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Abstract

Mechanical properties of 0.15 wt%C - 0.37 wt%Mn - 0.24 wt%Si steel quenched
to room temperature after single phase austenitization and those tempered after
quenching were studied. Forty eight steel samples were prepared for mechani-
cal properties analyses and heat treated at 850◦C, 870◦C, 890◦C, 910◦C, 930◦C,
950◦C, 970◦C and 990◦C for 1hr at each temperature in a laboratory muffle heat
treatment furnace. The heat treated samples were quenched to room temperature
in plain water. Twenty four samples from the quenched samples were further
subjected to a low temperature tempering at 200◦C for 1 hr and air cooled to room
temperature. Lower single phase austenitization temperatures gave higher strength
and hardness values but lower ductility and notch impact toughness values com-
pared to higher single phase austenitization temperatures. The results revealed
that tensile strength and hardness values decreased from 571.27N/mm2 at 850◦C
to 412.31N/mm2 at 990◦C for tensile strength and from 250 BHN at 850◦C to
206 BHN at 990◦C for hardness while ductility and notch impact toughness in-
creased from 4.57% at 850◦C to 11.61% at 990◦C and from 10.24 J/cm2 at 850◦C
to 23.69 J/cm2 at 990◦C respectively with single phase austenitization tempera-
tures. Tempered steel has yield strength values which decreased with single phase
austenitization temperatures from 383.34 N/mm2 at 850◦C to 222.76 N/mm2 at
990◦C. From the values it was observed that tempering gave rise to a decrease in
tensile strength (from 571.27 N/mm2 at 850◦C after quenching to 552.03 N/mm2

at 850◦C after tempering) and hardness (from 250 BHN at 850◦C after quenching
to 239 BHN at 850◦C after tempering) and an increase in ductility (from 11.61%
at 990◦C after quenching to 28.04% at 990◦C after tempering) and notch impact
toughness (from 23.69 J/mm2 at 990◦C after quenching to 84.60 J/mm2 at 990◦C
after tempering) of the as-quenched steel.
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Symbol notation

σt tensile strength
σy yield strength
δ ductility
H hardness
BHN Brinnel hardnes number
an notch impact toughness
qs quenched sample
ts tempered sample

1. Introduction

Since the nineties of 20th century, auto-
motive industry has reported high demands
for steels possessing high strength and plastic
properties as well as cold formability. A great
contribution in the development of new gen-
eration of steels emanated from international
projects with participation of numerous steel
industries. The basic goal was to collaborate
and produce components from high strength
steels, using modern methods of forming and
processing for the production of body parts
of a vehicle [1]. The expectations of automo-
tive industry were brought to lime light by
the introduction of multiphase steels, consist-
ing of soft ferritic matrix containing islands
of martensite, bainite or bainitic-austenitic is-
lands. Steels with such microstructure have
characteristics of a composite material, per-
fectly combining high strength with required
plasticity [2 - 4].

The final mechanical properties depend
upon kinetics of austenite to martensite trans-
formation, which is strictly connected with
austenite phase stability, mostly dependent on
carbon concentration in austenite [5-7], the
size and arrangement of particles of this phase
as well as its strength and the present state
of stress [8, 9]. The optimization of alloy
contents in the iron - carbon alloy system
combined with different mechanical and heat
treatments lead to immense opportunities for
parameter variations and these are continu-
ously being developed [10-12]. The develop-
ment of new structural materials with good
strength, impact and plasticity, which allow
for weight reduction of cars, is still an open
task for manufacturers [13].

Table 1: Chemical composition of the steel used (wt
%) with its critical temperature (calculated).
C Mn Si Ni Al S AC3 (◦C)
0.15 0.37 0.24 0.04 0.01 0.002 832

Table 2: Mechanical properties of steel used.
σy
(N/mm2)

σt
(N/mm2)

δ (%) H
(BHN)

an
(J/cm2)

213.86 367.31 34.49 148 72.41

2. Objectivies of the Study

The objectives of this work are to study the
effects of various single phase austenitization
temperatures and tempering on the mechani-
cal properties of 0.15 wt%C - 0.37 wt%Mn -
0.24 wt%Si steel. So the goal of this work is
to find the single phase austenitization tem-
perature or temperature interval from which
quenching results in better mechanical prop-
erties when combined with low temperature
tempering.

3. Materials and Methods

3.1. Materials

Hot-rolled 16mm (5/8 inch) steel rod of
chemical composition (wt %) shown in Table 1
was used for the experimental work. The me-
chanical properties of the experimental steel
in its original as hot-rolled state are given in
Table 2.

3.2. Methods

The samples used for the experimental work
were machined from the as-hot-rolled steel
rod. Forty eight steel samples were pre-
pared for mechanical properties analyses and
heat treated at 850◦C, 870◦C, 890◦C, 910◦C,
930◦C, 950◦, 970◦C and 990◦C for 1hr at
each temperature in a laboratory muffle heat
treatment furnace. The heated treated sam-
ples were quenched to room temperature in
plain water. Twenty four samples from the
quenched samples were further subjected to
a low temperature tempering at 200◦C for 1
hr and air cooled to room temperature to im-
prove ductility and notch impact toughness.

Nigerian Journal of Technology Vol. 30, No. 3. October 2011.



Mechanical Properties of C - Mn - Si Quenched Steel 37

The upper critical temperature AC3 was cal-
culated using empirical equation developed by
Andrews [14-16].

After the heat treatment of the test sam-
ples, tensile tests were carried out at room
temperature using 10 ton universal testing
machine. Brinell hardness testing method was
used to determine hardness while the Charpy
impact testing machine was used for the de-
termination of the notch impact toughness.

4. Results and Discussions

The results of measurements made are tab-
ulated in tables 3.

Table 3 shows the strength and ductility –
temperature relationships of the steel samples
prepared for quenching and those prepared
for quenching and then tempering after single
phase austenitization at 850◦C, 870◦C, 890◦C,
910◦C, 930◦C, 950◦C, 970◦C and 990◦ for 1hr
in a laboratory muffle heat treatment furnace
and quenched to room temperature in plain
water. The steel samples prepared for quench-
ing and then tempering were further subjected
to a low temperature tempering at 200◦C for
1 hr and air cooled to room temperature. The
table also shows profoundly that single phase
austenitization temperature and low temper-
ature tempering had noticeable effects on the
strength and ductility values. Steel samples
quenched in plain water had higher tensile
strength values (from 571.27N/mm2 at 850◦C
to 412.31N/mm2 at 990◦C) than those sub-
jected to low temperature tempering after
plain water quenching (from 552.02N/mm2
at 850◦C to 389.90N/mm2 at 990◦C). On
the other hand, steel samples tempered af-
ter plain water quenching had higher ductil-
ity values (from 28.04% at 990◦C to 16.27%
at 850◦C) than those quenched in plain water
but not tempered (from 11.61% at 990◦C to
4.57% at 850◦C). Lower single phase austen-
itization temperatures gave higher strength
and hardness values but lower ductility and
notch impact toughness values compared to
higher single phase austenitization temper-

atures. The results show that lower sin-
gle phase austenitization temperatures gave
higher tensile strength values (571.27N/mm2

at 850◦C to 412.31N/mm2 at 990◦C) but lower
ductility values (from 11.61% at 990◦C to
4.57% at 850◦C) compared to higher single
phase austenitization temperatures. It is also
of note that the yield strength values de-
creased with single phase austenitization tem-
peratures (from 222.76N/mm2 at 990◦C to
383.34N/mm2 at 850◦C).

Perhaps the most fascinating aspect of steel
is that it may be strengthened to amazingly
high levels by quenching. The strength lev-
els are higher than the strongest commercial
alloys of aluminum, copper and titanium by
factors of roughly 4.7, 2.2 and 2.1 respectively
[17]. Increased strengths do not occur un-
less the hot steel contains the austenite phase.
The very rapid cooling prevents the austen-
ite from transforming into the preferred fer-
rite + cementite structure. A new structure
called martensite is formed instead, and this
martensite phase is responsible for the very
high strength levels [17]. Most martensites
are tempered by heating to low temperatures.
The tempering causes very small carbides to
form in the martensite which reduces strength
but enhances ductility. It also makes tem-
pered martensite etch dark in the optical mi-
croscope [17].

Furthermore, Table 3 shows the hardness
and notch impact toughness versus temper-
ature relationships of the steel samples pre-
pared for quenching and those prepared for
quenching and then tempering after single
phase austenitization at 850◦C, 870◦C, 890◦C,
910◦C, 930◦C, 950◦C, 970◦C and 990◦C for
1hr in a laboratory muffle heat treatment fur-
nace and quenched to room temperature in
plain water. The steel samples prepared for
quenching and then tempering were further
subjected to a low temperature tempering at
200◦C for 1 hr and air cooled to room tem-
perature. Table 3 also shows profoundly that
single phase austenitization temperature and
low temperature tempering had noticeable ef-
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Table 3: Strength properties of the heat treated steel specimens..
T ◦C σyqs

N/mm2
σyts
N/mm2

σtqs
N/mm2

σtts
N/mm2

qs % ts % Hqs

BHN
Hts

BHN
anqs
J/cm2

ants
J/cm2

850 - 383.34 571.27 552.03 4.57 16.27 250 239 10.24 56.27
870 - 367.11 549.71 538.15 4.81 18.31 240 228 11.97 58.33
890 - 346.63 532.29 515.16 5.93 20.01 35 221 13.77 62.17
910 - 339.04 507.04 486.29 6.45 21.62 229 215 14.16 65.93
930 - 320.47 482.92 468.75 8.12 23.75 222 207 15.21 70.45
950 - 305.11 460.44 443.62 9.84 25.44 215 194 17.6 74.5
970 - 265.39 436.41 417.84 10.41 25.78 210 182 20.38 80.87
990 - 222.76 412.31 389.9 11.61 28.04 206 173 23.69 84.6

fects on the hardness and notch impact tough-
ness values. Steel samples quenched in plain
water had higher hardness values (from 250
BHN at 850◦C to 206 BHN at 990◦C) than
that subjected to tempering after plain wa-
ter quenching (from 239 BHN at 850◦C to
173 BHN at 990◦C). On the other hand, steel
samples tempered after plain water quench-
ing had higher notch impact toughness values
(from 84.60 J/cm2 at 990◦C to 56.27 J/cm2 at
850◦C) than that quenched in plain water but
not tempered (from 12.24 J/cm2 at 990◦C to
23.69 J/cm2 at 850◦C). In the same vein, the
results show that lower single phase austen-
itization temperatures gave higher hardness
values (from 250 BHN at 850◦C to 206 BHN
at 990◦C) but lower notch impact toughness
values (from 23.69 J/cm2 at 990◦C to 10.24
J/cm2 at 850◦C) compared to higher single
phase austenitization temperatures (see Ta-
ble 3). By the tempering process, the prop-
erties of quenched steel could be modified
to decrease hardness and increase ductility
and impact strength gradually [10]. Coars-
ening of austenite microstructure with higher
temperature prior to quenching is responsi-
ble for the observed trends. It should be
noted that in accordance with the Hall-Petch
equation, smaller grain size usually leads to
increased yield strength and impaired tech-
nological ductility of steel [18]. Raising the
austenitization temperature (thus, increasing
austenitic grain growth) can be considered
promising and effective method of increasing
the strength of grain boundaries due to re-

duction of impurity segregation. It is known
that raising the austenitization temperature
leads to higher residual elastic stresses and
also to higher local peak microstresses that
occur when the martensite crystals encounter
grain boundaries. For this reason, it is possi-
ble for the positive effect resulting from weak-
ening of segregation embrittlement of grain
boundaries after high temperature austeniti-
zation to be offset by the negative effect of
structural microstresses. To reduce metal con-
sumption and the weight of structures it is
necessary to broaden the use of high strength
steels and alloys. The increase in strength re-
sulting from quenching to produce martensite
is inevitably accompanied by low resistance
to brittle fracture the most important charac-
teristic of structural strength [19, 20]. Dual
phase steels have been designed to have low
carbon with or without alloying elements and
heat treated or hot rolled to have martensite
volume fractions rarely exceeding 15%, be-
cause beyond this percentage, formability of
dual phase steels is badly affected [21]. The
advantages gained by heat treatments that use
austenitization, quenching to martensite and
then tempering the martensite are that the
desired microstructure can be obtained either
throughout the part or at selected locations.
Obtaining the desired microstructure means
that the proper mechanical properties can be
obtained where required. All of this is true
provided that the part being heat treated can
indeed be converted to martensite when the
austenite is cooled. If it cannot be so trans-

Nigerian Journal of Technology Vol. 30, No. 3. October 2011.



Mechanical Properties of C - Mn - Si Quenched Steel 39

formed then the required microstructure can-
not be produced [13, 15].

5. Conclusions

The following conclusions can be drawn.

• Strength and hardness values decreased
with increase in single phase austenitiza-
tion temperatures.

• Ductility and notch impact toughness
increased with increase in single phase
austenitization temperatures.

• Tempered steel has yield strength values
which decreased with increase in single
phase austenitization temperatures. As
quenched steel has no yield strength val-
ues.

• Tempering gave rise to a decrease in
tensile strength and hardness and an
increase in ductility and notch impact
toughness of the as hot rolled steel.

• Tempered steels presented the better
compromise between strength, hardness,
ductility and notch impact toughness.
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