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ABSTRACT: The carburizing process applied to
low carbon steel is designed to enhance the surface
hardness  while preserving the toughness
characteristics of the steels core. A critical
parameter in this methodology is the cooling rate,
which significantly influences the resultant
microstructure following carburizing. This literature
review examines the impact of cooling rate on the
microstructural alterations occurring in low-carbon
steel during the solid carburizing process. An
increased cooling rate may yield a harder
martensitic microstructure at the surface of the steel;
however, it concurrently elevates the potential for
internal stresses and fractures. In contrast, a reduced
cooling rate is likely to foster the development of a
more ductile bainitic or pearlitic structure, albeit at
the expense of hardness. Prior research indicates
that meticulous regulation of the cooling rate can
enhance the equilibrium between surface hardness
and core toughness in steel. This abstract posits that
a comprehensive understanding of the cooling rates
effects is essential for optimizing the quality and
functionality of carburized steel components.

KEYWORDS: Carburizing process, Low carbon
steel, Cooling rate, Micro structure

I. INTRODUCTION

Carburizing is a heat treatment procedure
that adds carbon to the outer layer of steel,
increasing its surface hardness while keeping the
core malleable. This method involves heating the
steel in a carbon-rich liquid at temperatures ranging
from 850 to 950°C until carbon is absorbed into its
surface. Following that, the steel is quickly chilled
(quenched) to transform the absorbed carbon into
hard martensite. The goal of carburizing is to
increase steel surface hardness, improve component
wear resistance, and retain the ductility of the steel
core. Carburizing is classified into three types: gas,
liquid, and solid. Applications include automotive
components, including gears, shafts, and bearings.
The manufacturing industry needs machine tools
with high surface hardness. The goal of solid
carburizing is to create a hardened surface layer on

the steel while maintaining the core strength and
toughness of the material [1].

Manufacturers can get the desired hardness and
wear resistance properties in finished components
by accurately regulating the temperature, duration,
and carbon content. The carburizing medium is
solid, and energizers are utilized to speed up the
process. Specimens for pack carburizing are placed
in a heat-resistant steel carburizing box. The
carburizing box is placed in an electric furnace and
heated to a carburizing temperature [4]. The
specimens are then placed in the furnace for a
certain period of time, allowing carbon atoms to
diffuse into the steel surface. This process deposits a
high concentration of carbon on the surface,
resulting in a firm coating. After the carburizing
process is completed, the components are carefully
cooled to avoid breakage or deformation. The end
result is a long-lasting and wear-resistant steel
product suitable for applications demanding high
surface hardness and strength. Pack carburizing,
also known as solid carburizing, is a case-hardening
method that involves enriching the depth of low-
carbon steels with carbon derived from a solid
compound. Energizers or activators found in the
carburizing substance, such as barium carbonate,
calcium carbonate, potassium carbonate, and sodium
carbonate, promote carbon atom diffusion.

The study of depth, or hardenability, is one
of the important parameters in carburized steels
[14]. A cross-section of carburized specimens is
tested for microhardness to determine case depth.
Pack carburizing is often used for low-carbon, low-
alloy steels. This process produces samples with a
combination of high surface hardness and high core
toughness, as well as the impact strength required
for any engineering part, such as gears and bearings,
due to the formation of a martensitic microstructure
in the steel's outer region and a ferrite pearlitic
micro structure in the core region. The impact of
different energizer materials, carburizing times, and
steel chemical compositions on low-carbon steel
case depth and mechanical characteristics. A
numerical approach was utilized to determine the
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optimal value of the energizer material that would
result in the given case depth.. The relationship

between hardenability curves and the microstructure
of carburized steels, as well as the boundary

II. LITERATURE REVIEW

2.1.Parameters that  Affect the Solid
Carburizing Process

The mechanical properties of low-carbon
steel (LCS) have stimulated the exploration of
diverse carburization techniques, with growing
attention on organic additives derived from
agricultural wastes as sustainable alternatives to
conventional materials. This study investigated
sheanut shell (SNS) and eggshell (ES) ash as eco-
friendly carburizing agents for AISI 1020 steel to
improve its performance for engineering
applications [2]. The objective was to evaluate their
potential in enhancing hardness, strength, impact
resistance, and microstructural properties of LCS.
Experimental analysis compared carburized and
uncarburized (UC) samples, focusing on hardness,
tensile strength, impact energy, and microstructural
features. The findings showed that carburization
significantly increased hardness, with carburized
LCS reaching 513 HB compared to 398 HB for UC
LCS. However, UC LCS exhibited higher yield
strength (221.3 N/mm?) and ultimate tensile
strength (241.1 N/mm?), whereas carburized LCS
absorbed more fracture energy (63.72 J), reflecting
a trade-off between hardness and tensile strength.
Microstructural examination revealed improved
surface morphology, metallurgical bonding, and
higher pearlite concentration due to carbon
diffusion, while energy dispersive spectroscopy
confirmed elevated carbon content in carburized
samples. Structural analysis further identified both
crystalline and amorphous carbon phases.

The study concludes that SNS and ES ash are
effective sustainable carburizing additives capable
of enhancing surface properties of LCS, making the
material suitable for high-strength and wear-
resistant applications. It recommends the wider
adoption of these agro-waste additives in industrial
carburization processes to reduce reliance on costly
conventional materials while promoting sustainable
engineering practices. The effects of varied
carburizing temperatures and holding time on the
mechanical properties of AISI/SAE1020 steel have
been investigated by [11]. Standard test samples
using carbonized palm kernel shell as a carburizer

conditions of carburizing and decarburizing events
in the presence of certain energizer materials, is
investigated. The article compares pack carburizing
to various carburization procedures and prepared
from the steel sample were subjected to a pack
hardening process.

at 800°, 850°, 900°, and 950°C and held for 60, 90,
and 120 minutes, quenched in oil, and tempered at
500°C for 60 minutes. After the pack hardening
process, the test samples were subjected to tensile,
impact, and hardness tests. and from the data
obtained, ultimate tensile strength (UTS) and
impact strength were calculated, the case and core
hardness of the carburized samples were taken, and
an optical microscope was also used to observe the
microstructural features of the case-hardened,
quenched, and tempered samples. It was observed
that at 800°, 850°, and 900°C, the UTS and the
microhardness initially reduced to a minimum and
then increased as the carburizing temperature
increased, but at 950°C, it was observed that the
UTS increased with an increase in holding time. It
was concluded that the optimum combination of
mechanical properties is achieved at the
carburizing temperature of 950°C soaked for 120
minutes, followed by oil quenching and tempering
at 500°C for 60 minutes.

The study aims to determine the effect of
variations in temperature and holding time on the
value of hardness and microstructure in the
carburizing process of low-carbon steel and
medium-carbon steel. The temperature variations
used during the carburizing process were 850°C
and 950°C, with variations of the holding time used
being 15 minutes and 30 minutes. The types of
materials used are AISI 1020 steel and AISI 1045
steel [12]. The lowest increase in hardness occurred
at 850°C with a holding time of 15 minutes,
namely 82.00 HRB for AISI 1020 steel and 95.66
HRB for AISI 1045 steel. Meanwhile, the highest
increase in hardness occurred at a temperature of
950 °C with a holding time of 30 minutes, namely
93.00 HRB on AISI 1020 steel and 105.33 HRB on
AISI 1045 steel. This shows that the higher the
temperature and the longer the holding time, the
higher the hardness value.

DOI: 10.35629/5252-0805492499

| Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal Page 493



\’, hk International Journal of Advances in Engineering and Management (IJAEM)

—

IJAEM

Volume 8, Issue 5 May. 2026, pp: 492-499 www.ijaem.net

2.2. The Importance of Microstructure in Steel
The microstructure of steel plays a crucial
role in determining its mechanical properties and
overall performance (Li et al., 2020)). During the
carburizing process, the carbon atoms that diffuse
into the surface of the steel interact with the
existing microstructure, leading to changes in the
material's hardness, toughness, and wear resistance
[6]. Engineers may adapt the microstructure of
steel to specific application needs by carefully
regulating  carburizing parameters such as
temperature, duration, and carbon concentration.
This level of personalization enables the creation of
high-quality steel parts with improved performance
characteristics, making them indispensable for a
variety of industrial applications. Whether it's gears
in automobile transmissions, bearings in airplane
engines, or tools in manufacturing equipment,
carburized steel components are crucial for

2.3. Effect of Cooling Rate on Hardness and
Microstructure AISI 1020 Steel

The study of pack carburizing of carbon
steels AISI 1020 by using two parameters (holding
time and carburizing temperature). This study was
conducted by using an electrical furnace. This
process is carried out at temperatures of 950°C for
durations of 90 minutes. From the experiment, the
surface hardness and thickness of the carbon layer
were different according to the parameters used. The
quenching media that are used in this experiment are
water, oil, seawater, and air. For carburizing
temperature at 950°C, the highest surface hardness
value for air is 128 HV for 90 minutes of
carburization, and the highest surface hardness value
for water is 224 HV for 90 minutes of carburization.
For a carburizing temperature of 950°C, the highest
surface hardness value for seawater is 166.9 HV,
which is carburized for 90 minutes, and for a
carburizing temperature of 950°C, the highest surface
hardness value for oil is 126 HV. The thickness of
the carbon layer was between 40um to 120um. The
result indicates the carburizing process accelerates
the diffusion of carbon atoms into the surface, thus
increasing the thickness of the carburized layer as
well as the surface hardness[13].

The work (Ccedil, A., 2009) is to
investigate the effect of cooling rate on
microstructure and mechanical properties of AISI
1020, AISI 1040, and AISI 1060 steels. The samples
were heated and treated at 1250°K for 4 h and
subsequently were cooled by three different methods.

ensuring optimal performance and longevity in
demanding operating conditions.

The ability to improve the material qualities of
steel by carburization has transformed the
manufacturing business, giving engineers a diverse
tool for enhancing the dependability and efficiency
of innumerable goods. With advancements in
technology and materials science, carburizing
continues to play a vital role in the development of
cutting-edge solutions for a wide range of
industries worldwide. Carburized steel gears, for
example, are commonly used in heavy machinery
such as bulldozers and excavators to withstand high
stress and wear. Furthermore, carburized steel
components in auto gearboxes improve wear
resistance and overall performance, resulting in

smoother gear changes and a longer vehicle life.

were examined by optical microscopy and hardness
tests, respectively. Experimental results have shown
that the microstructure of these steels can be changed
and significantly improved by varying the cooling
rate. Thus, heat treatment (heating and cooling) is
used to obtain desired properties of steels, such as
improving the toughness, ductility, or removing the
residual stresses.

2.4. Metallurgical Concepts for Optimized
Processing And Properties of Carburizing Steel
Carburized steel grades are widely used in
applications where high surface near hardness is
required in combination with good core toughness as
well as high strength and fatigue resistance. The
process of carburizing lower- to medium-carbon-
containing steel can generally provide this
combination of properties and has been practiced for
several decades. Such steel is essential in the vehicle
powertrain, machines, and power generation
equipment. However, the increasing performance
demands by such applications as well as economical
considerations forced steel producers to develop
better alloys and fabricators to design more efficient
manufacturing processes. The concepts for alloy
design optimization of carburizing steel and
demonstrates the forthcoming beneficial
consequences with regard to manufacturing
processes and final properties.
In the vehicle industry, several new challenges

For this purpose, the microhardness and have arisen, all with the aim of reducing fuel
microstructure of these steels after heat treatment consumption and lowering emissions. Light
DOI: 10.35629/5252-0805492499 | Impact Factor value 6.18 | ISO 9001: 2008 Certified Journal Page 494



\_‘, hk International Journal of Advances in Engineering and Management (IJAEM)

—

IJAEM

Volume 8, Issue 5 May. 2026, pp: 492-499 www.ijaem.net

weighting of passenger car bodies has a high priority
in that respect, but also weight reduction of
powertrain components is increasingly being
addressed. However, when a gearbox could be
designed to be a smaller size, thus achieving lower
weight, the specific operational load on the
individual components will increase. Another fuel-
reducing trend is downsizing of the engine, which
typically goes along with turbocharging. However,
the characteristic of a turbocharged engine is an
instantly much higher torque applying over the entire
window of operation as compared to a naturally
aspirated engine that is building up torque more
gradually. Consequently, the specific load on
gearbox components increases significantly with
turbocharged engines. Gearboxes of commercial
vehicles are standardly being exposed to high
specific loads caused by input torque of up to 3 500
N-m) [15]. The competitive advantage of
guaranteeing a longer lifetime of the gearbox has
become a driving force for material improvement.

Transmission producers have raised the
lifetime guarantee in some cases to over 100,000 km.
In addition, truck gearboxes can experience severely
increased operational temperatures for short time
periods when driving under high load with
insufficient cooling. The increased temperature can
become high enough to cause softening of case
barbarized steel due to tempering effects. This
softening lowers the load-bearing capability of the
gear and likely negatively alters the friction and wear
properties at the surface. This same problem has also
been observed as a cause of gearbox failure in
windmills.

2.5.The Effect of Different Cooling Rates
Condition on Thermal Profile and Microstructure

Thermal analysis and microstructure characterization
provide information regarding material thermal
profiles and microstructure formation. Wrought
aluminum alloys offer significant advantages in
terms of higher ultimate tensile strength (UTS) and
yield strength but relatively poor fluidity properties.
The objective of this experiment presented in this
paper was to understand the relationship between
solidification rate, metallurgical behavior, and
fraction phase growth of wrought aluminum 6061
[9]. This information was crucial and important to
the foundry industry to understand the material
behavior that will help to cast wrought aluminum
6061. Thermal analysis and microstructure of
wrought aluminum 6061 on different cooling
conditions are present in this paper. In this work,
aluminum 6061 was heated and melted in a graphite

crucible at a temperature of 800°C. Two
thermocouples are located at the center and 20 mm
from the graphite crucible wall. Slow cooling rate
condition experiment rig was developed by placing a
graphite crucible into a chamber with kaowool
insulation. A normal cooling rate condition was
developed by allowing the molten to solidify at room
temperature. Fast cooling rate condition was
prepared by applying a forced airflow over the
graphite crucible.

The slow, normal, and high cooling rates were
calculated at 0.03 °C/s, 0.2°C/s and 0.3 °C/s
respectively. Cooling curve analysis was performed
to predict various areas of solidification phase and
fraction solid. In addition, the microstructure
formation was observed, recorded, and compared
between different cooling conditions. The results
show that under slow cooling rate conditions, the
formation of eutectic and solidus temperatures
occurred far from the liquidus temperature. The
eutectic and solidus temperatures were increased
with the increment of the cooling rate. Furthermore,
the DCP temperature of the slow cooling rate
condition at 638.3 °C was the lowest while giving a
wider temperature range corresponding to the
fraction solid percentage increment. Meanwhile, an
increase in cooling rate refined the microstructure,
improved the grain circularity, and at the same time
reduced the aspect ratio.

In the metal casting industry, an improvement
of component quality depends mainly on better
control over the production parameters [10] . Thus, a
thermal analysis cooling curve of the alloy is used for
process control in the aluminum casting industry. In
this research, the effect of seven different cooling
rates on the microstructure and solidification
parameters of the 319 aluminum alloy has been
investigated by means of thermal analysis. In each
case, the cooling curve and its first derivative curve
have been plotted by using very accurate thermal
analysis equipment. The effect of different cooling
rates on solidification parameters such as nucleation
temperature  (TN,a), nucleation undercooling
(ATN,a), recalescence  temperature  (TR,a),
solidification range (ATs), and total solidification
time (tf) has been studied in the liquidus region.
Microstructural evaluation has been carried out, and
DAS was measured in all solidification conditions.
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2.6. The Effect of Different Cooling Rates Condition
on Mechanical Properties AISI 1020 steel

The investigate the effect of cooling rate on
microstructure and mechanical properties of AISI
1020, AISI 1040 and AISI 1060 steels (Ccedil, A.,
2009). The samples were heated and treated at
1250°K for 4 h and subsequently were cooled by
three different methods. For this purpose, the
microhardness and microstructure of these steels
after heat treatment were examined by optical
microscopy and hardness tests, respectively.
Experimental results have shown that the
microstructure of these steels can be changed and
significantly improved by varying the cooling rate.
Thus, heat treatment (heating and cooling) is used to
obtain desired properties of steels such as improving
the toughness, ductility or removing the residual
stresses.

Annealing is an old process to remove the
residual stresses in metals. It is usually applied in
steel industries. With heating the steel and cooling it
at desired rates, the final properties of the steel can
be decided. In this work, an attempt was made to
understand the variation in strength and
microstructural arrangement in AISI 1020 (0.2%-C)
steel samples [5]. The samples were heated to
austenitic temperature and then cooled in two
different ways: through water and through sand. For
comparison purposes, one separate sample was kept
in original condition. It was named as the original
sample. It was noticed that the annealing process had
modified the tensile strength of the samples. Also, a
huge difference between the stress-strain curves of
the water-quenched sample and the sand-cooled
sample was reported. As per the microstructural
study, it was observed that the water quenching
phenomenon had made the microstructure smaller in
size. On the contrary, a lamellar structure of pearlite
and cementite was observed in the sand-cooled
sample. A good corroboration was found between the
mechanical property and microstructural behavior of
the steel samples.

The study about the ultrafast cooling of a hot static
6 mm thick steel plate (AISI-1020) by air-assisted
spray cooling [10]. The study covers the effect of air
flow rate and the water impingement density on the
cooling rate. The initial temperature of the plate,
before the cooling starts, is kept at 900 °C. The spray
was produced from a full cone, high mass flux, and
low turndownratio air atomizer at a fixed nozzle-to-
plate distance. The cooling rate shows that a lowratio
air-atomized spray can generate an ultra-fast cooling
(UFC) rate for a 6 mm thick steel plate. After
cooling, the tensile strength and hardness of the
cooled steel plate were examined. The surface heat

flux and surface temperature calculations have been
performed by using INTEMP software. The result of
this study could be applied in the design of a fast
cooling system, especially for the run-out table
cooling.

The study of pack carburizing of carbon
steels (AISI 1020) by using two parameters (holding
time and carburizing temperature). This study was
conducted by using an electrical furnace. This
process is carried out at temperatures of 950°C for
durations of 90 minutes. From the experiment, the
surface hardness and thickness of the carbon layer
were different according to the parameters used. The
quenching media that are used in this experiment are
water, oil, seawater, and air. For carburizing
temperature at 950°C, the highest surface hardness
value for air is 128 HV for 90 minutes of
carburization, and the highest surface hardness value
for water is 224 HV for 90 minutes of carburization.
For a carburizing temperature of 950°C, the highest
surface hardness value for seawater is 166.9 HV,
which is carburized for 90 minutes, and for a
carburizing temperature of 950°C, the highest surface
hardness value for oil is 126 HV. The thickness the
carbon layer was between 40pum to 120pm. The
result indicates the carburizing process accelerates
the diffusion of carbon atoms into the surface, thus
increasing the thickness of the carburized layer as
well as the surface hardness [13].

The work [3] is to investigate the effect of
cooling rate on microstructure and mechanical
properties of AISI 1020, AISI 1040, and AISI 1060
steels. The samples were heated and treated at
1250°K for 4 h and subsequently were cooled by
three different methods. For this purpose, the
microhardness and microstructure of these steels
after heat treatment were examined by optical
microscopy and hardness tests, respectively.
Experimental results have shown that the
microstructure of these steels can be changed and
significantly improved by varying the cooling rate.
Thus, heat treatment (heating and cooling) is used to
obtain desired properties of steels, such as improving
the toughness, ductility, or removing the residual
stresses.
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2.7. Micro structure and Mechanical
Characteristics in Carburized of AISI 1020 Steel

Material AISI 1020 steel was plasma
nitrocarburized at different gas mixtures (N, and H»),
for various times (1, 2, 4, 8, and 12 h) and at elevated
temperatures (500, 570, and 640 °C) [9]. The
structural, mechanical, and tribological properties of
nitrocarburized steel were analyzed using X-ray
diffraction. microhardness tester, scanning electron
microscopy, optical microscopy and pin-on-disk
tribotester. The results have shown that the
compound layer was composed of e-Fe, 3(C, N) and
v'-Fe4(C, N) iron carbonitrides and the thickness of
this layer increased with increasing temperature and
time. The nitrocarburizing process affected the
surface properties and diffusion layer. It was seen
that the surface hardness increased about two times
depending on process parameters, and the highest
hardness was observed on austenite layer obtained at
austenitic treatment (640 °C). The wear strength
increased between 20% and 60% depending on the
process parameters. While the highest wear strength
(1.89 x 107> mm>*/N m) was obtained at austenitic
nitrocarburizing for 4 h, the lowest friction
coefficient (¢ =0.35) was also attained at austenitic
treatment.

It is still categorized as low-carbon steel, which
is widely used for the automotive parts industry and
construction because of its characteristics, like high
ductility, relatively low hardness value, and high
formability. In continuous usage for a long time, this
steel tends to be worn down because of its low
surface hardness value. The surface hardness is
congruous to the wear resistance of AISI 1020 steel.
In this research, the experimental method of the pack
carburizing process was carried out by heating AISI
1020 steel samples packed along with charcoal with
catalysts of Na.COs and CaCO:s till a temperature of
900 °C and holding it for 4 hours to effect the
diffusion carbon mechanism in surface treatment.
(Microstructure and Mechanical Properties of Pack
Carburized AISI 1020 Steel Using Na2CO3 and
CaCO3 Catalysts, 2022) . Thereupon, AISI 1020
steel samples were fast cooled by using distilled
water. The selection of different catalyst variations
according to diffusion capability will be expected to
enhance AISI 1020 steel’s microstructure and
mechanical properties. From this research, it was
obtained that pack carburized AISI 1020 steel using
Na:COs  possesses  significant  microstructure

transformation, which will affect the highest
hardness value increment (505.4 HV) and the lowest
wear rate decrease.e (0.00821 mm?*/minute). Thereby,
pack carburize AISI 1020 steel using Na.COs. also
exhibits good wear resistance characteristics so that it
can be used for a long lifetime.

Enhancing the mechanical properties of low-
carbon steel (LCS) has stimulated the exploration of
diverse carburization techniques, with growing
attention on organic additives derived from
agricultural wastes as sustainable alternatives to
conventional materials. This study investigated
sheanut shell (SNS) and eggshell (ES) ash as eco-
friendly carburizing agents for AISI 1020 steel to
improve its  performance for  engineering
applications. The objective was to evaluate their
potential in enhancing hardness, strength, impact
resistance, and microstructural properties of LCS.
Experimental analysis compared carburized and
uncarburized (UC) samples, focusing on hardness,
tensile strength, impact energy, and microstructural
features. The findings showed that carburization
significantly increased hardness, with carburized
LCS reaching 513 HB compared to 398 HB for UC
LCS (Suitability Assessment of Organic Carbon
Additives in the Carburization of Low Carbon Steel
(AISI 1020) for Engineering Applications, 2025) .
However, UC LCS exhibited higher yield strength
(221.3 N/mm?) and ultimate tensile strength (241.1
N/mm?), whereas
carburized samples demonstrated lower tensile and
yield strengths due to the increased brittleness
associated with the hardened surface layer.
Moreover, the impact strength was found to decrease
following the carburization process, as the
development of the carbon-rich case reduced the
overall ductility of the steel. The study concluded
that the use of organic carbon additives provides a
sustainable method for enhancing the wear properties
of AISI 1020 steel, although the trade-off in
toughness must be carefully managed for structural
components.

In this study [7], the effect of cooling rate
on the microstructure, solidification parameters, and
mechanical property of LMI3 alloy has been
investigated. To obtain different cooling rates, an air-
cooled graphite mold, 3 sand molds with different
moisture content, a water-cooled graphite mold, and
a water-cooled steel mold were used. The cooling
rates and the solidification parameters were
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determined by using the computer-aided thermal
analysis method. Results show that with increasing
The paper emphasizes that understanding and
precisely controlling the cooling rate, along with
other carburizing parameters like temperature,
holding time, and choice of carburizing agents, is
vital for optimizing the quality and functionality of
carburized steel components. This control allows for
the development of high-quality steel parts with
enhanced performance characteristics, balancing
surface hardness with core toughness for various
industrial applications. The microstructure of steel is
fundamental in determining its mechanical
properties. During carburizing, carbon atom diffusion
alters the existing microstructure, impacting
hardness, toughness, and wear resistance . Engineers
can tailor steel's microstructure by carefully adjusting

III. CONCLUSION

Studies have shown that higher carburizing
temperatures and longer holding times generally lead
to increased hardness . For instance, an optimum
combination of mechanical properties was achieved
at 950°C for 120 minutes, followed by oil quenching
and tempering. Eco-friendly carburizing agents like
sheanut shell (SNS) and egg shell (ES) ash have been
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