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cooling, and furnace cooling. Tempering process was conducted on the quenched
specimen by reheating at 500°C and cooled to room temperature. Material
characterization techniques such as hardness test and morphological investigation
were carried out for all specimens. The heat treatment has significantly improved the
hardness of the material. The quenched specimen (rapid cooling) shows the highest
increment of hardness by 709%. This was followed by the normalized specimen
(moderate cooling) and annealed specimen (slow cooling) which shows 425% and
170% of increment respectively. However, tempering treatment on the quenched
specimen has shown a slight decrease in the hardness value. In terms of
microstructure, the annealed specimen produced coarse grain size while the quenched
specimen produced a fine grain size. The hardness of the specimen subjected to
tempering process is lower than that of quenching process.
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1. Introduction

High carbon steel is a common material that can be found for applications which require high
strength, high hardness, and good wear resistance. In addition, this material is also known to be cost-
effective, making them as a promising material for the high abrasive environment [1]. The industrial
applications of high carbon steel include cutting tools, cable, music wire, springs, and cutlery. The
carbon content of the steel is the vital criteria for the hardness and strength of this material. Higher
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carbon content was often associated with higher hardness and strength of the heat-treated material.
Basically, high carbon steel is classified based on its carbon content which is more than 0.6 wt.% and
it is categorized as heat treatable materials.

Heat treatment can be defined as a combination of heating and cooling processes which is applied
to a metal or alloy in solid state condition [2, 3]. It is an important manufacturing process of carbon
steel which will determine the performance of the final product [4, 5]. Apart from steel, heat
treatment were also applied to other materials such as aluminium alloy, sodium niobate, and natural
fiber composites [6, 7] By applying the heating process, the microstructure and mechanical
properties of the material can be altered, and most of the energy is consume [8]. Mainly, heat
treatment was used to increase the mechanical properties of the steel in order to meet the desired
manufacturing specification of the material [9]. This properties i.e strength and hardness are highly
dependent on the microstructure of the material [4, 10-12].

Although there are many studies conducted on carbon steel, however, the study conducted on
heat treatment of high carbon steel are very rare. Hence, this study is intended to investigate the
effect of cooling medium and tempering on the microstructure and hardness of SK3 high carbon steel.

2. Materials and Methodology
2.1 Specimen Preparation

SK3 high carbon steel with a carbon content of more than 0.6wt.% was used in this study. The
specimens were cut to a diameter of 1620.5 mm and thickness of 5£0.5 mm. The measured hardness
of the as-received specimen is 6.96 HRC.

2.2 Material Composition

Composition analysis of the as-received specimen was performed by using Energy Dispersive X-
Ray (EDX) spectroscopy.

2.3 Hardness Test

Hardness tests were conducted on the specimens by using Rockwell Hardness Tester according
to ASTM E18-17el. The load of 1471N was used for all specimens. The hardness scale and type of
indenter used are HRC and diamond 120° respectively. This procedure was repeated for five different
points on the specimen in order to get an average value of hardness number.

2.4 Metallurgical Investigation

This process was conducted to investigate the changes in the microstructure of the specimens
following the heat treatment. The direct microscopic observation was conducted by using the optical
microscope in order to analyze the phase present and their proportions, as well as the grain size. The
procedure of the metallurgical investigation consists of mounting, grinding, polishing, etching,
cleaning, and finally observing using a microscope.

2.5 Heat Treatment

There are four types of heat treatments used in this study i.e quenching, normalizing, annealing,
and tempering. The specimens were heated to specific austenitizing temperatures of 760°C, 840°C,
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920°C, 1000°C and 1080°C in an electric furnace. Then, the specimen was held at austenitizing
temperature for 1 hour of soaking time. Consequently, the specimens were taken out from the
electric furnace and cooled in three different cooling medium which i.e oil quenching (quenching),
air cooling (normalizing) and furnace cooling (annealing). In tempering process, the quenched
specimen was reheated at 500°C for 10 min and air cooled. Table 1 shows the heat treatment
parameter for SK3 high carbon steel.

Table 1

Soaking temperature and cooling medium

Soaking Cooling medium Tempering
Temperature QOil quenching Air cooling Furnace cooling  (500°C)
760°C 0Q1 AC1 FC1 Tl

840°C 0Q2 AC2 FC2 T2

920°C 0Q3 AC3 FC3 T3

1000°C 0Q4 AC4 FC4 T4

1080°C 0Q5 AC5 FC5 T5

3. Results and Discussion
3.1 Composition Analysis

Chemical composition analysis was carried out for the as-received specimens in order to identify
the percentage of carbon and other elements in the material. The result of the chemical composition
analysis showed the percentage of carbonis in the range of 1 — 1.10 wt.%. Since the amount of carbon
is more than 0.6wt.%, hence it can be confirmed that the specimen is a high carbon steel. Table 2
lists the chemical composition of the material used in this study.

Table 2

Chemical composition of SK3 carbon steel
Element wt.%

C 1.00-1.10

Si 0.15-0.35

Mn 0.15-0.50

P 0.03

S 0.03

3.2 Effect of Cooling Medium on Hardness

Figure 1 shows the effect of different cooling medium and temperature on the hardness value of
SK3 high carbon steel. In general, all heat treatment process has effectively increased the hardness
value of the as-received specimen. Highest hardness value which is 56.34 HRC was shown by
specimen 0Q2 while lowest hardness which is 4.28 HRC was shown by specimen FC1 in Table 3.

Table 3

Hardness value of various heat treatment processes (HRC)

Hardness value (HRC)

760°C 840°C 920°C 1000°C 1080°C

Process/ Heating temperature

Annealing 4.28 12.68 18.8 18.2 8.98
Oil quenching 42.04 56.34 54.88 489 30.2
Normalizing 22.62 30.62 36.54 26.8 26.38
Tempering 38.3 5292 50.72 41.84 30.32
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Fig. 1. Hardness values of annealing, normalizing and quenching of SK3 high
carbon steel

Generally, quenched specimen shows the highest hardness followed by the normalized specimen
and annealed specimen respectively. The quenched specimen (rapid cooling) shows the highest
increment of hardness by 709%. This was followed by the normalized specimen (moderate cooling)
and annealed specimen (slow cooling) which shows 425% and 170% of increment respectively. Both
annealed and normalized specimen showed an increase in the hardness value following the increase
in soaking temperature up to 920°C. The drop in hardness value was observed at 1000°C. For
guenched specimen, the hardness increased as the temperature increased up to 840°C and started
to decreased at 920°C. In general, all treatments conducted shows increment in the hardness value
of the high carbon steel. This improvement might be attributed to the microstructure transformation
upon subjected to heat treatment which will be further discussed in the next section.

The higher hardness of quenched specimen might be attributed to the formation of fine
martensite resulting from fast cooling rate [4]. Meanwhile, the lower hardness of annealed specimen
can be attributed to the formation of soft pearlite microstructure resulting from the slow cooling
rate. In general, as the cooling rate increases, the hardness of material also increases. This finding is
in agreement with the previous study [2]. The decrease in hardness value for the annealed specimen
might be attributed to the formation of fine pearlite and proeutectoid ferrite. The annealed specimen
at a temperature of 1080°C shows the transformation of bainite microstructure containing cementite
and a ferrite. For the normalized specimen, the decreased of hardness value at 1000°C was due to
the coarsening of grain. Generally, increase in soaking temperature had coarsened the grain of the
material. This finding is in agreement with the previous study [5].

The decreased in the hardness value at soaking temperature of 920°C and 1000°C might be
associated to the effect of coarse grain size. The decreased in hardness for the quenched specimen
at a temperature of 1080°C, might be attributed to the transformation to bainite microconstituent
containing ferrite, cementite and martensite microstructure. In terms of mechanical properties,
bainite microstructures have a lower hardness than martensite which decreases the hardness value.
This phenomenon can be attributed to the increasing of grain size due to a higher rate of diffusion at
a higher temperature which further decreases the strength of the material by permitting more
dislocation motion to occur as compared to finer grain. In addition, the formation of micro-crack is
one of the reasons for hardness drop that being discovered in this paper which will be further
elaborated in the microstructure analysis section.
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3.3 Effect of Cooling Medium on Microstructure

Figure 2 shows the microstructure of as-received specimen contains ferrite crystals filled with
sphere-like cementite particle. This microstructure was referred as spheroidite. The existence of
cementite particle in high carbon steel microstructure is consistent with the previous study [13].

l Spheroidite

Fig. 2. As- received specimen
3.3.1 Annealed specimen

Figure 3 shows the microstructure of annealed specimen for various soaking temperature. As
indicated in Figure 3(a), specimen FC1 showed similar spheroidite phase as the as-received material.
Meanwhile, Figure 3(b) shows the microstructure of specimen FC2 contains smaller cementite
particles.

In annealing, the microstructure transformations involved the decomposition of austenite and
slow cooling process form coarse pearlite microstructure. During slow furnace cooling, the carbon
precipitates out in the form of pro-eutectoid cementite network at the prior austenite grain
boundary. Thereafter prior austenite grains eutectoidally transform to pearlite [14]. Figure 3(c) shows
larger grain size of specimen FC3 following higher soaking temperature of 920°C. In addition,
according to Al-Qawabah et al., [15], a carbon steel subjected to annealing will experience grain
coarsening due to slower cooling rate. Furthermore, Figure 3(c) and (d) showed that specimen FC4
and FC5 formed fine pearlite and proeutectoid ferrite. The layers of pearlite were formed due to the
diffusion of carbon atoms with minimal distances for the formation of the structure.
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Fig. 3. Annealed specimen microstructure at various heating temperature (a) 760°C (b)
840°C (c) 920°C (d) 1000°C and (e) 1080°C

3.3.2 Normalized specimen

The microstructure of specimen AC1 was shown in Figure 4(a). The specimen shows bainite
microstructure containing very fine and elongated particles of cementite Fe C in a ferrite matrix. By
increasing the austenitizing temperature to 840°C in the normalizing process, the particles of
cementite Fe C was dissolved in specimen AC2 as shown in Figure 4(b). It was found that martensite
microstructure exists in the normalized specimen of high carbon steel SK3 with a heating
temperature of 920°C, and this has contributed to the highest hardness value shown in Table 3 which
is 36.54HRC. Figure 4(c) shows that the martensite plate size increased with the increasing of
austenitizing temperature.

Figure 4(d) and 4(e) also show martensite micro-constituent for the normalized specimen. It is
observed that the grain sizes for specimen AC3 and AC4 were coarser than AC1 and AC2. This coarser
grain has contributed to lower hardness value as shown in Table 3. According to Saha et al., [14],
during the subsequence non-equilibrium forced air cooling, the austenite regions transform to
ferrite-cementite aggregate. It is important to note that in this case cementite being partially
dissolved in austenite which also contributes to lower hardness value than quenched specimens.
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Bainite

Martensite

Fig. 4. Normalized specimen microstruéture at various heating temperature (a) 760°C (b)
840°C (c) 920°C (d)1000°C and (e) 1080°C

3.3.3 Quenched specimen

Specimen 0Q1 shows microconstituent martensite phase as shown in Figure 5(a). Martensite
phase formed when austenitized iron-carbon alloys rapidly cooled by oil quench in the vicinity of the
ambient low temperature. Here, quench rate was rapid enough to prevent carbon diffusion. As
shown in Figure 5(a), the white region is austenite that failed to transform during quenching process.

Specimens 0Q2, 0Q3, and 0Q4 show similar martensite phase as shown in Figure 5(b), (c) and
(d). Austenite is slightly denser than martensite and therefore, during the phase transformation upon
guenching, there is a net volume increase. Consequently, relatively large pieces of austenite
undergone rapid quenched were cracked and appeared as black pores due to internal stresses as
shown in Figure 5(b) and 5(c). It is observed that specimen OQ4 has coarser grain which explains the
drop in hardness value to 48.9 HRC. Increase in hardness after quenching can be attributed to delay
in the formation of ferrite which then promotes the formation of pearlite and martensite at the
higher cooling rate. Thus, the increased of hardness with quenched steels can be explained by the
increasing relative value of pearlite and martensite after quenching [16].

Figure 5(e) shows the microstructure of specimen OQ5. Increase in the soaking temperature up
to 1080°C had coarsened the cementite particles, which explains the tremendous drop in the
hardness.
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Austenite

Martensite

Fig. 5. Quenched specimen microstructure at various heating temperature (a) 760°C (b)
840°C (c) 920°C (d)1000°C and (e) 1080°C

3.4 Effect of Tempering

Figure 6 shows the hardness of tempered specimen is lower than the quenched specimen. This is
consistent with finding by Tkalcec et al., [17]. The decreased in hardness value was due to the
microstructural change accompanying tempering which is a loss of acicular martensite pattern and
the precipitation of tiny carbide particles. This microstructure is referred known as tempered
martensite. According to Edmonds et al., [18] tempering causes the retained austenite content to
rapidly decreases due to transformations of retained austenite to martensite constituent. The

martensite hardness also continuously decreases as carbon precipitates, showing that it is mainly
influenced by carbon in solid solution [17].

[

=+ Tempered specimen
0 4 =& Juenched specimen

Hardness Vahie, (HRC)
[FH]
o

TE0RC §+0C 20°C 1000°C 1080°C

Heating Temperature { C)

Fig. 6. Hardness values of tempered and quenched specimen
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Furthermore, other factors that cause a drop in hardness of tempered specimen was discussed
by Suchanek et al., [19] that tempering relived the internal stress and cause carbon to diffused from
martensite carbide. On the other hand, the prevalent martensite is an unstable structure and the
carbon atoms diffuse from martensite to form tempered martensite and results in concurrent
formation of ferrite and cementite. This process allows microstructure transformation which reduces
the hardness to the desired level while increasing the ductility [20].

Figure 7 shows similar tempered martensite microstructure which contains small and uniformly
dispersed cementite particles embedded within a continuous ferrite matrix. However, the increase
in cementite particle size can be observed as the soaking temperature increases from 840°C until
1080°C.

| Tempered
martensite

Fig. 7. Tempered specimen microstructure at various heating temperature
(a) 760°C (b) 840°C (c) 920°C (d) 1000°C and (e) 1080°C

Microstructures of the quenched specimen on Figure 4 shows martensite phase. After tempering
at 500°C, supersaturated carbon in martensite microconstituent transform to the tempered
martensite which decrease the hardness value as shown in Table 3. The size of cementite particles
does influence the hardness of tempered specimen where increase in its size will decrease the ferrite-
cementite phase boundary area as shown in Figure 7(d) and (e) and thus, decrease the hardness as
shown in Figure 6. Overall, the modification of high carbon steel in this study has improved the
potential application of this material especially for the heavy industries which requires high strength
material [21].

4. Conclusions
Analysis of the microstructure and hardness of heat treated SK3 high carbon steel has shown that

the hardness value tends to increase following the increase in the cooling rate. Rapid cooling of the
guenched specimen recorded the highest hardness of 56.34HRC at 840°C soaking temperature with

207



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 63, Issue 2 (2019) 199-209

the formation of fine martensite. This finding has increased 709% of the as-received hardness. The
moderate cooling rate on normalized specimen shows intermediate hardness value whereas slow
cooling rate on annealed specimen shows the lowest hardness of 4.28HRC at 760°C soaking
temperature with the formation of pearlite and proeutectoid ferrite. The slow cooling rate on
annealed specimen produced a coarse grain of pearlite while rapid cooling of the quenched specimen
produced a fine grain of martensite. The hardness of tempered specimen was slightly dropped as
compared to the quenched specimen due to phase transformation from martensite to tempered
martensite.
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