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Purpose of the study: This study aims to optimize the heat treatment process of
S55C medium-carbon steel by examining the combined effects of austenitizing
temperature, quenching media, and tempering temperature on impact toughness.

Methodology: An experimental approach was employed using quenching and
tempering treatments. Quenching was performed at three austenitizing
temperatures (950°C, 1000°C, and 1050°C) with three different cooling media—
salt water, oil, and seawater—followed by tempering at 100°C, 200°C, 300°C,
and 400°C. All heating processes were conducted in an electric furnace.
Parameter optimization was carried out using the Taguchi method with an L9
orthogonal array. Mechanical performance was evaluated through Charpy impact
testing, and confirmation experiments were conducted to validate the optimal
parameter combination.

Main Findings: The Taguchi analysis identified the optimal quenching
condition at an austenitizing temperature of 1050°C with salt water as the
cooling medium, yielding the highest impact toughness. Confirmation tests
supported the reliability of this result. Additionally, the tempering process
showed that increasing the tempering temperature decreased hardness while
significantly improving toughness, indicating effective stress relief and improved
ductility in the steel microstructure.

Novelty/Originality of this study: The novelty of this study lies in the
integrated optimization of quenching temperature and diverse cooling media,
including seawater, using the Taguchi method, with a specific focus on
toughness rather than hardness alone. This research provides new insights into
tailoring heat treatment parameters for S55C steel to achieve superior impact
resistance, offering practical guidance for more efficient and application-oriented
heat treatment strategies in manufacturing industries.
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1. INTRODUCTION

Steel is an alloy primarily composed of iron (Fe) and carbon (C), with additional alloying elements such
as manganese (Mn), silicon (Si), phosphorus (P), sulfur (S), and trace residual elements including aluminum,
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nitrogen, and oxygen. Among these elements, carbon plays the most critical role in determining the mechanical
properties of steel, particularly hardness and tensile strength. Generally, the carbon content in steel ranges from
0.2% to 2.1% by weight, and variations within this range significantly influence microstructure formation and
performance characteristics [1]-[6].

This study focuses on S55C medium-carbon steel, which contains approximately 0.48% carbon and is
widely used in mechanical components requiring a balance between strength, hardness, and toughness. The
chemical composition of S55C steel consists of 0.48% C, 0.24% Si, 0.7% Mn, 0.011% P, 0.007% S, 0.01% Ni,
and 0.02% Cu. Due to its favorable mechanical properties and good machinability, SS5C steel is commonly
applied in the manufacturing of components such as sprocket gears, shafts, and other power transmission
elements. However, to meet specific performance requirements, SS5C steel often requires appropriate heat
treatment processes. One of the most critical aspects of heat treatment is the selection of quenching media such
as salt water, oil, or seawater which must be carefully matched to the steel’s hardenability, component geometry,
section thickness, and the desired cooling rate to obtain optimal microstructures [7]-[12]. In this research, the
hardening process was performed at temperatures of 950°C, 1000°C, and 1050°C, followed by quenching using
salt water, oil, and seawater as cooling media.

Heat treatment is a controlled sequence of heating and cooling processes applied to metals to modify
their mechanical and metallurgical properties according to specific design requirements [13]-[17]. Several heat
treatment processes are relevant to this study. Annealing is primarily intended to soften the metal, improve
ductility, relieve internal stresses, and refine grain structure. The effectiveness of annealing depends on
parameters such as material composition, heating temperature, holding time, and cooling rate [18]-[22]. In
contrast, hardening is conducted to significantly increase hardness, wear resistance, and strength. Steel exhibits
hardenability, which enables the formation of martensite during rapid cooling or quenching. Martensite is a
supersaturated solid solution formed through atomic displacement and lattice distortion during rapid cooling, and
it is the primary phase responsible for enhanced hardness and strength in hardened steel [23]-[26]. However, the
formation of martensite is also accompanied by high residual stresses and increased brittleness, which may
negatively affect impact resistance.

To mitigate the adverse effects of hardening, tempering is applied as a subsequent heat treatment
process. Tempering aims to reduce residual stresses and brittleness while improving ductility and toughness.
Although tempering generally results in a slight reduction in hardness and tensile strength, it significantly
enhances the material’s ability to absorb energy and resist fracture under dynamic loading conditions [27]-[33].
Therefore, the combination of hardening and tempering is essential to achieve a balanced set of mechanical
properties suitable for engineering applications. Evaluation of mechanical property changes resulting from heat
treatment is commonly conducted through hardness and impact testing [34]-[36]. Hardness testing provides an
indication of a material’s resistance to permanent deformation or indentation and is widely used to assess the
effectiveness of heat treatment processes. The most commonly employed hardness testing methods include
Rockwell, which is based on indentation depth, as well as Brinell and Vickers methods. In addition to hardness,
impact testing is essential to evaluate material toughness, defined as the ability to absorb energy under sudden or
impact loading conditions. Impact tests provide critical insight into the material’s resistance to brittle fracture,
particularly after hardening and tempering treatments [37]-[39].

Although numerous studies have investigated the effects of heat treatment on medium-carbon steels,
existing research predominantly focuses on single quenching media or limited hardening temperature ranges.
Comparative investigations that systematically examine the combined influence of multiple austenitizing
temperatures and different quenching media (salt water, oil, and seawater) on both hardness and impact
toughness of S55C steel remain limited. Furthermore, the use of seawater as a quenching medium despite its
availability and potential industrial relevance has received relatively little attention in controlled experimental
studies. Additionally, many previous studies emphasize hardness improvement as the primary performance
indicator, while the corresponding changes in impact toughness are often insufficiently explored. This creates a
knowledge gap regarding the trade-off between hardness enhancement and toughness degradation, which is
critical for components such as sprocket gears that are subjected to both static and dynamic loads.

To address these gaps, the present study systematically investigates the effects of varying hardening
temperatures (950°C, 1000°C, and 1050°C) and different quenching media (salt water, oil, and seawater) on the
hardness and impact properties of S55C carbon steel. The findings of this study are expected to provide a more
comprehensive understanding of the heat treatment—property relationship and offer practical guidance for
selecting appropriate heat treatment parameters for industrial applications requiring an optimal balance between
hardness and toughness.

2. RESEARCH METHOD
This study employed an experimental research method aimed at investigating the effects of quenching
temperature and cooling media on the hardness of S55C steel, which is a crucial property for cutting tool

In. Sci. Ed. J, Vol. 7, No. 1, January 2026: 127 — 136



In. Sci. Ed.J ISSN: 2716-3725 ) 129

applications. To ensure experimental efficiency and robustness, the Taguchi method was adopted using an L9
orthogonal array. This approach allows systematic evaluation of multiple process parameters with a reduced
number of experimental runs while maintaining reliable statistical analysis.

This study employs two main factors (independent variables), each consisting of three levels, which are
efficiently represented by the Taguchi L9 orthogonal array.

Table 1. Factors and Levels
Factor (Independent Variable) Symbol  Level 1 Level 2 Level 3
Quenching Temperature (T) A 950°C 1000°C  1050°C
Cooling Media (M) B Salt Water Oil Seawater

Fot L9 Orthogonal array matrix can see in Table 2.

Table 2. L9 Orthogonal Array Matrix
Experiment No. Factor A (Temperature) Factor B (Cooling Media)

1 950°C Salt Water
2 950°C il

3 950°C Seawater
4 1000°C Salt Water
5 1000°C Oil

6 1000°C Seawater
7 1050°C Salt Water
8 1050°C Oil

9 1050°C Seawater

The material used in this study was S55C medium-carbon steel, prepared in standard specimen
dimensions suitable for hardness and impact testing. The main equipment included a heat treatment furnace
capable of accurately maintaining the specified quenching temperatures, as well as a hardness testing machine
(Vickers or Rockwell) to measure the resulting hardness values after heat treatment. Additional equipment was
used to support impact testing using the Charpy method.

In This experimental procedure consists of specimen preparation, heat treatment (austenitizing,
quenching, and tempering), followed by hardness and impact testing to evaluate the resulting mechanical
properties. S55C steel was cut into nine identical test specimens, corresponding to the number of runs in the L9
orthogonal array,The surface of each specimen was ground and polished to ensure accurate hardness
measurement results. Proper Each specimen underwent heat treatment according to the parameter combinations
listed in the L9 matrix.

Heating (Austenitizing), The specimens were heated in the furnace to the designated quenching
temperatures of 950°C, 1000°C, or 1050°C and held for an appropriate soaking time to ensure uniform austenite
formation. Rapid Cooling (Quenching), The specimens were removed from the furnace and immediately
immersed in the assigned cooling media (salt water, oil, or seawater). Quenching was performed until the
material reached room temperature. Tempering Process, Although S55C is classified as medium-carbon steel and
hardness can be measured directly after quenching, in actual cutting tool applications tempering is commonly
performed to reduce brittleness. For this study, tempering was carried out at temperatures of 100°C, 200°C,
300°C, and 400°C to obtain sufficient toughness prior to mechanical testing. Impact Testing (Charpy Method),
The impact test was conducted to evaluate the toughness of the steel under dynamic loading conditions. The
Charpy method was used, in which the specimen is positioned horizontally on the support during testing.
A higher absorbed energy value indicates better toughness of the material [9].

The hardness data (response) will be analyzed using Analysis of Variance (ANOVA) to determine
which variable quenching temperature or cooling media has the most significant influence on the hardness of
S55C steel. The Taguchi method employs the S/N ratio to evaluate data quality. Since the objective of this
research is to maximize hardness (as required for cutting tool applications), the “Larger-is-Better” criterion is

used.
n
S 1 1
RaSLON= —10 Logqo ;Zy—lz - (D

i=1

Where yi represents the hardness result for the i-#h test, and n is the number of repeated measurements
(replications). The average S/N values for each factor level (quenching temperatures of 950°C, 1000°C, 1050°C
and cooling media of salt water, oil, and seawater) will be calculated. The factor level with the highest S/N
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value indicates the optimum condition for achieving maximum and stable (robust) hardness. Based on the S/N
ratio and ANOVA analysis, the following conclusions will be drawn. The optimal combination of quenching
temperature (X °C) and cooling media (Y) required to achieve maximum hardness. The relative contribution of
each factor toward the improvement of hardness.

3. RESULTS AND DISCUSSION
The chemical composition of the material was obtained from the material certificate, including the
percentage content of each element Table 3.

Table 3. Chemical Composition of S55C
Composition (%) C Si  Mn P S Ni Cu
048 0.24 0.70 0.011 0.007 0.01 0.02

The prepared specimens were subjected to a heating process according to the predetermined
experimental parameters. The chemical composition of the S55C steel, as presented in Table 3, confirms that the
material belongs to the medium-carbon steel category, with a carbon content of 0.48%. This carbon level is
sufficient to promote martensitic transformation during rapid quenching, making S55C suitable for applications
requiring high hardness such as cutting tools and mechanical components subjected to wear [40], [41]. The
presence of manganese (0.70%) further enhances hardenability by delaying pearlite formation, while the low
levels of phosphorus and sulfur indicate good metallurgical quality, minimizing brittleness and hot shortness
during heat treatment [42]. After the heat treatment process was completed, hardness testing was carried out to
obtain the hardness values. The detailed results of the testing can be seen in Table 4.

Table 4. Hardening Process Results
Temperature (°C) Quenching Medium Rl R2 R3 Average

950 Salt Water 35.6 40.0 31.5 35.7
950 Sea Water 354 357 36.2 35.8
950 Oil 32.6 41.7 359 36.7
1000 Salt Water 41.5 474 382 42.4
1000 Sea Water 40.4 42.6 349 39.3
1000 Oil 38.3 40.8 39.7 39.6
1050 Salt Water 39.6 41.8 40.6 40.7
1050 Sea Water 37.6 48.8 43.8 43.4
1050 Oil 35.0 375 374 36.6

The hardening results presented in Table 4 show a clear influence of quenching temperature on the
resulting hardness values. At 950°C, the average hardness values remain relatively moderate across all
quenching media, suggesting that austenitization at this temperature may not have fully dissolved carbides or
produced a sufficiently homogeneous austenitic structure. As the quenching temperature increases to 1000°C, a
significant increase in hardness is observed, particularly when salt water is used as the quenching medium,
yielding the highest average hardness of 42.4 HRC. This behavior can be attributed to more complete austenite
formation and increased carbon solubility at higher temperatures, which subsequently promotes the formation of
harder martensite upon quenching [43]. At 1050°C, although the temperature is higher, the hardness does not
continue to increase consistently and even decreases for certain quenching media, such as oil. This phenomenon
can be explained by grain coarsening at excessive austenitizing temperatures, which reduces the effectiveness of
martensitic strengthening and may increase retained austenite content [44]-[46]. Coarser austenite grains reduce
the number of martensite nucleation sites, leading to less uniform hardness despite rapid cooling.

The effect of quenching media is evident in the experimental data but is less dominant compared to
temperature. Salt water generally produces higher hardness values due to its higher cooling rate, which
suppresses diffusion-controlled transformations such as pearlite and bainite, favoring martensite formation [47]-
[49]. Oil, which provides a slower cooling rate, results in lower hardness values, particularly at higher
temperatures, as it allows partial transformation into softer microstructures. Seawater exhibits intermediate
behavior, likely due to its salt content, which increases cooling severity compared to freshwater but remains less
aggressive than salt water solutions.
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Table 5. ANOVA Experimental Results Processing

Source DF SeqSS  Contribution  AdjSS AdjMS F-Value P-Value
Temperature 2 109.38 25.85% 109.38 54.69 4.12 0.030
Cooler 2 21.46 5.07% 21.46 10.73 0.81 0.459
Error 22 292.27 69.08% 292.27 13.28
Lack-of-Fit 4 67.01 15.84% 67.01 16.75 1.34 0.294
Pure Error 18 225.26 53.24% 225.26 12.51

Total 26 423.10 100.00%

Response Table for Signal to Noise Ratios
Larger is bhetter

Level TEMPERATUR PENDINGIN

1 31,06 31,85
2 3z2,06 31,82
3 32,02 31,46
Delta 1,00 0,39
Rank 1 2

Figure 2. S/N Ratio Values

Main Effects Plot for SN ratios

Data Means

A TEMPERATUR PENDINGIN

32,0
31,8

316

Mean of SN ratios

314
312

310
950 1000 1050 AIRGARAM AIRLAUT oLl

Signal-to-noise: Larger is better

Figure 3. Experimental Values Influencing the Hardness of the Specimens

These observations are statistically supported by the ANOVA results shown in Table 5. The
temperature factor exhibits a P-value of 0.030, indicating a statistically significant effect on hardness at a 95%
confidence level. In contrast, the cooling medium shows a P-value of 0.459, suggesting that its effect is not
statistically significant within the tested parameter range. This finding reinforces the conclusion that
austenitizing temperature plays a more critical role than quenching medium in determining the hardness of S55C
steel, particularly when the carbon content is sufficiently high to ensure martensitic transformation [50], [51].
The relatively large contribution of experimental error (69.08%) may be attributed to inherent variability in heat
treatment processes, such as temperature fluctuations, immersion time differences, and microstructural
heterogeneity.

The Taguchi Signal-to-Noise (S/N) ratio analysis further confirms that the optimal condition for
achieving maximum and stable hardness is a quenching temperature of 1000°C with salt water as the cooling
medium. This condition represents a balance between sufficient austenitization and avoidance of excessive grain
growth, while the high cooling severity ensures the formation of predominantly martensitic microstructures.
Similar optimal temperature ranges have been reported in previous studies on medium-carbon steels subjected to
hardening treatments [52]-[54].

After the hardening process was carried out on the S55C steel and the optimal hardness value was
obtained, the next stage was tempering. The tempering treatment resulted in changes in mechanical properties,
particularly in hardness and toughness of the S55C steel. The initial toughness value before the hardening and
tempering processes, based on the impact test, was recorded at 34 Joules.
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Table 6. Hardness Test and Impact Test Results After Tempering Process

Tempering Temperature Hardness Impact Test
(°C) (HRC) (Joule)
100 42.1 15.3
200 40.7 16.3
300 36.7 21.3
400 33.8 29.3

From Table 6, it can be observed that an increase in tempering temperature results in a decrease in the
hardness of S55C steel. Higher tempering temperatures promote the transformation of quenched martensite into
tempered martensite, during which the carbide (cementite) precipitates become more spherical, refined, and
uniformly distributed. This microstructural modification leads to a reduction in hardness while simultaneously
increasing the ductility and toughness of the material. Following hardening, the tempering results presented in
Table 6 illustrate the classical trade-off between hardness and toughness. As the tempering temperature increases
from 100°C to 400°C, hardness decreases progressively from 42.1 HRC to 33.8 HRC, while impact energy
increases from 15.3 J to 29.3 J. This behavior is characteristic of tempered martensite, where increased
tempering temperature promotes carbide precipitation, recovery of the martensitic structure, and reduction of
internal stresses [55], [56]. At lower tempering temperatures, the structure remains relatively brittle due to the
presence of supersaturated carbon and high dislocation density, resulting in low impact toughness.

At higher tempering temperatures, particularly at 300°C and 400°C, cementite particles become more
refined and spheroidized, leading to improved ductility and energy absorption capacity during impact loading.
This microstructural evolution explains the substantial increase in toughness, which approaches the initial
toughness value of 34 J observed before hardening and tempering. These findings are consistent with established
tempering behavior of medium-carbon steels, where controlled tempering is essential to achieve an optimal
balance between hardness and toughness for practical engineering applications [57]. Overall, the results
demonstrate that quenching temperature is the primary factor governing hardness in S55C steel, while the
quenching medium plays a secondary role within the tested conditions. Furthermore, the tempering process is
shown to be crucial in tailoring mechanical properties to meet application-specific requirements. This
comprehensive understanding of heat treatment effects provides a strong scientific basis for optimizing S55C
steel for cutting tool and wear-resistant applications.

The novelty of this study lies in the integrated experimental and statistical demonstration that, for S55C
medium-carbon steel, austenitizing temperature plays a more dominant role than quenching media in controlling
hardness, even though different cooling severities are applied. Unlike many previous studies that emphasize the
quenching medium as the primary determinant of hardness, this research quantitatively confirms through
ANOVA and Taguchi S/N ratio analysis that temperature contributes significantly (P-value = 0.030), whereas
the cooling medium does not show a statistically significant effect within the investigated range. Furthermore,
this study uniquely combines hardening optimization using the Taguchi method with a systematic tempering
toughness evaluation, thereby providing a more complete heat-treatment framework relevant to cutting tool
applications rather than focusing solely on hardness improvement. From a metallurgical perspective, the findings
reinforce the fundamental theory that austenite formation and carbon solubility at elevated temperatures govern
martensitic hardness more strongly than cooling severity, provided the quenching rate is sufficient to suppress
diffusion-controlled transformations. The statistically dominant influence of temperature supports existing phase
transformation theory and highlights the importance of controlling austenitizing conditions to achieve consistent
martensitic microstructures in medium-carbon steels. Practically, the results provide clear guidance for industrial
heat-treatment processes of S55C steel. The identification of 1000°C with salt water quenching as the optimal
condition offers a reliable parameter set to achieve high hardness without excessive grain growth. Moreover, the
tempering results demonstrate that hardness—toughness balance can be effectively tailored by selecting
appropriate tempering temperatures, enabling manufacturers to adjust mechanical properties according to
specific cutting tool or wear-resistant component requirements. This can reduce trial-and-error practices,
improve production efficiency, and enhance component reliability.

Despite its contributions, this study has several limitations. First, the investigation was limited to two
process variables quenching temperature and cooling media while other influential parameters such as soaking
time, agitation rate during quenching, and specimen geometry were not considered. Second, microstructural
characterization (e.g., optical microscopy or SEM) was not performed, which limits direct correlation between
hardness changes and specific microstructural features such as martensite morphology or carbide distribution.
Third, the relatively high experimental error contribution observed in the ANOVA suggests the presence of
uncontrolled variability inherent to the heat-treatment process, which may affect result reproducibility. Future
research should incorporate microstructural analysis to directly correlate hardness and toughness results with
martensitic structure, grain size, and carbide precipitation behavior. Additional studies should also examine the
effects of soaking time, quenching agitation, and alternative cooling strategies, such as polymer quenchants or
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environmentally friendly media. Furthermore, extending the Taguchi approach to multi-response optimization,
including wear resistance and tool life, would enhance the applicability of the findings to real cutting tool
performance. Finally, long-term performance testing under actual service conditions is recommended to validate
the industrial relevance of the optimized heat-treatment parameters.

4. CONCLUSION

This study concludes that the optimization of the heat treatment process for S55C steel using the
Taguchi method with an L9 orthogonal array is effective in identifying parameter combinations that maximize
hardness while clarifying the trade-off between hardness and toughness. The experimental results demonstrate
that increasing tempering temperature leads to a systematic decrease in hardness accompanied by improved
toughness, which is primarily associated with the transformation of martensite into tempered martensite and the
refinement, rounding, and coarsening of carbide precipitates. The highest hardness after tempering was achieved
at a low tempering temperature of 100 °C, whereas the lowest hardness occurred at 400 °C, confirming that
elevated tempering temperatures promote softening through carbide spheroidization and microstructural
stabilization. Furthermore, Taguchi S/N ratio and ANOVA analyses identified the optimal heat treatment
parameters for maximizing hardness as a quenching temperature of 1000 °C combined with a brine cooling
medium, which consistently produced a dominant martensitic structure and significantly enhanced hardness. The
implications of these findings are substantial for industrial applications, particularly in the manufacturing of
cutting tools and machine components where high hardness and wear resistance are critical. The results provide a
systematic and efficient guideline for selecting heat treatment parameters to achieve desired mechanical
properties while minimizing experimental cost and variability. Practically, industries can adopt these optimized
conditions to improve product performance and process consistency, while strategically adjusting tempering
temperatures to balance hardness and toughness according to service requirements. Academically, this study
reinforces the effectiveness of the Taguchi approach in metallurgical process optimization and offers a
foundation for future research to extend the analysis toward fatigue behavior, wear resistance, and
microstructural stability under long-term service conditions.
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