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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. This paper presents a study of the influence of austenitization temperature,
cooling rate, holding time and heating rate during the heat treatment on microstructure
and mechanical properties (tensile strength, yield strength, elongation and hardness) of
the C45 steel. Specimens undergoing different heat treatment lead to various mechanical
properties which were determined using standard methods. Microstructural evolution
was investigated by scanning electron microscopy (SEM). The results revealed that microstructure and hardenability of the C45 steel depends on cooling rate, austenitization
temperature, holding time and heating rate.
Keywords: C45 Steel, cooling rate, austenitization temperature, holding time, heating
rate, mechanical properties.

1.

Introduction

The heat treatment is a combination of a timed heating and cooling, applied to
a particular metal or alloy in the solid state to produce certain desired microstructures and mechanical properties such as hardness, toughness, yield strength, tensile
strength and elongation. There are several structures in steel as ferrite, pearlite,
bainite, martensite and austenite. Different phase transformations occur during the
heat treatment of steel. To obtain martensite the quenching temperature must be
set between 30 − 50◦ C for hypoeutectoid steels. According to the TTT scheme,
a lower cooling rate induces a partial transformation of austenite into martensite
which results in a microstructure that consists mainly of martensite and troosite.
Ferrite and pearlite can be obtained by slow cooling (generally in air) after austenitizition.

908

Effect of Heat Treatment Parameters on Mechanical Properties of Medium Carbon Steel

Regarding the medium carbon steels maintained at a temperature between AC1
and AC3, ferrite and austenite are obtained after slow cooling, by increasing of the
cooling rate, the austenite transforms to the martensite and the ferrite remains in
the structure [1]. The effectiveness of the quenching depends on the composition
of the steel and the type of quenching conditions [2]. It is generally known that
microstructural factors like distribution of carbides, as well as characteristics of the
martensitic matrix, play important roles in optimizing the properties of carbon steel
such as hardness and wear resistance.
It is also well known that the martensite morphology depends on austenitizing
temperature and its holding time, prior deformation of the austenite matrix, chemical composition of alloys, and the cooling rate [3,4]. A lot of work has been carried
out in this axis especially to investigate: the mechanical properties of 0.13% C steel
after heat treatment by intercritical normalization [5], the mechanical properties of
a medium-carbon steel after different quenching [6]; the mechanical properties of a
medium carbon steel after different cooling rates [7]; the mechanical properties of a
medium carbon steel subjected to annealing, normalization and hardening [8].
In this work, the effect of different parameters (austenitization temperature,
holding time, cooling rate and heating rate) on microstructure and mechanical
properties (yield strength, tensile strength, elongation and hardness) of C45 steel
were studied.
2.
2.1.

Materials and Experimental Method
Material Specifications

The material studied in this work is the C45 steel which is a medium carbon steel
intended for heat treatment. The chemical composition and mechanical properties
are shown in the Tabs. 1 and 2.
Table 1 Chemical composition of C45 steel
C
S
Mn
P
Si
0.47 0.029
0.7
0.042 0.38

Table 2 Mechanical properties of C45 steel
Rm (MPa)
Re (MPa) A%
Hardness (HV)
560
275
16
150

2.2.

Heat Treatments

The samples were subjected to different temperature in an electric furnace with
a maximum heating capacity of 1000◦ C. The heating temperatures are selected by
transformation-temperature-time diagram (TTT) of the C45 steel (Fig. 1). The
specimens are cooled in different mediums (water, oil, air) using different cooling
rate. The heat treatments concerned in this work are given in Tab. 3.
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Figure 1 Diagram TTT of the C45 steel [7]

Heating temp. (◦ C)
900
900
900
700
800
900
900
900
900

2.3.

Table 3 Heat treatments applied
heating rate (◦ C/s) holding time (min)
0.5
30
0.5
30
0.5
30
0.5
30
0.5
30
0.5
240
0.5
480
1.5
30
0.0625
30

cooling medium
Water
Oil
Air
Water
Water
Water
Water
Water
Water

Mechanical Tests and Microstructure

Tensile tests are performed on standardized test specimens ASTM E8 (Fig. 2) which
were previously heat treated (Table 3) to determine the mechanical properties (yield
strength, tensile strength, elongation). For testing, INSTRON 8516 machine was
used with a maximum load of 200 KN (Fig. 3), the speed used for all the tests is
3mm/min. Prismatic samples of dimensions (30×30×10 mm) were also used in this
work to measure VIKERS micro-hardness by a digital micrometer with a maximum
load of 2 kg. to measure the hardness values HV, the average of three readings was
token at different positions on the samples. Microstructure examination of the heat
treated samples was carried out using scanning electron microscopy (SEM), these
samples were polished with 400, 800, 1000, 1200, SiC papers and are pictured with
magnification ×500.
3.
3.1.

Results and Discussion
Effect of Cooling Rate

The effect of the cooling rate on microstructure and mechanical properties was
investigated. The selected heating temperature is 900◦ C which is greater than the
AC3 temperature shown in Figure. 1, with three cooling medium (water, oil, air).
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Figure 2 Standardized test specimens

Figure 3 Universal machine INSTRON 8516 with mooring system

The mechanical properties obtained are presented in the Table 4.
Table 4 The mechanical properties obtained by different quenching medium
Quenching medium Re (MPa) Rm (MPa)
A (%)
Hardness (HV)
Water
552.08
698.54
8.02
258
Oil
323.24
615.73
14.41
191
Air
266.66
520.00
22.08
174

Figure 4 shows microstructures of three specimens undergoing the same austenitization temperature but different quenching media. The sample cooled in water
shown in Fig. 4(A), is showing the massive martensite structure with short graphite
flakes (dark). The sample quenched in oil as shown in Fig. 4(B), is showing low
proportion of martensite structure in perlitic matrix. The sample quenched in air
shown in Fig. 4(C), it is clear the combination of ferrite and perlite with a low
amount of Spheroidal graphite. Is also clear that martensite morphology has become dominant phase with increasing of cooling rate. Figure 5 shows the evolution
of the yield strength (Re ), the tensile strength (Rm ), the elongation (A%) and
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Figure 4 Microstructure of C45 steel obtained by different quenching media: (A) water, (B) oil,
(C) air

hardness depending on the cooling rate. The water quenching has maximum values
of yield strength, tensile strength and hardness with a minimum elongation compared to other medium which amounts to the high cooling rate that permits the
transformation of a large quantity of austenite into martensite. For oil quenching,
the cooling rate is rather slow relative to that of water allowing the formation of
pearlite to martensite, which explains the mechanical properties obtained. When
air is used for cooling, speed has become lower to obtain a martensitic structure,
there was only the formation of the soft ferrite and cementite, which explains the
maximum elongation and minimum values of the yield strength and tensile strength.

Figure 5 Mechanical properties depending on the cooling medium
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Table 5 Critical temperatures of the heat treatment of C45 steel [6]
Critical temperature (◦ C)
Ac1
Ac3
Ms
Mr
724
780
330
350

3.2.

Effect of Heating Temperature

To study the influence of heating temperature on microstructure and mechanical
properties of C45 steel. Three temperatures have been chosen, a temperature of
700◦ C lower than AC3, 800◦ C that is slightly higher AC3 and 900◦ C superior largely
than the AC3 limit as the critical parameter of the C45 steel (Tab. 5). Mechanical
properties obtained by different heating temperatures are presented in Tab. 6.
Table 6 Mechanical properties obtained by different heating temperature

Heating temp. (◦ C)
700
800
900

Re (MPa)
316.90
617.17
552.08

Rm (MPa)
503.78
916.62
698.54

A (%)
26.4
9.10
8.02

Hardness (HV)
166
275
258

Figure 6 Microstructure of C45 steel obtained by different heating temperature: (A) 900 ◦ C, (B)
800 ◦ C, (C) 700 ◦ C

Figure 6 shows microstructures of three specimens obtained by different heating
temperature (700◦ C, 800◦ C and 900◦ C). It can be seen from Fig. 6(A) and (B) that
microstructure mostly consists of martensite with different morphology, fine-grained
martensite Obtained after heating to 800◦ C compared with heating to 900◦ C. The
microstructure of the sample heated to 700◦ C shown in Fig. 6(C), is showing the
white inserts of ferrite are embedded in the perlite matrix with spheroidal graphite.
It can be concluded that the increase in the heating temperature increases the
quantity of martensite and changes its morphology.
Figure 7 shows the evolution of the mechanical properties of C45 steel after
different heating temperature (700◦ C, 800◦ C and 900◦ C).
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Figure 7 Evolution of mechanical properties as a function of the heating temperature

It is clear that good strength were obtained after austenitization at 800◦ C. This
temperature is slightly greater than AC3 allowing the formation of fine-grained
martensite from fine-grained austenite [4, 10]. In this case the hardened structure
also contains more carbon and alloying elements which strengthens the structure
and improves the tensile strength [11]. Heating to a temperature of 900◦ C, which is
much higher than AC3, revealed a decrease in the considered mechanical properties
compared to a temperature of 800◦ C, due to the formation of coarse-grained austenite witch transforms to coarse-grains martensite after the rapid cooling [4, 10]. Low
mechanical properties were obtained after heating to a temperature of 700◦ C since
this temperature is below the AC3, which does not allow the formation of large
amount of austenite. The minimum elongation obtained by quenching at 800◦ C
and 900◦ C returns to the fragility of the martensitic structure.
3.3.

Effect of Holding Time

To evaluate the effect of holding time during austenitization on microstructure and
mechanical properties, the specimens were heated to 900◦ C for 30, 240 and 480
minutes. The mechanical properties obtained are presented in the Table 7.
Table 7 The mechanical properties obtained by different holding time
Holding time (min)
Re (MPa)
Rm (MPa)
A (%)
Hardness (Hv)
30
552.08
600.58
10.61
258
240
363.29
506.57
16.06
160
480
324.18
449.86
13.03
150
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Figure 8 shows microstructures of three specimens obtained by different holding
time (30, 240 and 480 min). After an austenitization of 30 min, the microstructure consist of fine grained martensite structure. After an austenitization of 240
min, coarse grained martensite was observed. It can be seen from Fig. 8(C) that
microstructure consist of very coarse grained martensite with low amount of residual
austenite.

Figure 8 Microstructure of C45 steel obtained by different holding time: (A) 30 min, (B) 240 min,
(C) 480 min

Figure 9 Evolution of the mechanical properties as a function of the holding time

Figure 9 shows that the yield strength (Re ), the tensile strength (Rm ) and
hardness decreases as the holding time increases. This evolution is due to the effect
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of the heating time on the austenitic grains size, the size of the austenite grains
increases with the increase of time but with a low rate of growth where the total
number of grains decreases as the larger grains consume the smallest grains. The
Hall-Petch relationship relates the yield stress σ to the mean grain diameter d,
where σ0 and k are constants as seen in the equation below [12].
σ = σ0 + kd − 0.5

(1)

The theory of dislocation, which assumes that the grain boundaries play the
role of obstacles to sliding dislocations, can explain the high strength of the sample
austenized for 30 min compared with other samples. On the other hand, the hardness decreases as the grain size increases. If the plastic area of the imprint is larger
than the grain. The grain boundaries act as obstacles for the dislocation movement
wich make the grain deformation harder resulting in an increased hardness [11].
3.4.

Effect of Heating Rate

To investigate the effect of heating rate on microstructure and mechanical properties
of C45 steel, the specimens were heated to 900◦ C at different rates (3.75, 30 and
90 ◦ C/min) for 30 minutes with water cooling. The mechanical properties obtained
are presented in the Tab. 8.
Table 8 Mechanical properties obtained by different holding rate
Heating rate (◦ C/min)
Re (MPa)
Rm (MPa)
A (%)
Hardness (Hv)
90
662.82
881.52
6.43
350
30
552.08
698.54
8.02
258
3.75
460.72
628
11.12
230

Figure 10 Microstructure of C45 steel obtained by different heating rate: (A) 90◦ C/min, (B)
30◦ C/min, (C) 3.75◦ C/min

SEM observations have been employed to explore the effect of heating rate on
the microstructures, as shown in Fig. 10. The microstructure of three sample
obtained by different heating rate (90, 30 and 3.75◦ C/min) consist of martensite
and cementite with different morphology, it can be seen in Figs. 10(A) and (B)
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that rapid heating rate results in an ultrafine grained martensite. In other hand,
coarse grained martensite was observed in Fig. 10(C) after slow heating. It can
be safely concluded that increase in heating rate to the isothermal holding, shifts
the end of cementite precipitation to shorter time. This difference in the time of
the cementite precipitation effects on the morphology of martensite. Figure 11
shows the evolution of the mechanical properties (Re , Rm , A% and hardness) after
different heating rates.

Figure 11 Evolution of the mechanical properties as a function of the holding rate

It is clear that good resistance was obtained after heating to 90◦ C/min compared
to the others heating rates, which is due to the effect of heating rates on initial grain
size before the austenitization. The sample with a slower heating rate took longer
to reach the target temperature than a faster heating rate, therefore a slow rate
cause’s grain growth.
The general equation of grain growth may explain the effect of initial grain size
on the austenitic grains size [14].
D2 − D02 = Kt

(2)

where D is the average grain diameter, D0 is the initial grain size, K is a proportionality constant that links the heating temperature to the activation energy for
grain growth, and t is the hold time.
σ = σ0 + kd − 0.5

(3)
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Conclusions

Through this study, the effect of the austenitization temperature, the cooling rate,
the holding time and heating rate on microstructure and mechanical behavior of
the C45 steel was demonstrated. At the end of this study, we are able to identify
some essential points:
1. The best results of the tensile strength Rm , the yield strength Re , and the
hardness of the C45 steel are obtained after water quenching compared with
all other quenching media.
2. Maximum elongation after cooling in air with a value of 22.08%.
3. Good properties (tensile strength, yield strength, hardness) are obtained after heating to 800◦ C. With a minimum elongation, these properties decrease
above and below this temperature.
4. The increase in cooling rate and heating temperature increases the quantity
of martensite.
5. The tensile strength, yield strength and hardness decrease with the increase
of the holding time
6. Increasing of the heating rate causes an increase in resistance of C45 steel.
7. The increase in holding time and heating rate affect the martensite morphology.
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