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Highlights:

e Longer holding times in Q-P-T (10-20 minutes) improve tensile strength (74.02 kgf/mm?2) and
hardness (109.33 HRB).

® Q-P-T enhances medium-carbon steel through precise thermal treatment and phase
transformation.

* Medium-carbon steel ST60-2 shows refined microstructure and better performance with
extended holding times.

Abstract

The metal heat treatment industry has seen substantial growth, with market projections
increasing by USD 15.18 billion from 2022 to 2027, driven by advancements in technology. The iron
and steel industry significantly contributes to this growth, accounting for six percent of the market
share. In this evolving landscape, the Quenching-Partitioning-Tempering (Q-P-T) technique is
emerging as a valuable heat treatment process for enhancing Advanced High-Strength Steels
(AHSS). The Q-P-T process, involving Quenching, Partitioning, and Tempering, aims to improve the
mechanical properties of medium-carbon steels through controlled thermal modifications. This
study explores the effects of varying holding times during the Q-P-T treatment on the mechanical
properties and microstructure of medium-carbon steel ST60-2. Steel samples were subjected to
holding times of 10, 15, and 20 minutes at a temperature of 920 °C, followed by quenching to 350
°C and partitioning at the same temperature for 15 minutes, with final tempering at 200 °C. The
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results indicate that longer holding times enhance mechanical properties such as Ultimate Tensile
Strength (UTS), Product of Strength and Elongation (PSE), and hardness, with the 20-minute sample
(Sample 3) achieving the highest UTS of 74.02 kgf/mm? and elongation of 16.63%. Hardness peaked
at 109.33 HRB, and improved toughness was observed due to better phase transformation and
carbon partitioning (1.36 Joule/mm?). Microstructural analysis revealed finer and more uniformly
distributed cementite particles with extended holding times, contributing to enhanced material
performance. The findings underscore the potential of Q-P-T heat treatment in optimizing
medium-carbon steels, offering a tailored approach for applications requiring superior mechanical
properties.

Keywords: Q-P-T heat-treatment; Medium-carbon steel; Mechanical properties

1.Introduction

The metal heat treatment industry stands on the brink of significant growth, with market
projections increasing by USD 15.18 billion from 2022 to 2027 [1]. Among the key players in this
sector, the iron and steel industry hold a substantial share, contributing six percent to the entire
heat treatment industry. As 2023 approaches, this sector is undergoing a transformative phase
driven by cutting-edge technology. Some prominent trends include the integration of technologies
such as artificial intelligence, automation, and robotics into heat treatment processes [2]—[6].
Furthermore, the integration of these advanced technologies could revolutionize the way metals
are treated and processed before application across various fields. This advancement is expected
to enhance efficiency, precision, and overall productivity in metal component manufacturing,
fostering innovation across various industries [7], [8].

Amidst this dynamic landscape, there exists an emerging heat treatment technique deserving
attention, namely the Q-P-T heat treatment [9]-[12]. The Q-P-T process involves three primary
steps: hardening (Hardening-Quenching), partitioning, and tempering, each contributing to the
final properties of the material. The Q-P-T (Quenching-Partitioning-Tempering) heat treatment on
medium-carbon steel has garnered attention from materials experts and engineers due to its
unique ability to enhance mechanical properties and material performance [13]-[15]. Medium-
carbon steel generally exhibits a balanced combination of strength and toughness, making it a
popular choice across various engineering applications.

The selection of medium-carbon steel (ST60-2) for this research, despite its common use
without heat treatment for many applications, is motivated by its significant potential to achieve
enhanced and tailored mechanical properties through controlled thermal processing. While
medium-carbon steels are often employed as-is, numerous studies indicate that these materials
can gain substantial performance benefits from specific heat treatments, making them suitable for
specialized applications. Heat treatment can substantially alter the microstructure and mechanical
behavior of medium-carbon steels like ST60-2. Processes such as annealing, normalizing, and
hardening can improve mechanical properties such as tensile strength, hardness, and ductility
[16]-[19]. For example, annealed samples of medium-carbon steel exhibit lower tensile strength
and hardness but possess higher ductility, whereas hardened samples achieve superior tensile
strength and hardness at the cost of reduced ductility. This property variability allows for precise
optimization depending on application needs [20], [21].

The influence of heat treatment on the microstructure and mechanical performance of
medium-carbon steels is well-documented. Parameters such as heating temperature, holding time,
and cooling medium can lead to significant property enhancements. For instance, heating steels
like S45C above 800 °C and cooling them in water substantially increases their hardness [22]. This
demonstrates that controlled heat treatment offers the ability to tailor hardness and toughness in
medium-carbon steels, making them adaptable for applications that demand specific mechanical
properties.

The present study also illustrates how hardening ST60 steel under varying conditions can
significantly increase surface hardness. For example, hardening at 1000 °C followed by water
guenching produced a peak hardness of 112.73 HRB, while quenching in oil and saltwater yielded
hardness values of 75.24 HRB and 88.50 HRB, respectively [23]. This underscores the potential of
heat-treated ST60-2 to attain high deformation resistance due to martensitic transformation,
which is particularly advantageous for wear-resistant applications requiring robust surfaces.

Further property enhancement can be achieved through tempering of hardened ST60 steel.
Tempering at temperatures between 300 °C and 500 °C reduces residual stresses while maintaining
a balance of hardness and ductility, resulting in improved toughness and greater suitability for
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structural and mechanical applications [23]. This ability to fine-tune properties through heat
treatment supports the use of ST60-2 steel, especially for applications that require controlled
hardness and toughness.

Specialized heat treatment processes, such as austempering, further highlight the versatility
of medium-carbon steels. Austempered ST6E0Mn steel demonstrates significant improvements in
corrosion-wear resistance, evidenced by a substantial reduction in wear rate during testing in
corrosive environments such as cassava juice [24]. This improvement shows that austempering can
effectively optimize hardness and corrosion resistance, making medium-carbon steels suitable for
components exposed to harsh conditions.

Medium-carbon steel components are widely utilized due to their balanced strength and
ductility. However, as industrial demands for higher durability, reliability, and resistance to adverse
conditions grow, enhancing the properties of these steels through heat treatment becomes
essential. Techniques such as normalizing and annealing can homogenize the microstructure and
enhance machinability or ductility while preserving adequate toughness [23]. The adaptability and
optimization potential provided by these processes further justify the selection of ST60-2 steel for
heat treatment research.

Based on previous research in steel heat treatment, the Q-P-T process has been employed in
the application of Advanced High-Strength Steels (AHSS) to achieve good ductility and strength
[25]—[28]. Research on Q-P-T had thus far yielded promising results in its mechanical properties.
For instance, varying the deformation temperatures within the range of 25-350 °C in medium-
carbon steel resulted in the highest Products of Strength and Elongation (PSE) of 5887.64 kgf/mm?
% [29]. Similarly, adjusting the holding time partitioning between 5-90 minutes in high-carbon steel
produced the highest PSE value of 3365.06 kgf/mm? % [30]. Another study involving holding time
partitioning between 10-1000 seconds in medium-carbon steel revealed a maximum PSE value of
2422.85 kgf/mm? % [31]. These findings highlight the potential of Q-P-T in optimizing the
mechanical properties of steel, emphasizing its efficacy in achieving desirable PSE values. This
necessitates a broader exploration within Q-P-T to delve deeper into generating advanced high-
strength steels (AHSS), particularly in the variations of holding time during the hardening-
guenching process. This is because the hardening-quenching process plays a crucial initial role in
enhancing the initial hardness of the material, especially in medium-carbon steel, which exhibits a
more varied potential outcome. The initial role of hardening-quenching determines the
enhancement of material elasticity without significantly compromising its hardness level.

The precise control of the Q-P-T steps enables the process to achieve an optimal balance
between strength and toughness in the final material [32]—[35]. This makes it highly suitable for
applications in the automotive, aerospace, and engineering industries. As the metal heat treatment
industry continues to evolve and embraces advanced techniques like Q-P-T, the opportunities to
enhance material performance and engineering applications become increasingly promising [36]—
[39]. Therefore, in comprehensively understanding the mechanical property outcomes generated
by the Q-P-T method, this research conducts an experimental study on the influence of hardening
holding time within the Q-P-T method on medium-carbon steel.

In the metal industry, qualifying and characterizing the mechanical properties of metals
become crucial factors in marketing and tailoring metal needs for applied applications [40]-[44].
Hence, mechanical testing is an important step in understanding the properties of materials after
undergoing Q-P-T heat treatment on medium-carbon steel. Four common types of mechanical
testing used are tensile testing, Rockwell hardness testing, impact Charpy testing, and
microstructure testing.

Diligently conducting microstructure and mechanical tests, including tensile, Rockwell
hardness, and impact tests, on medium-carbon steel after Q-P-T heat treatment, could provide
profound insights into the mechanical properties of the material. These data are crucial in ensuring
that the material meets specific application requirements and needs, thereby ensuring success and
safety in its utilization across various industrial sectors.

2.Methods
2.1. Materials

In this research, an analysis of the mechanical properties of medium-carbon steel ST60-2
(with a chemical composition that could be seen in Table 1) processed using the Q-P-T heat
treatment method was conducted. This study aims to comprehend how variations in holding time
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Table 1.

Chemical composition
for ST60-2 steel plate
(Product Analysis Max
wt%) [45]

Table 2.

Mechanical Properties
for ST60-2 steel plate
[45]

Figure 1.
Temperature-Time
diagram of Q-P-T heat
treatment
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during the hardening stage within the heat treatment combination could affect the phase
transformation, strength, hardness, and toughness of this steel. The mechanical specifications of
the initial material ST60-2 are detailed in Table 2, while the results of the mechanical tests for the
untreated sample (Sample 0) are included in Table 4 and serve as a baseline for comparison with

all heat-treated samples. Additionally, the evaluation aims to assess its suitability for applications
requiring high structural strength. The Q-P-T method involves three combination of heat treatment
processes: Quenching, Partitioning, and
Tempering. This research comprised three
primary stages: sample preparation,
sample testing, and analytical assessment.

C Si Mn P S N

0.40 0.60 1.70 0.06 0.06 0.01

Product Thicknesses Tensile Strength Upper Yield strength Elongation
(mm) (kgf/mm?2) (kgf/mm?) (%)
<3 60.16 34.16 19to 17
>3 to 100 58.12 t0 72.40 33.14 to 30.08 16 to 12

2.2. Sample Preparation and Heat Treatment

The Temperature-Time diagram of the Q-P-T heat treatment, as shown in Figure 1, provides a
detailed illustration of how temperature changes over time during the quenching, partitioning, and
tempering process for three different samples. The x-axis represents the time in minutes, while the
y-axes display temperature in degrees Celsius (°C), differentiated by three colors: black, red, and
blue, corresponding to the three samples HH10, HH15, and HH20, respectively.

The black line on the graph depicts the temperature profile of sample HH10. This line
illustrates how the sample undergoes quenching, partitioning, and tempering processes over time,
with specific temperature changes along the black y-axis. Similarly, the red line represents the
temperature variations of sample HH15, plotted against the red y-axis. It provides a distinct
trajectory reflecting the time and temperature conditions specific to this sample. Finally, the blue
line corresponds to sample HH20, where its temperature changes are mapped along the blue y-
axis, demonstrating the thermal treatment applied to this sample.

Each line distinctly marks the critical stages of the Q-P-T heat treatment: the initial quenching
from 920 °C to 350 °C, followed by partitioning at 350 °C, and concluding with tempering at 200 °C.
The graph emphasizes the differences in holding times for quenching and the consistency of the
partitioning and tempering temperatures across all samples. This visualization is essential for
analyzing the thermal history and understanding its impact on the microstructure and mechanical
properties of the medium-carbon steel samples.

The first stage involves sample preparation using the Q-P-T method, which consists of three
processes, as shown in Figure 1. The initial process is quenching, where the steel sample is heated
above its critical temperature, specifically at 920 °C. The specimens were heated in a controlled
manner using Thermo Scientific Thermolyne Benchtop Muffle Furnaces FB1410M-33, a gas furnace
system recognized for its accuracy and dependability in maintaining the desired thermal
conditions. Thermal identification of the specimens was performed using the Seek Shotpro
Thermal Imaging Camera, which offers precise thermal imaging capabilities crucial for evaluating
temperature variations and thermal profiles. The material is held at this temperature for three

—— HH10 (920°C in 10 min, 350°C in 15 min, 200°C in 10 min) dlfferent deratlons: 10
——HH15 (920°C in 15 min, 350°C in 15 min, 200°C in 10 min) minutes, 15 minutes, and 20
—— HH20 (920°C in 20 min, 350°C in 15 min, 200°C in 10 mi . A
( VST AER TN i m:!lo - minutes, as shown in Table 3.
Y v T T T =
— F1100 [ 1000 Subsequently, the material is
Holding Time 20 min
Holdia) Time B wid ’(‘)gz" ’:22 rapidly cooled using SAE
o Wolding Time 10 min | o O L7o & | 15W-40 Oil as the quenching
e F700 ¢ 6o € | medium, not to room
B 0 F 59 8 | temperature, but to a
X Fsoo & Fa00 & P ¢
£ Laoo § [3o § | temperature of 350 °C. The
= [ = . . )
o pens objective is to produce a
- 200 t- 100 .
Eiae o structure  that is not
' Lo |-100 excessively hard but remains
0 ; 7 . -100 L 200 .
0 50 100 150 200 250 300 ” crack-resistant and
Time (min) sufficiently strong [46].
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Table 3.

List of temperatures
and holding times for
all samples in the Q-P-T
heat treatment

Figure 2.

Sample temperature
evolution during heat
treatment:

(a) Quenching
temperature of 920 °C;
(b) Quenching stage
cooled to 350 °C;

(c) Tempering process

at 200 °C
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Quenching Partitioning Tempering
Sample Sample . . - "
Hardening Holding Holding Holding
Number Code . Temperature . Temperature .
Temperature Time Time Time

0 ST60 - - - - - -

1 HH10 920 °C 10 min 350 °C 15 min 200 °C 10 min

2 HH15 920 °C 15 min 350 °C 15 min 200 °C 10 min

3 HH20 920 °C 20 min 350 °C 15 min 200 °C 10 min

By swiftly cooling the metal only to an intermediate temperature, it retains some level of
strength and hardness while reducing the risk of distortion and cracks that might occur with cooling
to room temperature. This rapid cooling also allows the atoms in the material to lock into different
crystal arrangements, resulting in a denser and harder structure [47].

During the partitioning process, the metal previously quenched to achieve a martensitic
structure is altered to partition alloying elements into the matrix. This aims to enhance material
properties, such as toughness and strength [48]. The partitioning process involves heating the
material at a specific temperature lower than the quenching temperature, typically ranging
between 350 °C to 450 °C [49], with this research employing a temperature of 350 °C for 15
minutes. At this temperature, the dissolved alloying elements within the matrix could diffuse and
partition between the martensitic and austenitic phases (that has formed at a temperature of 920
°C), particularly during quenching as the material cools from 920 °C to 350 °C. This process could
result in @ more homogeneous structure with evenly distributed alloying elements [50]. The
outcomes obtained from the partitioning process include increased hardness, toughness, and
strength of the material, along with improved dimensional stability. Hence, partitioning stands as
a critical step in optimizing material properties for applications that demand high strength and
toughness.

Figure 2 illustrates thermal camera images that depict the temperature evolution during the
heat treatment process, transitioning from 920 °C to 200 °C. The images are labeled as follows: (a)
the sample at the quenching temperature of 920 °C, (b) the sample during the quenching stage
cooled to 350 °C, and (c) the sample during the tempering process at 200 °C. On the right side of
each image, a color contour is displayed, serving as a temperature indicator. The contour uses a
gradient of colors where darker shades represent lower temperatures and lighter shades
correspond to higher temperatures. It is important to note that the color ratios and the
corresponding temperature values differ for each image. Consequently, each image has its own
unique color scale and temperature indicator to accurately represent the thermal conditions at
that specific stage of the heat treatment. Furthermore, green circles with numerical values are
overlaid on the images. These points represent specific temperature measurements at precise
locations on the sample. The numerical value within each green circle indicates the temperature
recorded at that point, providing localized thermal data for the sample during each stage of the
process. This combination of color contours and numerical temperature values offers a
comprehensive visualization of the thermal profile of the samples, highlighting the changes in
temperature distribution as they progress through the heat treatment process.

The final process of the Q-P-T method is Tempering, a crucial process in heat treatment
following quenching and partitioning, aimed at restoring some of the strength and toughness that
may have been affected by rapid cooling. In this stage, the metal is reheated to a lower
temperature than the quenching temperature, typically ranging between 150 °C to 250 °C,
depending on the material type and application requirements, with this research employing a
temperature of 200 °C for 10 minutes. The primary goal of the tempering process is to reduce
internal stresses that might have occurred during quenching and achieve an appropriate balance
between hardness and toughness in the material [51].
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Figure 3.

Sample of uniaxial
test according ASTM
A370 [53]

Figure 4.
Temperature-Time
diagram of Q-P-T heat
treatment
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During tempering, several changes occur in the material's structure, including phase
transformations and redistribution of alloying elements. The outcome of tempering is an increase
in the material's ductility, implying greater resistance to breakage and cracking [52]. Mechanical
properties such as strength and hardness usually experience a decrease, but this is carefully
controlled to achieve the desired balance between strength and toughness.

2.3. Mechanical Testing and Microstructure Analysis

The second stage involves testing, encompassing four types of tests: tensile testing, hardness
testing, impact testing, and microstructure analysis. Each variation of the sample is tested three
times for each test, and the average value of these test results is taken. Data resulting from tensile
testing could provide a comprehensive understanding of the material's behavior under various
loading conditions using ASTM A370 dimension standard, as shown in Figure 3. Tensile test results
often include the yield point, ultimate tensile strength, elastic modulus, and elongation at fracture.
This information can be used to assess the material's strength, toughness, elasticity, and ability to
withstand specific loads without failure. Tensile test results play a crucial role in product design
and development, ensuring that the materials used meet required standard specifications and

P safety criteria [54]. Tensile

- % testing was conducted using a

& TARNO  hydraulic  universal

T N— .| tensile testing machine, a robust

: = and versatile system designed to

50 60 50 v | precisely measure the

r e 200 W i mechanical properties of
d - materials under tension.

The subsequent test is hardness testing, involving applying a test load onto the material
surface using a cone or ball-shaped penetrator made of hard materials like diamond or hardened
steel. In this research, the specific type of hardness test used is the Rockwell hardness test.
Hardness testing was carried out at specific points on the samples using the CARSON MOPAQO3
M22011907 hardness tester. During the Rockwell hardness test, the penetrator is placed on the
material surface with a predetermined initial load. Then, the load is incrementally increased in
several stages, and at each stage, the depth of penetration of the penetrator into the material is
measured. After the measurements, the results are recorded on the Rockwell scale, indicating the
material's hardness level. The advantage of Rockwell hardness testing lies in its ability to deliver
consistent and replicable results, along with its user-friendly nature [55].

The third test is the Charpy impact test, involving a predetermined heavy hammer dropped
from a specific height to strike a V-shaped material sample with standardized size and geometry.
In this study, the Charpy impact test used the RESIL IMPACTOR SNI ISO/IEC 17025 with the testing
size standards conform to ASTM E23, as shown in Figure 4. These samples typically feature a
specified notch to ensure consistent impact points. During the Charpy impact test, the energy
absorbed by the material sample upon impact is measured as the height of the resulting fracture.
The higher the fracture height, the lower the material's toughness. Results from the Charpy impact

o test are often expressed in
= joules. This test aims to evaluate

| the mechanical properties of
X I materials used in applications
10 that might experience impact
l loads, such as construction and
structural engineering [56]. Data
from this test assist in ensuring
that the material could
withstand potential impact loads

L —

| during its use.

The fourth test is microstructure testing, an analytical process to study the microscopic
structure of steel metal. It involves observing and characterizing the metal's microstructure at an
extremely small scale, such as metal grains, phases, and other features not observable to the naked
eye. The primary aim of conducting microstructure testing on steel metal is to understand its
Microstructure. Microstructure phase identification was performed using an Insize Metallurgical
Microscope 5102-M600, which provides superior magnification capabilities of up to 200x. This test
aids in comprehending the metal grain structure, phase distribution, and other microscopic
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Figure 5.
Stress-strain curves
show distinctive
characteristics across
samples;

(a) ST60 untreated
sample;

(b) HH10 sample with
10-minute holding
time;

(c) HH15 sample with
15-minute holding
time;

(d) HH20 Sample with
20-minute holding time
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structures that influence the mechanical and physical properties of the material. Additionally,
microstructure testing is performed to identify metal Components and Phases. In steel,
microstructure testing assists in identifying the existing phases, such as ferrite, pearlite, or
cementite, to confirm the strength, resilience, and other properties of the steel [57].

3. Results and Discussion
3.1. Tensile Strength

In this research, sample 1 was held for 10 minutes, sample 2 for 15 minutes, and sample 3 for
20 minutes. Subsequently, quenching was performed using oil until the temperature dropped to
350 °C, followed by the partitioning process at 350 °C for 15 minutes. Finally, tempering was
conducted by heating all samples to 200 °C for 10 minutes and then cooling them with oil to reach
room temperature. Each variation of the sample was tested three times, and the average value of
these test results was taken.

Sample 0, a shown in Figure 5, exhibited a maximum tensile force of 2241.5 kgf, while sample
3 achieved the highest value at 2656 kgf. There was a significant increase in tensile force with an
increase in holding time. Longer holding times at the hardening temperature resulted in steel with
higher tensile strength. Sample 0 had a UTS of 59.96 kgf/mm?, whereas sample 3 demonstrated
the highest UTS at 74.02 kgf/mm?. Similar to the tensile force results, UTS also increased with
longer holding times, indicating stronger mechanical properties in ST60 steel.

Intercept = 1.98274, Slope = 17.40111 Intercept = -0.53664, Slope = 16.00255
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Sample 1 (held for 10 minutes during the Q-P-T heat treatment process) exhibits a lower
Ultimate Tensile Strength (UTS) of 55.34 kgf/mm? compared to the untreated raw material, which
has a UTS of 59.96 kgf/mm?2. This unexpected reduction in UTS is likely due to insufficient holding
time at the hardening temperature of 920 °C. The phase transformation process from
ferrite/pearlite to austenite during heating was not fully completed within the 10-minute duration
[58]—[60]. As a result, the structure did not achieve a uniform or fully transformed austenitic phase,
which is crucial for forming martensite upon quenching.

The incomplete austenite transformation leads to a less optimal martensitic structure during
the quenching step [61], [62]. Additionally, inadequate carbon diffusion and partitioning during the
subsequent partitioning phase at 350 °C may have further limited the enhancement of the steel's
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strength. This is supported by the observation that extended holding times (as in Samples 2 and 3)
result in significantly higher UTS values, with Sample 3 reaching a peak UTS of 74.02 kgf/mm?2

Moreover, the rapid cooling during quenching might have introduced residual stresses or
microstructural inconsistencies in Sample 1, reducing its mechanical performance. These factors
collectively explain why Sample 1 does not show the expected increase in UTS typically associated
with heat treatments conducted at temperatures above 900 °C. This highlights the critical role of
holding time in ensuring the effectiveness of heat treatment processes.

When compared to other studies, the UTS results align with established findings that heat
treatment significantly enhances the strength of medium-carbon steels. For instance, in the other
study, the UTS of 0.25-0.35 grade medium-carbon steel ranged from 383.84 N/mm? (39.14
kgf/mm?) in the as-rolled condition to 621.2 N/mm? (63.34 kgf/mm?) after hardening at 900 °C
[63]. This improvement reflects the influence of elevated temperatures on phase transformation,
where austenite forms and subsequently transforms into martensite during rapid cooling,
significantly increasing strength. The findings from this study demonstrate that the Q-P-T process
for ST60 steel achieves comparable enhancements in UTS relative to similar grade steels hardened
at 900 °C.

Additionally, insights from other related studies reported peak UTS values of 892 N/mm? (91
kgf/mm?) when using an optimized blend of vegetable oils as the quenching medium [64]. Although
the UTS of ST60 steel in the current study peaked at 74.02 kgf/mm?, differences in alloy
composition and quenching mediums explain the variations. The blend of oils in the referenced
study may have resulted in a more efficient quenching process, enabling higher tensile strengths.

It is also noteworthy that the UTS of 0.25-0.35 grade medium-carbon steel from the Nigeria
study dropped from 1320 N/mm? (134.69 kgf/mm?) at 250°C tempering to 819 N/mm? (83.48
kgf/mm?) at 600 °C tempering [63]. This indicates the critical balance between hardening and
tempering temperatures in achieving an optimal combination of strength and ductility. For ST60
steel, tempering at 200 °C after partitioning ensured a moderate reduction in brittleness while
maintaining high tensile strength, showcasing the suitability of the Q-P-T process for applications
requiring superior mechanical properties and structural reliability.

Overall, the comparison highlights the effectiveness of the Q-P-T heat treatment in enhancing
UTS, though specific results depend on factors such as alloy composition, quenching medium, and
precise heat treatment parameters. The findings underscore the versatility of the Q-P-T method in
optimizing the mechanical properties of medium-carbon steels for tailored industrial applications.

As the steel is heated to the hardening temperature (920 °C), a phase transformation occurs.
At this temperature, the austenitic phase forms from the existing steel phase structure. Longer
holding times provide more time for a more complete transformation into the austenitic phase
[65]. This yields a more homogeneous structure, consequently enhancing tensile strength.
Extended holding times facilitate more extensive atom diffusion within the steel's microstructure.
Atoms within the material move and diffuse to more optimal positions, forming stronger atomic
bonds. This could result in a denser and stronger structure [66].

The partitioning process at 350 °C for 15 minutes enables atom segregation and carbon
partitioning within the microstructure of the steel [67]. The holding time during the partitioning
process allows for better carbon partitioning into the martensitic phase, significantly increasing the
hardness and strength of the steel. Longer holding times facilitate more carbon partitioning into
the martensitic phase, further enhancing the hardness and strength of the material.

The vyield strength of ST60 steel subjected to Q-P-T heat treatment shows a notable
enhancement compared to the untreated condition. The untreated sample exhibited a yield
strength of 34.69 kgf/mm?, as shown in Table 4. In contrast, heat-treated samples demonstrated
increased values: 36.62 kgf/mm? (10-minute holding time), 41.06 kgf/mm? (15-minute holding
time), and a maximum of 63.35 kgf/mm? (20-minute holding time). This improvement can be
attributed to the extended holding time at the hardening temperature of 920 °C, facilitating a more
complete transformation into the austenitic phase and better carbon partitioning during the
partitioning process at 350 °C. These factors contribute to a denser and more homogeneously
distributed martensitic structure, which enhances the yield strength. Longer holding times resulted
in higher yield strength, as shown in Figure 6, indicating the steel's greater ability to withstand loads
without permanent deformation. As the steel is heated to a high hardening temperature, a phase
transformation occurs from the initial structure to the austenitic phase. Longer holding times
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kgf/mm? (220 MPa) [68]. This aligns with the observed impact of specific heat treatment processes
on the mechanical properties of medium-carbon steels. The ST60 steel’s performance in this study,
with a yield strength of up to 63.35 kgf/mm?, demonstrates the superior outcomes of the Q-P-T
method over standard annealing or normalizing techniques.

e e Max. Average : Average Average Average Average
Number Code Force uTS Yield strength  Elongation Young's Modulus PSE
(kgf) (kgf/mm?)  (kgf/mm?) (%) (x103 kgf/mm?) (kgf/mm?2 %)
0 ST60 2241.5 59.96 34.69 19.51 17.40 1169.82
1 HH10 2050 55.34 36.62 20.36 16.00 1126.72
2 HH15 2125 61.91 41.06 19.24 15.68 1191.15
3 HH20 2656.5 74.02 63.35 16.63 14.28 1230.95

Furthermore, findings from the other study reveal that hardened samples achieved a yield
strength of 42.01 kgf/mm? (412.10 MPa), which decreased to 29.57 kgf/mm? (290 MPa) when
tempered at 250 °C and further to 22.17 kgf/mm? (217.31 MPa) at 450 °C [69]. While hardening
initially increases yield strength, tempering reduces it as temperature rises due to the relaxation
of internal stresses and partial phase transformation. The Q-P-T-treated ST60 steel demonstrates
a balanced approach, retaining higher yield strength even after tempering at 200 °C, underscoring
the advantages of controlled partitioning and tempering steps in preserving strength. These
comparisons highlight that while standard hardening and tempering can enhance yield strength,
the Q-P-T process offers a tailored approach to achieve higher yield strength, making it particularly
advantageous for applications requiring robust mechanical performance and structural integrity.

The measurement of modulus of elasticity across the four samples revealed significant
differences in values, as shown in Figure 6. Sample 0 exhibited the highest modulus of elasticity at
17.40*103 kgf/mm?, whereas Sample 3 registered the lowest value at 14.28*103 kgf/mm?. Modulus
of elasticity denotes the material's stiffness before permanent deformation occurs. Within the
scope of this research, there's an observable trend indicating that longer holding times lead to a
decrease in the modulus of elasticity. This phenomenon indicates that prolonged holding times
may render the material more pliable before reaching the point of permanent deformation [70].

The measurement results of elongation in the four samples showed varying figures. The
elongation values of ST60 steel subjected to Q-P-T heat treatment reveal significant variations
based on holding times during the hardening process, shown on Figure 7. The untreated sample
exhibited an elongation of 19.51%, which increased to 20.36% for Sample 1 (10-minute holding
time) but decreased to 19.24% for Sample 2 (15-minute holding time) and 16.63% for Sample 3
(20-minute holding time). The higher elongation observed in Sample 1 is attributed to the shorter
holding time, which resulted in a less fully transformed martensitic structure, thereby retaining
some ductility [9]. Conversely, the extended holding times in Samples 2 and 3 led to a denser and
more uniform martensitic phase, which improved strength at the cost of reduced ductility.

In comparison, the other study reports elongation values of 26-47% for medium-carbon steel
processed under optimal heat treatment conditions, including an intercritical heating temperature
of 850°C and a cooling rate of 30 °C/s [71]. These conditions facilitated the retention of 16%
austenite, contributing to both high strength and significant elongation. The ST60 steel elongation
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14.1%, and 12.4%,
respectively, while water-quenched samples showed lower elongation values of 16.7%, 12.3%, and
9.8% [72]. In the current study, the use of oil as the quenching medium for ST60 steel similarly
helped preserve elongation, especially for Sample 1. However, as the holding time increased, the
more complete phase transformation and martensitic structure reduced elongation due to
increased brittleness. These findings underscore the balance achieved by the Q-P-T heat treatment
process in tailoring mechanical properties. While elongation decreases with longer holding times
due to the dominance of the martensitic phase, the ductility of Sample 1 highlights the potential
of shorter holding times for applications requiring greater elongation and moderate strength.

The measurement results of the Product of Strength and Elongation (PSE) in the four samples
provided significant insights, as shown in Figure 7. Sample 3, subjected to a holding time of 20
minutes, recorded the highest PSE value at 1230.95 kgf/mm? %, while Sample 1 exhibited the
lowest value at 1126.72 kgf/mm? %. PSE values depict the level of strain when the material begins
to fracture. In this context, an increase in holding time correlates with an increase in PSE values.
This effect is notably observed in Sample 3, experiencing an extended holding time, signifying that
the material underwent greater plastic strain before reaching its fracture point. These findings
illustrate the significant impact of holding time in heat treatment on the level of plastic strain
exhibited by materials before structural failure occurs [73].

The tensile testing results indicate that varying holding times in the Q-P-T heat treatment
could result in significant changes in the mechanical properties of ST60 steel. Longer holding times
lead to steel with higher tensile strength, Ultimate Tensile Strength (UTS), yield strength, and
modulus of elasticity, albeit with lower elongation. Essentially, longer holding times during the
hardening phase provide opportunities for a more complete phase transformation process,
microstructure refinement, and strengthening of atomic bonds within the material, ultimately
resulting in steel with higher tensile strength [74]. Therefore, these findings are supported by
changes in the microstructure and properties that occur during the heat treatment, allowing the
steel to withstand mechanical loads more effectively.

3.2. Hardness Strength

554

T T T T
ST60 HH10 HH15 HH20
Sample

The data indicates an increase in hardness values with an increase in holding time, as shown
in Table 5. Sample 0, which did not undergo specific heat treatment, had an initial hardness value
of approximately 93.67 HRB, while samples with longer holding times (samples 1, 2, and 3) showed
significantly higher hardness values. Sample 3, with the longest holding time (20 minutes), reached
the highest hardness value of around 109.33 HRB, as shown in Figure 8. When comparing these
results with the other study it is noted that the maximum hardness for medium carbon steel
reached 58 HRC after hardening at 900 °C, which is equivalent to approximately 56.9 HRB [69]. The
hardness decreased as tempering temperatures increased: from 53 HRC (51.2 HRB) at 250 °Cto 39
HRC (38.3 HRB) at 550 °C. This decrease in hardness with increasing tempering temperatures aligns
with the findings from this study, where longer holding times at high temperatures allowed for a
more complete transformation, which enhanced hardness but also could lead to a reduction in
ductility.

Increasing the holding time during heat treatment allows for more thorough transformation
of the austenitic phases and facilitates better carbon partitioning within the steel’s microstructure.
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When the steel is held at elevated temperatures, the austenitic phase stabilizes, and more carbon
atoms dissolve into it. As a result, upon cooling, a larger amount of carbon can be incorporated

into the martensitic phase,
110—_ which  forms during rapid
108 4 cooling. This higher carbon
106_- I content in the martensitic
e structure leads to a denser and
0 ] = harder material  because
x 102~ carbon atoms hinder
§ 100 dislocation movement,
5 98- increasing the overall hardness
§ o of the steel [75]. Thus,
4 extending the holding time
] enhances the transformation
92 v process and  significantly
90 -] | contributes to the improved
T T T " T " T hardness of the final steel
ST60 HH10 HH15 HH20 product,
Sample

Sample Number Major Load (kgf) Minor Load (kgf) Duration (s) Indentor HRB
0 100 10 5 Steel Ball 1/6  93.67

1 100 10 5 Steel Ball 1/6  103.33

2 100 10 5 Steel Ball 1/6  107.5

3 100 10 5 Steel Ball 1/6  109.33

A longer holding time also allows more extensive atom diffusion within the steel's
microstructure, which could strengthen atomic bonds and result in a harder material. The increase
in hardness signifies an enhancement in the material's stiffness [76]. Therefore, the results indicate
that longer holding times at the hardening temperature yield ST60 steel that is harder and more
rigid. ST60 steel subjected to longer heat treatment holding times could be used in applications
requiring components with high hardness. Overall, the Rockwell hardness test results indicate that
longer holding times at the hardening temperature contribute to increased hardness in ST60 steel,
enhancing its stiffness for applications requiring stronger mechanical properties.

3.3. Impact Strength

Sample 0 exhibited an actual energy value of 175.94 Joules, as shown in Table 6. This indicates
that the ST60 steel sample, without undergoing heat treatment, possesses high toughness,
necessary to absorb significant impact energy before fracturing or experiencing substantial
damage. Sample 3 showcased the highest actual energy value among the samples with different
holding times, reaching 176.18 Joules. This suggests that a longer holding time at the 920°C
hardening temperature enhances the toughness of the sample, requiring more energy to break it.
Sample 1 displayed the lowest actual energy value among the samples with varying holding times,
recording 145.8 Joules. This demonstrates that a shorter holding time, in this case, 10 minutes,
results in lower toughness.

Sample Number Sample Code Actual Energy (Joule) Specific Impact (Joule/mm?)
1 ST60 175.94 1.43
2 HH10 145.8 1.28
3 HH15 175.84 1.54
4 HH20 176.18 1.36

In comparison to the other study where the impact toughness of heat-treated medium carbon
steel (38MnVS6) was reported to have improved with a Charpy impact energy of approximately 25
J, similar to the impact energies observed for ST60 steel in the current study [77]. The enhancement
in impact toughness for both studies can be attributed to the controlled quenching that induced
bainitic or martensitic microstructures, thereby improving toughness compared to conventional
heat treatment methods. Furthermore, more study reveals that medium carbon steel specimens
treated at 900°C and cooled in a furnace achieved the highest impact energy of 20 J, while those
guenched in water displayed a lower value of 6.2 J [78]. This suggests that slower cooling methods,
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such as furnace cooling, enhance impact resistance by promoting microstructures that improve the
material’s ability to absorb energy during impact. The Q-P-T treatment applied to ST60 steel, which
includes both quenching and partitioning phases, likely benefits from a similar phenomenon,
where controlled cooling and partitioning result in improved toughness and resistance to impact,
particularly in the samples with longer holding times. Thus, the impact energy results for ST60 steel
reflect the effectiveness of the Q-P-T heat treatment in enhancing toughness while maintaining
strength. The ability to balance these properties through precise control of quenching and
partitioning times underscores the suitability of this treatment for applications requiring both high
impact resistance and mechanical strength.
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) _I"e‘:'m"“"“t highest specific impact value,
190 + namely 1.54 Joules/mm?2. This
185 value indicates that sample 2
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< 170 efficiently. Sample 0 displayed
145 i a specific impact value of 1.43
140 ~ Joules/mm?, indicating good
135 toughness in the untreated
ST60  HH10  HH15  HH20 sample. This means that

Sample despite its high actual energy,

its ability to absorb energy
within a specific surface area is also quite commendable [79]. Sample 1 showed a specific impact
value of 1.28 Joules/mm?, suggesting that the 10-minute holding time at the hardening
temperature results in slightly lower energy absorption capability within a specific surface area.

In this analysis, it could be concluded that the holding time during the heat treatment at the
hardening temperature of 920°C has a significant impact on the toughness of the ST60 steel
samples. Longer holding times appear to enhance the toughness of the samples, reflected in higher
actual energy values. However, the specific impact values don't consistently follow the same
pattern, indicating that toughness depends not only on the actual absorbed energy but also on the
sample's ability to absorb energy within a specific surface area unit.

3.4. Microstructure Analysis

Microstructural tests were carried out and phase mapping was carried out, as shown in Figure
10. Ensure that the images are of high quality and accurately represent the microstructure of the
samples. In this research, the captured images are imported into JMat Pro image analysis software.
Use image processing tools to enhance contrast, adjust brightness, and remove any artifacts or
noise that may interfere with the analysis. Utilize the software's tools to identify and distinguish
between ferrite and pearlite phases within the microstructural images. This involves applying filters
or thresholding techniques to isolate specific features characteristic of each phase. The presence
of ferrite is mapped and marked with a blue line, while the presence of pearlite is mapped and
marked with a green line. Once the phases are identified, quantify the percentage of ferrite and
pearlite present in each image. This can be achieved by manually delineating regions corresponding
to each phase or using automated segmentation algorithms to partition the image into distinct
phase regions. The percentage of ferrite and pearlite is then calculated by dividing the area
occupied by each phase by the total area of the microstructural image.

Sample 0 has an average grain diameter of 3.96 um, ranging from 0.83 um to 13.23 um. The
standard deviation of 2.34 indicates a fairly significant variation in the metal grain size, as shown
in Table 7. Sample 1, with a holding time of 10 minutes, shows a decrease in the average diameter
to 3.25 um, ranging from 0.81 um to 12.21 um. The standard deviation of 1.74 indicates a lower
variation compared to Sample 0. Sample 2, with a holding time of 15 minutes, demonstrates an
increase in the average grain diameter to 3.79 um, ranging from 0.83 um to 12.64 um. The standard
deviation of 2.14 indicates a re-increase in variation. Sample 3, with a holding time of 20 minutes,
shows a slight decrease in the average diameter to 3.39 um, ranging from 0.82 um to 12.00 um.
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The standard deviation of 1.89 indicates a relatively lower variation compared to Sample 2, as
shown in Figure 11.
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Sample

Number

Mean
Diameter

(um)

Minimum
Diameter

(um)

Maximum
Diameter

(um)

Standar
Deviation

(um)

Area of
Ferrite
(%)

Area of
Pearlite
(%)

0

1
2
3

3.96
3.25
3.79
3.39

0.83
0.81
0.83
0.82

13.23

12.21

12.64
12

2.34
1.74
2.14
1.89

45.42
45.36
49.38
48.84

54.58
54.64
50.62
51.16

B Vean
¥ T

Length (um)

ST60

HH10

Sample

HH15

HH20

The histograms analyzed illustrate
the distribution of microstructure
diameters for the all samples, as shown in
Figure 12. For sample O, the histogram
reveals a peak count around 2-3 pm, with
a right-skewed distribution extending up
to approximately 12 um and a maximum
count of about 160. In contrast, sample 1
shows a similar peak diameter but with a
higher maximum count of around 270-
280 and a distribution tail extending to
about 10 um. Sample 2 also peaks around
2-3 um and exhibits a right-skewed
distribution with a tail reaching beyond
12 pum, though its maximum count is
similar to sample 0 at approximately 160-
170. Sample 3, on the other hand, has a

peak count at 2-3 um with a distribution tail extending beyond 12 um and a maximum count falling
between the values for sample 1 and the other samples, around 260-270. Overall, all samples
display a right-skewed distribution of microstructure diameters, with peak diameters consistently
in the 2-3 um range. Notably, sample 1 and sample 3 show higher counts compared to sample 0
and sample 2, and the distribution tails of sample 2 and sample 3 extend further, indicating a
greater range of larger diameters.
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In Sample 0O, the percentage area of
the perlite phase is around 45.42%, while
the ferrite phase constitutes about
54.58%, as shown in Figure 13. The sample
subjected to a 10-minute holding time
shows minimal changes in phase
distribution, with percentages nearly
similar to Sample 0. Sample 2, with a
holding time of 15 minutes, increases the
percentage of the perlite phase to 49.38%
and the ferrite phase to 50.62%.
Meanwhile, Sample 3, subjected to a 20-
minute holding time, exhibits a slight
decrease in the percentage of the perlite
phase to 48.84% and an increase in the
ferrite phase to 51.16%.

Different holding times in the heat treatment process exhibit a significant influence on the
metal grain size and phase distribution [80]. Decreasing holding time seems to have a positive
effect on the metal grain size with a lower standard deviation, indicating better consistency in the
distribution of metal grain sizes. Holding time variations also affect the distribution of perlite and
ferrite phases, which could impact the mechanical and structural properties of ST60-2 metal.

The comprehensive analysis of microstructural findings from the heat treatment of
microalloyed medium-carbon steel reveals intricate relationships between the thermal processing
conditions and resulting mechanical properties [77]. The microstructures analyzed predominantly
consist of tempered martensite near the surface and a mixture of bainite, pearlite, and
intergranular ferrite within the core. Notably, the tempered martensite formation is likely
influenced by rapid cooling rates near the surface, enhancing hardness and wear resistance. The
volume fractions of pearlite observed in the samples varied, with cylinder IV containing
approximately 50% pearlite, contrasting with cylinders 1l and Ill, which exhibited around 30%, as
shown on Figure 14 [77]. This distribution suggests that the cooling rate significantly impacts
pearlite formation, aligning with insights highlighting slower cooling as a contributor to higher
pearlite fractions. The remaining core microstructure is dominated by bainitic structures, known
for their balance of strength and toughness, further optimized by controlled cooling.

[ Ferrite
N Pearlite
T

100 .

80 -
50.62

51.16

Percentage (%)

20

ST60 HH10 HH15

Sample

HH20

Intragranular ferrite formation around manganese sulfide (MnS) precipitates is particularly
noteworthy, as these structures nucleate on vanadium nitride (VN) surfaces [77]. This
phenomenon underscores the role of microalloying elements in refining grain structure and
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improving mechanical properties. The controlled cooling process, which varies in rate, is critical in
tailoring the proportions of ferrite and pearlite, directly influencing the mechanical performance
of the steel. These findings emphasize the intricate interplay between heat treatment parameters,
microstructure evolution, and mechanical outcomes. The precise manipulation of thermal cycles,
especially the cooling rates, enables the development of steel with tailored properties, making it
suitable for high-strength applications while maintaining durability.

4. Conclusion

There's a significant increase in tensile strength with an extended holding time. Longer
holding times during the hardening process result in steel with higher tensile strength. Similar to
the tensile results, the UTS also increases with extended holding times, indicating stronger
mechanical properties in ST60 steel. This is due to a more complete phase transformation,
improved carbon partitioning, and a denser crystal structure. Longer holding times lead to higher
yield strength, showcasing the steel's ability to withstand loads without permanent deformation.
This is attributed to more complete phase transformations, improved carbon partitioning, and a
stronger structure. However, longer holding times reduce the steel's ability to stretch before
fracture. A more complete phase transformation and denser structure result in less elasticity in the
steel. Longer holding times decrease the stiffness of the steel due to changes in phase, carbon
partitioning, and the solidification of crystal structures, leading to a more elastic material.

Longer holding times result in increased hardness, driven by more complete phase
transformations, enhanced carbon partitioning, extensive atom diffusion, and solidification of the
microstructure. Extended holding times enhance toughness, reflected in higher actual energy
values. However, specific impact values don't always follow the same pattern, indicating that
toughness relies not only on the absorbed actual energy but also on the sample's ability to absorb
energy within a specific surface area unit.

Sample 0 displays a significant variation in grain size, indicated by the high standard deviation.
Different holding times exhibit diverse variations in the metal's grain size. Lower holding times tend
to reduce the average grain size with a lower standard deviation. Alterations in holding time affect
the phase distribution. A 15-minute holding time increases the percentage of pearlite phase, while
a 20-minute holding time results in a slight decrease in the percentage of pearlite phase. Variations
in holding time during the heat treatment affect the microstructural properties of the metal.
Reduced holding times show better consistency in the distribution of grain sizes. Changes in the
distribution of pearlite and ferrite phases could impact the mechanical and structural properties of
ST60-2 metal.

Hence, the research findings indicate that holding time during the Q-P-T heat treatment
significantly impacts the mechanical properties and toughness of ST60 steel. Longer holding times
at a hardening temperature of 920 2C have a positive effect on the strength, toughness, and
resistance to plastic deformation of ST60 steel. Factors contributing to these outcomes include
more complete phase transformation, improved carbon partitioning, and alterations in the
microstructure.
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