
that the impact energy of the specimen subjected to air cooling 
is higher than that cooled in furnace. It is also observed that 
increment of austenitising temperature induces coarser austenite 
grains. useful property of en353 steel is that its surface hardness 
is improved by heat treatment and the microstructure is changed 
from ferrite to martensite [14-16].

2. experimental procedure

The material was given by Samrat Forging Ltd., derrabassi 
en353 steel was used to study the microstructural behaviour 

due to heat treatment. The basic property required for gear is its 
impact strength and wear resistance. en353 steel was selected 
for present study because its core is soft so that it can wear sud-
den jerks during engagement of gear tooth as it produces shock 
load. and its surface should be hard enough for wear resistance. 
Soft core is achieved by controlling the microstructure and for 
wear resistance surface hardening technique was used. en353 
steel is frequently used in many forging industries for heavy 
work applications like gear manufacturing. en353 steel material 
in the form of a blank (75×75×150 mm) was given by Samrat 
Forging Ltd., derabassi and its chemical composition is shown 
in TabLe 1. Seven different specimens of size 60×60×10 mm, 
60×60×15 mm, 60×60×20 mm, 60×60×25 mm, 60×60×30 mm, 
60×60×35 mm and 60×60×40 mm were cut from the raw 
en353 blank with the help of abrasive cutting machine (Fig. 1). 
Two heat treatments one without isothermal transformation and 
another with isothermal transformation were used for comparing 
the results. heat treatment without isothermal transformation of 
seven different specimens involves heating at the rate of 600°c/hr 
up to temperature 870°c then holding the samples for soaking 
time 2 hour and then normalizing in still air (Fig. 2). another heat 
treatment with isothermal transformation for a period of 73 min-
utes of same seven different specimens was performed at same 
temperature and time conditions in another furnace. after heat 
treatment of all the different sized specimens, microstructural 

Fig. 1. Specimens of different sizes for heat treatment
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Fig. 2. Line diagrams for heat treatments
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behaviour were observed and it was noticed that bigger sized 
specimens cools faster as compared to small sized specimens.

3. results & discussion

The material and problem was given by Samrat Forging 
Ltd. en353 steel is basically used to fabricate gears by forg-
ing process followed by heat treatment to achieve uniformly 
distributed fine pearlite microstructure. actually the problem 
faced by industry was that bainite patches have been found in mi-
crostructure in normalizing heat treatment.It has been observed 
that fine pearlitic structure has optimum physical properties 
like toughness, tensile strength, hardness and fatigue strength 
[17-18]. This is desirable for a material used in gear manufactur-
ing. during tooth cutting operation on gear blank presence of 
bainite enhances the tool wear. This is because bainite is hard 
component than pearlite. It is well known fact that tooth profile 
has very significant role in working of gear and tooth profile is 
a very critical parameter in gear manufacturing if its tolerance 
is within some microns level [19].

3.1. Prediction of different phases by using ccT curves

For the prediction of phase after heat treatment ccT curve 
and cooling rate of sample is required. To obtain ccT curve of 
en353 steel Jmatpro software was used. The problem associ-
ated with this ccT curve is that it tells about start and finish 
time of different phases at constant cooling rate. In actual heat 
treatment it has been observed that rate of cooling is varied as a 
function of time. It also observed that at higher temperature rate 
of cooling is high and with drop in temperature of the sample the 
rate of cooling decreases [20-21]. So to predict the exact phase 
of the sample we have to plot true cooling curve of the sample 
on the ccT curve obtained from Jmatpro software. In present 
study, to find the cooling rate we have used the basic unsteady 
state heat transfer equations because cooling of workpiece lies in 
unsteady state heat transfer condition as its temperature changes  
with time.

rate of decrease in internal energy of solid = heat transfer 
from solid by convection + heat transfer from solid by radiation 
is given by eq. (1)
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To convert eq. (1) in simple form we will consider that 
amount of heat transfer through radiation is equal to heat transfer 

through convection. by this method equivalent convective heat 
transfer coefficient can be calculated. We take convection heat 
transfer is equal to radiation heat transfer. From eq. (2) we can 
find convective heat transfer coefficient for radiation component 
as mentioned. by putting eq. (2) in eq. (1) we will get eq. (3).
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In eq. (4) the area for convection Ac and area for radiation 
Ar are same so we can use the eq. (5).
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now in eq. (5) put overall convective heat transfer coef-
ficient as h0 given below in eq. (6) and integrating eq. (5) we 
get eq. (7)

 h0 = hr + hc (6)
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by using above equations we had calculated the cooling 
rate for each 10°c drop in temperature. We can calculate the 
time taken by sample for example if the temperature drops 
from 760 degree to 750 degree, T = 750, T0 = 760, T∞ = 28, we 
can calculate the time Ʈ in sec. Fig. 3 shows the ccT curve of 
en353 steel obtained from Jmarpro. This figure shows the start 
and end time of different phases at different temperature. It is 
also having the line of constant cooling rate. 

From this ccT curve (Fig. 3) it is very difficult to predict the 
different phasespresent in test specimen after heat treatment. The 
heat treatment used for sample was normalising the test sample 
by varying the cooling rate. at the start of cooling, the rate is 
very high and so as the temperature drops the rate of cooling 
also decreased [22]. From the above mathematical equations 
the cooling rate was predicted and then the same cooling curve 
was combined with ccT curve to predict the different phases. 
Fig. 4 shows the cooling curve of test specimen combined with 
ccT curve. From Fig. 4 it has been clearly observed that all the 
samplesof different sizes which was selected for present study 
have been passing through the region of start of bainite formation 
and end of bainitic formation in the curve. From the above curve 

TabLe 1

chemical composition of en353 steel

element c Mn Si S P cr ni cu v Mo fe
Weight Percentage .1694 .6757 .2332 .02127 .01595 .8714 1.142 .0951 .0188 .1089 rest
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it can be concluded that different sizes of sample will show dif-
ferent phases developedeven if they have been undergone same 
heat treatment process.

From the above results (Fig. 4) it has been cleared that with 
normalizing heat treatment it is not possible to get fine peralitic 
phase. So the isothermal heat treatment has to be combined with 
normalizing as shown in Fig. 5. 

To achieve the required fine pearlitic microstructure differ-
ent heat treatments of test specimens were performed. For this 
firstly the sample was heated till austenitic temperature of 870°c 
soaking of 2 hours than air cooling for 200 sec and isothermal 
transformation at 600°c for 75 minutes than air cooled. Time 
and temperature for isothermal heat treatment was taken from 
ccT curve of en353 Steel (Fig. 3).

3.2. Microstructural analysis

microstructural analysis of specimens of different sizes 
were performed at 100× and 400× magnification (Fig. 6). dif-
ferent phases such as ferrite, acicular ferrite, bainite, perlite and 
other carbide inclusion can be observed during microstructural 
examination. en353 hot rolled steel generally exhibit polycrys-
talline microstructure with blend of ferrite and pearlite phases 
shown in Fig. 6a. Fig. 6(b-h) shows the microstructure with the 
formation of upper bainite, pro-eutectoid ferrite (allotriomorphic 
+ idiomorphic), acicular ferrite and cementite phases during 
continuous cooling operation (normalizing in still air) [23-26].

Fig. 6b shows the formation of upper bainite and proeu-
tectoied ferrite for the specimen having size of 10×10×60 at 

Fig. 3. ccT curve for en353 steel specimen
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(a) raw en353 steel (b) en353 steel of Size 10×10×60

(c) en353 steel of Size 15×15×60 (d) en353 steel of Size 20×20×60

Fig. 6. microstructural analysis of different sized en353 specimens at 100× & 400× magnification
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(e) en353 steel of Size 25×25×60 (f) en353 steel of Size 30×30×60

(g) en353 steel of Size 35×35×60 (h) en353 steel of Size 40×40×60

(g) en353 steel of Size 40×40×40
Fig. 6. continued
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100× and 400× magnification while needle like acicular ferrite 
microstructure was observed for the specimen of size 20×20×60 
at same magnification. In previous literature it has been observed 
that with both increase in size and cooling rate of the speci-
men the bainite is getting dispersed in the ferrite and pearlite 
matrix with some of the cementite formation across the grain 
boundaries [27-28]. In all the samples (Fig. 6b-h) pro-eutectoid 
ferrite is formed and present in the form of allotriomorphic 
and idiomorphic matrix all around the microstructure. allo-
triomorphic ferrite is in large quantity with light colour in the 
microstructure and idiomorphic is in light colour with dark grain 
boundary of cementite present in small amount in between the 
allotriomorphic ferrite which is in accordance with the previous 
literature [29]. It has been observed in the previous study that 
an allotriomorph has a shape which does not reflect its internal 
crystalline symmetry. because it tends to nucleate at the austenite 
grain boundary surfaces, forming a layer which follow the grain 
boundary contours. While an idiomorph on the other hand, has 
a shape which reflects the symmetry of the crystal as embed-
ded in the austenite. Idiomorphs nucleate without contact with 
the austenite grain surfaces, they tend to nucleate heterogene-
ously on non–metallic inclusions present in the steel. It forms 
just below the austenitic temperature during cooling. below 
austenitic temperature iron exists in ferritic phase and it is with 
maximum carbon dissolution of 0.025% where as in austenitic 
phase it has 2.1% carbon dissolution [30]. In previous study it 
has been observed that nucleation of acicular ferrite takes place 
inside the austenite grains as a non-metallic inclusions, whose 
nature and number can determine the transition from an acicular 
ferrite microstructure to a bainitic one [31-34]. acicular fer-
rite is present as a small light colour grain in between the dark 
colour pearlitematrix (Fig. 6b-h). The size of acicular ferrite is 
increasing as the size of sample is increasing.Fig.6g shows the 
microstructure of specimen of size 40×40×40 mm heated at 
870°c and holding it for 2 hrs. at the same temperature followed 
by air cooling for 2 min. then isothermal heating was performed 
at 600°c for 73 min followed by air cooling. From Fig. 6g it has 

been clearly observed the formation of pearlite as a dark one re-
gion while proeutectoid ferrite as light one in the matrix. To find 
the exact percentage content of pearlite and ferrite present in all 
the microstructures a dexcel software was used. 20.54% pearlite 
and remaining pro-eutectoid ferrite was present in en353 steel 
of Size 40×40×60 when observed using same software Fig. 7.

4. conclusions

raw en353 hot rolled steel generally exhibit polycrystal-
line microstructure with blend of ferrite and pearlite phases. 
upper bainite patches have been found in the microstructure by 
heating the en353 specimen above the austenitic temperature 
followed by normalizing in air. different phases such as ferrite, 
acicular ferrite, bainite, perlite, blend of ferrite & pearlite and 
other carbide inclusion can be observed in the microstructure 
for all the differently sized specimens. number of heat treat-
ment trials performed by the various forging industries has been 
significantly reduced with the use of ccT curves developed by 
Jmatpro software. required pearlitic microstructure was devel-
oped for the specimen of size 40×40×40 mm heated at 870°c 
and holding it for 2 hrs at the same temperature followed by 
air cooling for 2 min then isothermal heating was performed at 
600°c for 73 min followed by air cooling. 
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