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Abstract. Materials play a crucial role in shaping human history and civilization,
with metals, polymers, ceramics, and composites being fundamental to advance-
ments in science and technology. Among metals, steel is favored in the manufac-
turing industry for its superior hardness and toughness. The heat treatment pro-
cess significantly influences the material properties of steel. This study employs
a PMI Master Smart Oxford OES (Optical Emission Spectrometry) device for
composition analysis, an optical microscope for microstructural examination, and
the Vickers method for hardness testing. AISI 1040 steel specimens were heated
in a muffle furnace at 720°C for 60 minutes, followed by quenching in cold water
(5°C), room temperature water (30°C), and hot water (70°C). The results showed
that the specimen quenched in cold water exhibited the highest hardness value of
258.39 HV, with a microstructure comprising 45.45% pearlite and 54.55% fer-
rite. In contrast, the specimen quenched in hot water displayed the lowest hard-
ness value of215.09 HV, with a microstructure consisting of 29.20% pearlite and
70.80% ferrite. These findings highlight the significant impact of quenching me-
dium temperature on the hardness and microstructural characteristics of AISI
1040 steel.

Keywords: Heat treatment, AISI 1040 steel, water quenching, water tempera-
ture.

1 Introduction

Materials are fundamental to technological advancements and the development of human civili-
zation[1]. Their properties influence various applications across multiple fields, from construc-
tion to aerospace and automotive industries [2], [3]. Metals, in particular, have played a pivotal
role due to their strength, ductility, and versatility [4]. Among these, steel stands out for its ex-
ceptional mechanical properties and widespread use [5].

Steel, an alloy primarily composed of iron and carbon, is renowned for its high strength-to-weight
ratio, making it a preferred choice in various manufacturing processes [6], [7]. The selection of
specific steel grades, such as AISI 1040, is critical based on their mechanical properties and suit-
ability for specific applications [8], [9]. AISI 1040 steel, known for its medium carbon content,
offers a good balance between strength and ductility, making it suitable for components requiring
high wear resistance[10]
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The mechanical properties of steel can be significantly altered through heat treatment processes,
which include annealing, quenching, and tempering [11]. Heat treatment modifies the micro-
structure of the material, resulting in changes in hardness, toughness, and ductility [12]. Quench-
ing, a common heat treatment method, involves rapidly cooling the steel from a high temperature
to trap a specific microstructure, typically martensite, which enhances hardness [13].

The choice of quenching medium—be it water, oil, or air—has a profound impact on the cooling
rate and the resulting microstructure of the steel [14]. Water is a popular cooling medium due to
its high heat transfer coefficient, although its effectiveness can vary significantly with tempera-
ture [15]. The cooling rate determines the phase transformation that occurs during quenching,
ultimately influencing hardness and other mechanical properties [16].

For AISI 1040 steel, the balance between pearlite and ferrite phases plays a critical role in defin-
ing its hardness. The pearlite phase contributes significantly to hardness, while the ferrite phase
provides ductility [17]. Understanding the relationship between cooling conditions and micro-
structural evolution is essential for optimizing the heat treatment processes to achieve desired
material properties [18].

Despite the extensive research on heat treatment processes, there remains a need for more detailed
studies focusing on the specific effects of varying cooling medium temperatures on AISI 1040
steel. This study aims to investigate how different quenching temperatures—cold water (5°C),
room temperature water (30°C), and hot water (70°C)—affect the hardness and microstructure
of AISI 1040 steel. The findings will contribute to a deeper understanding of how quenching
conditions can be optimized for improved material performance in various applications.

This research is poised to fill existing gaps in the literature by systematically analyzing the impact
of cooling media on the properties of AISI 1040 steel. By employing advanced analytical tech-
niques, this study seeks to provide valuable insights that can inform both theoretical understand-
ing and practical applications in metallurgy.

2 Methods

This research utilized a combination of literature review and experimental observation.
The study focused on the testing of chemical composition for the test specimen, which
is AISI 1040 steel (refer to Figure 1). The chemical composition of the specimen was
determined using the PMI Master Smart Oxford OES (Optical Emission Spectrometry)
machine (Table 1). Prior to testing, the specimen was polished to remove any corrosion.
Once prepared, the specimen was placed in the OES machine for analysis, allowing for
the observation of its chemical composition.

Fig. 1. Specimen AISI 1040 Steel (Medium Carbon Steel).
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The heat treatment involved heating the specimen to 720°C with a holding time of 60
minutes. Three different quenching water temperatures were tested: cold water (5°C),
room temperature water (30°C), and hot water (70°C). Microstructural testing aimed to
examine the phase structure and characteristics of AISI 1040 steel before and after heat
treatment. This analysis was conducted using metallographic techniques with an optical
microscope. Proper surface preparation of the specimen was essential for accurate mi-
crostructural observation. Hardness was assessed using the Vickers method, which was
performed on the specimens before and after the heat treatment process to evaluate the
impact of quenching temperature on hardness values.

Table 1. Chemical Composition of the Specimen (Medium Carbon Steel).
Element Fe C Si Mn P S Cr Mo Ni

Composition

(%) 984 0392 029 0.832 0.0092 0.0052 0.0084 0.005 0.0152

3 Results and Discussion

Fig. 2. Microstructure using an optical microscope after air quenching at temperatures (a) without
heat treatment process; (b) 5°C; (c) 30°C; (d) 70°C.

(Fig. 2.)The calculations based on the ASTM E562 method and microstructural analysis
revealed the percentage comparison of ferrite and pearlite phases at a magnification of
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500x using an optical microscope. The results showed that the non-heat-treated speci-
men contained 68.36% ferrite and 31.64% pearlite. The cold water quenching (5°C)
yielded 54.55% ferrite and 45.45% pearlite, while the room temperature water quench-
ing (30°C) resulted in 66.08% ferrite and 33.92% pearlite. Lastly, the hot water quench-
ing (70°C) exhibited 70.80% ferrite and 29.20% pearlite.

The reduction in ferrite content in the cold water quenched specimen indicates a trans-
formation favoring the formation of pearlite, which is known for its strength and hard-
ness. This suggests that quenching at lower temperatures can enhance the mechanical
properties of AISI 1040 steel, making it more suitable for applications requiring higher
strength.

Ferrite Phase
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Fig. 3. Graph of Ferrite Phase Percentage.

Fig. 3. illustrates the percentage of ferrite phases in descending order: the specimen
quenched in hot water (70°C) had the highest ferrite content at 70.80%, followed by
the non-heat-treated specimen at 68.36%. The room temperature quenching (30°C)
specimen had 66.08% ferrite, and the cold water quenched specimen (5°C) had the
lowest ferrite percentage at 54.55%.

This trend highlights the impact of quenching temperature on phase distribution. The
higher ferrite content in the hot water quenched specimen correlates with its softer prop-
erties, suggesting that this method may be less effective for applications requiring high
strength. The microstructural transformations observed are essential for understanding
how different quenching conditions affect material properties.
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Pearlite Phase
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Fig. 4. Graph of Pearlite Phase Percentage.

Fig. 4. depicts the percentage of pearlite phases from highest to lowest: the cold water
quenched specimen (5°C) showed the highest pearlite content at 45.45%, followed by
the room temperature quenched specimen (30°C) at 33.92%. The non-heat-treated
specimen had 31.64% pearlite, while the hot water quenched specimen (70°C) had the
lowest pearlite percentage at 29.20%.

The increase in pearlite in the cold water quenched specimen illustrates the effective-
ness of rapid cooling in promoting stronger phase formations. This suggests that con-
trolling quenching parameters can optimize the desired balance of ferrite and pearlite,
which is critical in tailoring the material's mechanical properties for specific engineer-
ing applications.
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Fig. 5. Three Different Points during Vickers Hardness Testing on the Specimen: (a)
Point One, (b) Point Two, and (c) Point Three.
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Fig. 6. Graph of Hardness Analysis.
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Fig. 6. presents the average hardness values from highest to lowest: the cold water
quenched specimen (5°C) had an average hardness of 258.39 HV, followed by the room
temperature quenched specimen (30°C) with 241.59 HV. The non-heat-treated speci-
men showed an average hardness of 238.47 HV, while the hot water quenched speci-
men (70°C) had the lowest average hardness of 215.09 HV.

These hardness results reinforce the correlation between microstructural composition
and mechanical properties. The increased hardness in the cold water quenched speci-
men is indicative of its higher pearlite content, which contributes to improved wear
resistance and strength. This highlights the significance of heat treatment processes in
enhancing the performance of medium carbon steels like AISI 1040.

4 Conclusion

1. The study demonstrated that the microstructural composition of AISI 1040 steel varied
significantly with quenching temperature, with the non-heat-treated specimen contain-
ing 68.36% ferrite and 31.64% pearlite. Cold water quenching (5°C) resulted in 54.55%
ferrite and 45.45% pearlite, while hot water quenching (70°C) yielded 70.80% ferrite
and 29.20% pearlite.

2. The results indicate that lower quenching temperatures favor pearlite formation, en-
hancing the mechanical properties of the steel. The cold water quenched specimen ex-
hibited the highest average hardness of 258.39 HV, underscoring the importance of
controlling quenching parameters to optimize material properties.

3. The percentage of ferrite decreased with cold water quenching, highlighting the trans-
formation favoring pearlite, which is known for its strength and hardness. This suggests
that quenching at lower temperatures can improve the suitability of AISI 1040 steel for
applications requiring higher strength.

4.  The study also revealed that the hot water quenched specimen had the highest ferrite
content but the lowest hardness (215.09 HV), indicating that higher ferrite content may
lead to softer mechanical properties, making it less suitable for high-strength applica-
tions.

5. Opverall, these findings emphasize the critical role of heat treatment processes in tailor-
ing the microstructure and enhancing the performance of medium carbon steels like
AISI 1040 for specific engineering applications, particularly those that require an op-
timal balance of strength and wear resistance.
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