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Abstract— Untempered martensitic steels, while very hard are
too brittle to be useful for most applications. Most applications
require that quenched part be tempered, so as to impact some
toughness and further improve ductility. Current work reports
and analyzes results of mechanical testing was performed on
variously heat treated medium carbon steel samples, to arrive at
an optimum heat treatment strategy for judicious combination of
hardness and tensile properties. Tensile and hardness test
specimens were fabricated using Lathe machine. These samples
were subjected to various heat treatment sequences, consisting of
full annealing, hardening, oil quenching, and tempering at
different temperatures. Heat treated samples were then
mechanically tested for hardness (Rockwell) and tensile
properties (yield strength, ultimate tensile strength, ductility).
Mechanical testing of medium carbon steel samples revealed that
with increasing temper temperatures: (a) hardness first increases
to a maximum and then gradually decreases; (b) yield strength
first decreases, then increases, and then decreases again; (c)
ultimate strength first increases to a maximum and then steadily
decreases; and (d) ductility (% elongation) increases, and then
decreases before continue to increases rather sharply. The
optimum heat treatment strategy was found to be at tempering
temperature of 250°C for well balanced mechanical properties.
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I. INTRODUCTION

Steels represent the most important group of engineering
materials as they have widest diversity of application than any
other engineering materials ™. Furthermore, plain carbon
steels are widely used for many industrial applications and
manufacturing on account of their low cost and easy
fabrication . They are classified on the basis of their carbon
content as their major alloying element is carbon. Steels with
carbon content varying from 0.25% to 0.65% are classified as
medium carbon, while those with carbon content less than
0.25% are termed low carbon. The carbon content of high
carbon steels usually ranges within 0.65-1.5% 1. Hardness
and other mechanical properties of plain carbon steels increase
with the rise in concentration of carbon dissolved in austenite
prior to quenching during hardening heat treatment !, which
may be due to transformation of austenite into martensite .

The desirable properties of medium carbon steel can be
achieved by adding suitable alloying elements and secondly
by various conventional heat treatment . The mechanical
strength of medium carbon steels can also be improved by
quenching in appropriate medium. However, the major

influencing factors in the choice of the quenching medium are
the kind of heat treatment, composition of the steel, the sizes
and shapes of the parts " &,

In literature it is possible to find many works regardin
guenching heat treatment with very encouraging results
Current processes leading to carbide spheroidisation rely on
diffusion of carbon in a work piece heated to a temperature
close to or slightly below Ac, 2.

The brittleness is caused by a predominance of martensite.
This brittleness is therefore removed by tempering ™.
Therefore, medium carbon steel in its tempered state, it
provides one of the best combinations of strength and
toughness obtainable in medium carbon steels. This makes
tempering of martensite one of the most important heat
treatments in modern steelmaking. Different combinations of
time and temperature can give the desired mechanical
properties during tempering, but, in general, temperature will
have the highest impact on tempering effect ™. Previous
studies ™" have shown that with increasing the tempered
temperature, the martensite transforms to the ferrite and
carbides. However very limited information is available in
published literature about the optimum tempering temperature
for judicious combination of mechanical properties of medium
carbon steel. Results of this study can fill some of this gap.
The motivation for this research is based in an industrial
interest in the tackling the trade-off between strength and
ductility so as to provide the designers and users in metal
working industries with good guidelines to select proper
tempering temperature for heat treating medium carbon steel
for optimum combination of mechanical properties.

the
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1. EXPERIMENTAL WORK

Standard tensile and hardness test specimens were made from
medium carbon steel in collaboration with a lathe machine.
Samples were subjected to different heat treatment sequences:
annealing, hardening, oil quenching, and tempering at four
different temperatures: 250°C, 350°C, 450°C, 550°C. Heat
treated specimens were mechanically tested for tensile
properties, and hardness.

A) Heat Treatment
Ten of the twelve prepared tensile test and hardness test
samples were heated to 900°C and soaked for 45 minutes
using a muffle furnace. The test samples were quickly taken
out of the furnace and quenched in oil. Tempering treatment
was conducted immediately on eight hardened and quenched
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samples at different temperatures of 250°C, 350°C, 450°C,
550°C with dwell time 30 minutes inside the furnace
environment and allowed it to cooled in air to room
temperature.

B) Mechanical Testing

Mechanical tests were conducted on untreated, as-hardened
and hardened-tempered samples to evaluate their tensile and
hardness properties. A HV-1000 Rockwell type digital
microhardness testing machine was used to conduct the
hardness test measurements. Hardness values were determined
by taking the average of five HRC readings at different
positions on the test samples. Similarly, tensile test was
conducted on untreated, as-hardened and hardened-tempered
samples at room temperature using a 600kN Avery-Denison
universal testing Machine. The ends of the specimen were
gripped in the machine, and load was applied until failure
occurred. The initial gauge length and diameter were
measured before subjecting them to tension. The yield and
maximum loads were recorded directly from the resulted
graph, the broken ends of each of the specimens were fitted
and the final gauge length and also the smallest diameter of
the local neck were measured. The readings thus obtained
were used in the determination of the yield strength, ultimate
tensile strength, percentage elongation (ductility).

I11. RESULTS AND DISCUSSION
Spectrometric analysis of the steel was carried out to
determine its chemical composition. The result is shown in
Table 1.

S/IN | Elemen | Weight | S/N | Elemen | Weight
ts % ts %
1 C 0.350 11 Co 0.015
2 Si 0.150 12 Nb 0.0050
3 Mn 0.760 13 Ti 0.0037
4 P 0.033 14 \% 0.0057
5 S 0.034 15 w 0.010
6 Cu 0.05 16 Pb 0.0050
7 Cr 0.071 17 Sn 0.026
8 Mo 0.0050 18 Zn 0.0076
9 Ni 0.110 19 Fe 98.367
10 Al 0.025

Table 1 Composition of the steel sample investigated.

A) Hardness

Fig. 1 shows the micro hardness values of untreated, as-
hardened and hardened-tempered samples. As tempering
temperature increases, hardness first increases to a maximum
and then gradually decreases. Sample hardened at 900°C give
the highest hardness value (24.2HRC) compared to as-
received and tempered counterpart. The steel material with
approximate 0.35 carbon when heated to 900°C and soaked
for 45mins, would have the carbon present dispersed to form
austenite structures. The quenched specimens would have

their austenites transformed to martensites. These are fine,
needle-like structures which are very strong and hard, but very
brittle. This increase in hardness can be attributed to the
higher volume fraction of the harder martensite in the
developed steel; the transformation of austenite to martensite
by a diffusionless shear type transformation in quenching is
also responsible for higher hardness obtained and this property
is attributed to the effectiveness of the interstitial carbon in
hindering the dislocation motion 8. After the hardened steel
tempered the prevalent martensite is an unstable structure and
the carbon atoms diffuse from martensite to form a carbide
precipitate and the concurrent formation of ferrite and
cementite!®. This allows microstructure modifications caused
reduced in hardness level while increasing the ductility. The
re-heating of martensites during tempering would enable it to
be transformed into sorbite or troostite. These are fine
dispersions of carbide in a ferrite matrix.
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Fig.1: Variation of Hardness value of untreated, as-hardened and
hardened-tempered samples against temperatures

B) Strength

Fig. 2 Compare the measured results of yield strength and
ultimate tensile strength of untreated, as-hardened and harden-
tempered samples. Strength first increases to a maximum and
then keeps on decreasing as temper temperature increases.
The two curves are almost overlapping each other, indicating
that there is only a marginal effect due to the difference in the
heat treatment sequence. Maximum tensile strength of about
374MPa occurs at tempering of 250°C for the oil-quenched
hardened-tempered samples. It should be noted that ultimate
strength variation has almost the same pattern as hardness
variation. This confirms that there is an almost direct
relationship between hardness and strength, just as for most of
the other steels. Similarly, the yield strength reached its
maximum when hardened due to martensite formation as
explained earlier and it then rapidly decreases after tempered
at 250°C and continue to steadily decrease with increasing
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tempering temperature. The decreased in strength observed
was as a result of ferrite and cementite formed from the
martensite.

—a— Tensile Strength
—e— Yield Strength

Strength [MPa]
w
8

w
2
]

L e B B B B B B B B B

1 1
Hardned at 900 Tempered al 250 Tempered at 350 Tempered at 450 Tempered at 550

Sample Condition

Untreated

Fig.2: Variation of Strength of untreated, as-hardened and hardened-
tempered samples against temperatures

C) Ductility

Fig. 3 shows the results of measured ductility of tested
samples, against heat treated temperatures. The ductility of
hardened sample was the least as compare to untreated sample,
but increases when tempered at 250°C, with slight decrease at
350°C and 450°C and then increases sharply for the remaining
tempered sample. This could be as a result of ferrite and
cementite formed from the martensite. The highest value of
ductility of about 50.9% was obtained on the sample with
highest tempering temperature of 550°C. This is because
tempering treatment at elevated temperature is able to increase
the number of planes on treated sample for dislocation
movement to occur.
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Fig.3: Variation of Ductility of untreated, as-hardened and hardened-
tempered samples against temperatures

IV. CONCLUSIONS
The influence of heat treatment process and temperature on
mechanical properties of untreated, as-hardened and hardened

-tempered medium carbon steels was evaluated. The
investigation reveals that the hardened samples give the
highest hardness and strength values while highest hardness
and strength values for the tempered samples was obtained at
temperature of 250°C for medium carbon steels. 250°C was
found to be an optimum temperature for well balanced
mechanical properties.
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