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ABSTRACT

AISI 1020 steel is widely utilized in various fabrication processes, construction works, and automobile assemblies. Sometimes, hardness and toughness become very
important for different machine parts. The surface hardening techniques, like pack carburizing and flame hardening, are two important approaches to enhance the
hardness of the low-carbon steel while maintaining a good amount of toughness. In the present work, a comparative analysis has been carried out among pack
carburizing, flame hardening, and quenching methods done on AISI 1020 steel. The analysis has been made based on hardness, toughness, and microstructural
characterization. The quenching phenomenon is a different approach from surface hardening. The microstructural changes occur throughout the sample during the
quenching process. Standard-shaped AISI 1020 steel samples were subjected to air quenching, pack carburizing, and flame hardening. The microstructural and phase
changes were analysed using optical microscopy and X-ray diffraction (XRD) analysis. In addition, the Rockwell hardness (B scale) test and Charpy impact test were
conducted to check the steel's variation in hardness and toughness after heat treatment. According to the analysis, the as-received sample exhibits an excellent mix of
hardness and toughness, with a toughness of 209.25 J that rises to 268 J following water quenching. With a hardness of 225.5 J, the pack carburized sample outperforms
the as-received sample by 8%. Additionally, the flame-hardened sample exhibits a reasonable balance between surface hardness and toughness.
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INTRODUCTION

The surface hardening technique increases the wear resistance of components
such as turbines, cam gears, bearings, and automobile parts. It lessens the onset
and spread of cracks by offering a firm surface and impact resistance. Because
surface hardening may be applied to less costly low-carbon and medium-carbon
steels with less deformation and breaking, it is preferable to use through
hardening [1, 2]. Pack carburizing is one of the case-hardening techniques which
involves enriching low-carbon steels with carbon derived from a solid compound.
Barium carbonate, calcium carbonate, potassium carbonate, sodium carbonate,
and other energizers or activators that may be incorporated in the carburizing
substance improve the diffusion of carbon atoms. One of the crucial factors in
carburized steels is the analysis of case depth or hardenability. A cross section of
carburized specimens is subjected to microhardness testing to ascertain case
depth. Pack carburising is often used for low-carbon and low-alloy steel alloys.
Samples produced by this method have both high core toughness and high
surface hardness [3, 4, 5]. Flame hardening is a heat treatment technique that
creates a hard martensite coating over a softer internal core by directly applying
oxyfuel gas flames to the steel, especially gears made of steel. The two forms of
flame hardening processes for the gears are tooth-at-a-time and spin hardening.
Gears with sufficient bulk to absorb excessive heat without distorting are ideally
suited for spin hardening. While the tooth-at-a-time approach merely hardens the
flank, the tooth-to-tooth process employs the machine to heat and quench the
gear [6]. The term quenching describes the rapid cooling of a heated steel, to
change its crystal structure from austenite to possibly martensite or bainite,
greatly increasing its hardness and strength by effectively “trapping” carbon
atoms within the lattice. This is accomplished by immersing the hot metal at a
controlled rate in a cooling medium, such as water or oil, which stops the carbon
atoms from rearranging into a softer phase and causes martensite to form [7].

Low carbon steels like AISI 1020 are known for their good toughness, strength,
and ductility, making them suitable for producing motor parts like axles, valves,
cams, rockers, shafts, pinions, racks, and gears [8-11]. Low-carbon steels,
however, are less hard and have worse mechanical strength than high-carbon
steel. As a result, surface treatment is frequently used in practical applications to
guarantee that the components meet the required performance criteria.
Conventional heat-treatment techniques do not significantly increase the strength
and hardness of low-carbon steel components. As a result, case carburizing,

immersion hardening, cold-working, and induction hardening are typically
chosen [12-14]. Among these techniques, case carburizing is one of the most
popular since it works very well. To encourage the diffusion of carbon atoms into
the component surface, the components are heated above a specific critical value
while enclosed in a carbon powder box during the pack carburization process.
After that, the carburised part is either taken out of the furnace and quenched
with water or allowed to cool naturally in the furnace. The final product retains
the inherent toughness and ductility of the original material in the core while
having an exceptionally high surface hardness [15-17]. Crucially, the time and
temperature of the carburizing process may be adjusted to affect the component's
material properties. Higher temperatures and longer carburizing durations
provide a thicker carbon diffusion layer, increasing surface hardness. Charcoal,
sodium carbonate (NaCOs), and barium carbonate (BaCO;) are some of the
carbon sources that can be used in the pack carburizing process [18-23]. Because
of their improved stiffness/density ratio, high modulus steels hold promises for
lightweight design solutions. This work investigates how the microstructure and
mechanical characteristics of high modulus steels based on Fe-TiB;, and Fe-Cr-
M,B are affected by low-pressure carburizing and plasma nitriding. While
carburizing produces a slightly lower maximum hardness value, nitriding
produces enlarged ferrite. The paper discusses improving alloy ideas and
thermochemical processing parameters for high modulus steels and the
consequences for engineering applications [24]. The carburization of mild steel,
an alloy that is essential for engineering applications because of its low cost and
good tensile strength, is examined in this paper. It looks into several carburization
techniques, quality-affecting variables, and the possibility of organic additives for
carburizing low-carbon steel. The advantages of organic energizers are also
included in the paper, along with recommendations for further study on mild steel
carburization using organic additives [25]. A study investigates the effects of
steel composition, carburizing time, and energizer materials on the mechanical
characteristics and case depth of low-carbon steel. It determines the ideal
energizer material by numerical processes. In addition, the study compares pack
carburizing methods and looks at boundary conditions, microstructure, and
hardenability curves [26]. The effect of pack carburizing on the fatigue behavior
of a notched beam with a depth of 1 mm and an angle of 45° is examined in this
work. Fatigue testing, heat treatments, and mechanical tests were all part of the
study. The Fatigue Life Improvement Factor rose by 8.20%, 14.3%, and 15.9%,
respectively, indicating that soaking time improved fatigue strength and lifetime
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[27]. The process of heating and cooling metal to provide the required
mechanical properties is known as heat treatment. It offers case hardening,
vacuum hardening, low-pressure carburization, nitriding, tempering, and brazing.
According to a study on traditional case hardening, human labor required 244.98
minutes [28]. Darmo et al. used teak wood charcoal and powdered Pomacea
Canalikulata Lamarck shell for pack carburization of SS400 steel cylinders,
demonstrating that PCL shell power significantly increased the components'
hardness [29]. Additionally, Soenoko et al. [30] employed PCL shell powder to
stimulate the carburization of SS400 steel components. They discovered that
tempering and quenching the carburized parts in 30% NaCl solution might
improve the final components' fatigue strength. The impact resistance and
stiffness of carburized mild steel specimens were both enhanced by the inclusion
of ground bone as an energizer, according to Aramide et al. [31]. Low carbon
steel was pack carburized by Negara and Widiyarta [32] using either bamboo
charcoal (BC) or goat bone charcoal (GBC) as the carburizing medium. The
findings demonstrated that, with the right carburizer selection (i.e., GBC or BC),
a notable increase in hardness, tensile strength, yield strength, and elastic
modulus could be achieved. Ramli et al. (2021) explored using coconut and dog
conch shell powder as carburizing media for SCM 420 steel pack carburization.
Results showed that a 60% content of coconut shell and 40% content of dog
conch with extended carburizing time increased carbon content and surface
hardness and increased carburized layer thickness [33].

In the automobile transmission system, transmissions are crucial components that
impact the dependability and performance of the vehicle. They transfer rotational
speed and power, and efficiency is impacted by accuracy. Because heavy-duty
transmissions operate in challenging conditions, they need gears that are robust,
impact-resistant, and wear-resistant. Treatments like quenching and carburizing
are applied to enhance mechanical qualities. Heat treatment, however, can cause
gear deformation, impacting fatigue life, precision, trial production, transmission
efficiency, vibration, and noise. As a result, it's imperative to ensure gears have
exceptional performance qualities [34, 35]. A multi-field model for carburizing
quenching that takes into account the distortion of interstitial solid solution
brought on by carburization is presented in this work. Using Dante heat treatment
software and testing on cylindrical samples, the correctness of the model was
confirmed. A finite element model was also built to anticipate gear deformation,
considering dynamic heat boundary conditions and flow effects. Compared to
traditional models, the model showed improved prediction accuracy in torsional
and expansion deformation, offering a new way to forecast carburizing and
quenching deformation in gears [36].

In the direction of low carbon steel surface hardening, the present work deals
with a comparative assessment of three hardening techniques i.e.: pack
carburizing, flame hardening, and water quenching. The hardness, toughness and
microstructural orientation were analysed on the samples, and the characteristics
of heat-treated AISI 1020 steel samples were compared with those of the ‘as
received” sample. A considerable change in the mechanical properties was
reported in this work, which was further established by the optical microscopy
and XRD analysis.

MATERIALS AND METHODOLOGY

A square-shaped cross-sectional rod of AISI 1020 steel was collected from an
ISO certified industry. This steel was in hot rolled condition. From this rod, 16
samples were cut in the standard size provided by ASTM E23. The specimen’s
length was 55 mm, with its cross section of 10 x10 mmZ2 A V’ notch was cut at
the mid-length of the specimens (Fig. 1). First four specimens were considered in
‘as received’ or original condition. Next four samples were heated in an induction
furnace for 2 hours at a soaking temperature of 800°C. After attaining required
temperature and time, these samples were quenched in water. Another four sets
of samples were put inside a metallurgical chamber filled with powdered coal.
The average grain size of the coal was 2-3 mm. The coal was properly
compacted, and all the sides of the chamber were sealed. The closed chamber
was then kept in induction furnace for heating at a high temperature of 900°C for
a soaking period of 5 hours. Another four set of samples were kept on an anvil
and heated collectively by using flame produced by butane gas. The samples
were chilled by water followed by flame heating time of 2 min.

The heat-treated specimens were tested under Charpy impact test and Rockwell
hardness test. An average toughness value was measured by taking the results of
four different specimens. For conducting hardness test, three indentations were
made on each sample, and the average hardness was considered for that sample.
The microstructural changes in the samples were observed by using optical

microscopy. A thorough polishing was conducted on the desired surface of the
samples. The ‘as received’ and water quenched specimens were polished on their
outer surface only whereas the pack carburized and flame hardened samples were
polished on their two surfaces, the outer surface and the core region. The
polishing was performed using five different grades of abrasive papers of grit
sizes- 500, 1000, 1500, 2200, and 2800. The cylindrical grinder of make
“Chennai Metco” was used to rotate abrasive papers. The polished surfaces were
etched by using 3% Nital etchant before microscopy. The microstructural images
were captured at two different magnifications of 200X and 500X for proper
understanding of structural changes. In addition, the XRD analysis was also
conducted to check various phases on the surface of the samples. No surface
preparation was done to conduct XRD. It was performed on ‘as heat treated’
condition of the samples.

‘As received samples =

Pack carburized samplcs

.
[lame hardened samples

Fig. 1 AISI 1020 samples used in this work

RESULT ANALYSIS

Microstructural analysis: The microstructural analysis of ‘as received’ sample
was done to check the orientation of ferrite, pearlite, and other possible phases.
The microstructure of hardened samples has been analysed based on the results of
the ‘as received” sample. Fig. 2 shows the microstructure of as received sample.
The ‘as received’ sample showed bright ferrite content in the fine and compacted
pearlite phase. No lamella between o and Fe;C was noted in this sample. Bainite
has been reported over the ferrite grains in the form of dark particles and pin
shape. Bainite was generally reported as sheaves over the ferrite grains.
According to [37, 38, 39], bainite nucleates at the austenite grain boundary.
Because of this, the hardness of the steel increases.

The microstructure of water quenched sample is shown in Fig. 3. At low
magnification of 200X, the black colored zones, i.e., pearlites are lesser than
those reported in ‘as received’ sample. The pearlite growth has been arrested by
quenching the sample into water. The available pearlite is very fine, and no
lamella has been seen between ferrite and cementite. The ferrite has two distinct
appearance- fairly bright grains and grains with multiple dots. The bright grains
are showing pure ferrite with no or negligible formation of bainite over there
while the second type of ferrite grains are carrying an aggregate bainite phase as
numerous black dots. The bainite formation has increased in the water quenched
samples as compared to that of ‘as received’ sample.
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The pack carburized sample has been analysed on its two sides- first, at the outer
surface directly exposed to the heated carbon powder, and second, the core region
of the sample. The microstructure of the pack carburised sample's outer surface
shows visible changes compared to that of the ‘as received’ sample. At low
magnification of 200x, the ferrite grains are showing brown coloured layer which
is establishing the presence of carbon layer that is deposited due to the high
temperature exposure of metallic chamber. Due to the presence of carbon layer,
the ferrite grain boundary is not visible in this sample (Fig. 4b), although the
layer thickness could not be measured in this work. The microstructure at the
core region of this sample is shown in Fig. 4 (c, d). The structure at the core
region is similar to that of ‘as received” sample. The ferrite can be seen with its
grain boundary. Also, like ‘as received” sample, the pearlite is compacted at the
core of the sample. Hence, pack carburizing has not affected the central part of
the sample.
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The flame-hardened sample has also been analysed on two different surfaces- the
outer surface and the core surface. The effect of flame heating and quenching on
the microstructure of the outer surface is shown in Fig. 5 (a, b). The image with
200x magnification shows very fine and compacted pearlite as discussed in the
case of the ‘water quenched’ sample. Also, the ferrite has two appearances- fairly
bright and bainitic ferrite. The complete structure of the outer surface of the
flame-hardened sample is the same as that of the water-quenched one. The
growth of pearlite has been restricted by the sudden sprinkling of water over the
flame-heated surface. Compared to the surface, the core region of the same
sample’s microstructure is completely different (Fig. 5 c, d). Ferrite and pearlite
are nearly equal in the core region. Also, the pearlite is coarse and compacted in
this sample, the same as reported in the ‘as received’ sample. Hence, the flame
hardening phenomenon has not affected the properties of the core region of the
steel.

Hardness analysis: Three indentations were made on each sample to get a
favourable hardness value. Since four samples were considered in each category
of physical condition, there were 12 hardness readings for each category. The
different values of hardness for various samples are shown in Table 1. The ‘as
received” sample has an average hardness of 97 HRB, increasing to 105.6 HRB
after water quenching. The pack carburised sample possesses a hardness of 91.2
HRB, which is lower than that of the ‘as received” sample. Since the as-received
sample was hot rolled, its microstructure is slightly compacted. During heating
process of pack carburizing, the microstructure gets equiaxed and hence the
hardness of the same is slightly lower than the as received sample. After flame
heating + quenching, the sample’s hardness gets improved to 100 HRB which is
nearly 3% higher than the received sample. A comparative bar chart of hardness
values of different samples is shown in Fig. 6.
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(d) Image captured at 500X magnification on the core region

Table 1 Hardness measurement at different locations of different samples

Average
. - Test-1 | Test-2 Test-3
Sample | Physical condition hardness
; P 4 (HRB) | (HRB) | (HRB) | "feEs
Pcarhtc_ 1a o1 97 97
1-b . 98 100 98
T As received 9% 93 91 97
1-d 97 100 100
2-a 100 105 95
2-b 108 114 105
70 Water quenched 107 113 109 105.6
2-d 104 101 106
3-a 90 92 92
3-b . 88 92 94
3¢ Pack carburized 92 88 89 91.2
Flame hardened- 3-d 87 96 94
outer surface 2’2 f()54 :I?I?S 19(?3
— ic Flame hardened 103 97 99 100
4-d 104 105 96
110 105.6
. 105
g 100 97
‘é 95
£
= 90
85
. 80
Flame hardened- Original Quenched  Pack carburized Flame hardened
core region Samples
Fig. 6 Comparative analysis of hardness in four different physical conditions of

AISI 1020
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Toughness analysis: The toughness of the samples used in the study is given in
Table 2. As four samples were in each physical condition, an average toughness
(J) value was measured for each category. The ‘as received’ sample showed a
toughness of 209.25 J, drastically increasing to 268 J after water quenching with
nearly a 28% increment. In this study, the water-quenched sample contains no
martensitic structure; only bainites have been reported. Therefore, a good
combination of hardness and toughness was reported in the quenched sample.
The pack carburised sample carries a toughness of 225.5 J, 8% higher than the as-
received sample. The pack carburizing process has increased both hardness and
toughness. The high heat application has made the microstructure equiaxed,
stress-free and tougher than the as-received sample. The flame hardened sample
has also shown a good improvement in the toughness value i.e., 229.5 J. The
flame hardening has converted the outer surface microstructure into fine pearlite
and bainite, whereas the core region of the sample is an equiaxed microstructure.
Therefore, a good combination of toughness and surface hardness was also noted
in the flame-hardened sample. A toughness comparison has been shown in the
bar chart (Fig. 7).

Table 2 Toughness values of four different specimens

Sample Test-1 Test-2 Test-3 Test-4 Average
P ) ) () @) | Vale ()
A.S 210 210 209 208 209.25
received
Quenched 256 274 270 272 268
Pack
carburized 220 240 222 220 2255
Flame 222 230 230 236 2295
hardened
300 268
2255 229.5
250 209.25
6zoo
_g 150
g
& 100
50
0
Original Quenched Pack carburized Flame hardened

Samples

Fig. 7 Comparison of toughness in four samples under study

XRD analysis: The XRD analysis was done to observe the phases and
compounds on the samples' surface. The XRD peaks of the samples are shown in
Fig. 8.

The XRD peaks were identified using the results in [40-42]. The ‘as received’
sample has only two major peaks of a-Fe at 26 of 44.5° and 65°. The quenched
and flame-hardened samples have not shown the a-Fe because the XRD analysis
was conducted directly on the heat-treated surface, and no surface preparation
was done before the XRD test. Therefore, these two samples have shown all the
peaks of iron oxides at various planes on 220, 311, 400, 511, 214, and 440 [43,
44]. The surface of the pack carburised sample, without polishing, possesses
various iron oxide peaks in the planes of 220, 311, 400, 511, and 440. The a-Fe
was recorded at 26 of 44.5° and 65°. The deposition of carbon and other external
elements was seen in this sample. The rock materials like quartz (26 of 24° and
26°) and mullite (26 of 33°, 49°, and 54°) were observed at the surface of pack
carburized sample [45]. It establishes that a layer has been deposited after the
pack carburizing process.
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’ Fe
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£
g 5000
- As received

0
20 30 40 50 60 70 80
= 214

15000 311 511 440
@ ‘ 400 , > P\
£ 10000 220
g
£ 0 /M
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* 214
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g | a0 ' um\/ VW
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= Flame hardened
0
20 30 40 50 60 70 80

26
Fig. 8 XRD analysis on ‘as received’, quenched, pack carburized and flame
hardened samples

CONCLUSION

Heat treatment, especially selective hardening treatments like pack carburizing, is

widely used in industry to enhance the surface hardness and wear resistance of

low-carbon steel components, particularly in applications like gears, shafts, and
knives.

An attempt has been made to compare the effect of quenching, pack carburizing

and flame hardening on the hardness, toughness, and microstructural

characteristics of AISI 1020 steel. The as-received sample has been taken as the
reference sample in this study. The following conclusion can be made from this
study:

e  The basic microstructural orientation such as ferrite, pearlite and some
bainites observed in as received sample has altered after following pack
carburizing, flame hardening and quenching methods.

e  The quenching process adopted in this study has mainly developed the
bainite but not martensite. Also, the pearlite has grown in a small amount.
Therefore, the hardness and toughness both increased drastically in the
quenched sample.

e The topography of the outer surface of the flame hardened sample is similar
to that of the quenched sample, although the microstructural appearance of
the core is like that of an ‘as received’ sample containing an equiaxed
ferrite and pearlite.

e  The pack carburized sample’s outer layer shows a carbon layer deposited,
which has increased the steel's hardness, although there is no effect on the
microstructural appearance of the core region.

e  The high heat application during the three heat treatment methods has
equated the ferrite and pearlite. Therefore, the toughness of these samples
has got significantly increased along with the hardness.

The present work has two limitations: (1) Absence of martensite after quenching;

(2) Reduced hardness of pack carburized sample than ‘as-received’ sample.

It is sometimes possible for martensite not to form after quenching, especially in

low-carbon steels when cooling rates are insufficient or interrupted. The present
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work involves small samples that came into contact with air during removal from
the furnace and dipping into water. This resulted in the formation of other phases,
like pearlite and bainite, but not martensite.

The low hardness of the pack carburized sample can be due to short carburizing
time, low carburizing temperature, and inadequate carbon grain size. The pack
carburizing process can be enhanced by using various sizes of carbon powder (up
to the micro level of grain size), varying heating temperature, and different heat
soaking time. Hence, continuous research is always needed to achieve the best
results.

REFERENCES

[1] M.J. Schneider, M.S. Chatterjee: In Steel Heat Treating Fundamentals and
Processes, 2013, 389-398. ASM International.
https://doi.org/10.31399/asm.hb.v04a.a0005771

[2] K.Z. Shepelyakovskii: Metal Science and Heat Treatment of Metals, 1, 1959,
27-36. https://doi.org/10.1007/BF00814277

[3] S.R.E. Hosseini, Z. Li: Pack Carburizing: Characteristics, Microstructure, and
Modeling. Encyclopedia of Iron, Steel, and Their Alloys (Online Version), 1st
Edition, Taylor & Francis eBooks, 2016, 1-24.

[4] W.D. Callister Jr, D.G. Rethwisch: Callister's materials science and
engineering, John Wiley & Sons, 2020.

[5] A. Beskopylny, B. Meskhi, N. Onishkov, L. Kotelnitskaya, O. Ananova:
Metals, 10(5), 2020, 600. https://doi.org/10.3390/met10050600

[6] K. Gupta, N. K. Jain, R. Laubscher: In Surface Property Enhancement of
Gears. Advanced Gear Manufacturing and Finishing, Classical and Modern
Processes, 2017, 167-196. https:/doi.org/10.1016/B978-0-12-804460-5.00006-7
[7] D.E. Lozano, G.M. Martinez-Cazares, Y. Bedolla-Gil: In Quenchants and
Quenching Technology, 3-25. ASM International, 2024.
https://doi.org/10.31399/asm.hb.v4F.a0006995

[8] J.H. Kong, M. Okumiya, Y. Tsunekawa, T. Takeda, K.Y. Yun, M. Yoshida,
S.G. Kim: Surface and Coatings Technology, 232, 2013, 275-282.
https://doi.org/10.1016/j.surfcoat.2013.05.010

[9] F. Kazuaki, T. Kunikazu, S. Tetsuo: JFE GIHO, 23, 2010, 17-23.
https://www.jfe-steel.co.jp/en/research/report/015/pdf/015-05-2.pdf

[10] Y.E. Jeong, J.Y. Lee, E.K. Lee, D.S. Shim: Materials, 14, 2021, 1231.
https://doi.org/10.3390/mal14051231

[11] P. Natpukkana, S. Pakinsee, S. Boonmapat, P. Mitsomwang, R.
Borrisutthekul, R. Panuwannakorn, L. Khoa-phong: IOP Conference Series:
Materials Science and Engineering, 436, 2018, 012013.
http://dx.doi.org/10.1088/1757-899X/436/1/012013

[12] Y.-P. Chang, H.-Y. Wang, H.-M. Chou: Materials, 14, 2021, 865.
https://doi.org/10.3390/mal4040865

[13] K. Drozd, M. Walczak, M. Szala, K. Gancarczyk: Materials, 13, 2020, 4895.
https://doi.org/10.3390/mal3214895

[14] G. Li, C. Li, Z. Xing, H. Wang, Y. Huang, W. Guo, H. Liu: Materials, 12,
2019, 3420. https://doi.org/10.3390/mal12203420

[15] M.A. Raja, M.R. Mishra: International Journal of Engineering & Technical
Research, 9, 2019, 11-13. https://dx.doi.org/10.31873/IJETR.9.8.75

[16] M.B. Prime, V.C. Prantil, P. Rangaswamy, F.P. Garcia: Materials Science
Forum, 347, 2000, 223-228.
https://doi.org/10.4028/www.scientific.net/MSF.347-349.223

[17] A. Oyetunji, S.O. Adeosun: Journal of Basic & Applied Sciences, 8, 2012,
319-324. https://doi.org/10.6000/1927-5129.2012.08.02.11

[18] V.I. Levitas, A.M. Roy, D.L. Preston: Physical Review B, 88, 2013, 54113.
https://doi.org/10.1103/PhysRevB.88.054113

[19] V.. Levitas, A.M. Roy: Physical Review B, 91, 2015, 174109.
https://doi.org/10.1103/PhysRevB.91.174109

[20] Y. Benarioua: International Journal of Sustainable Water and
Environmental Systems, 8, 2016, 3-6. http://dx.doi.org/10.5383/swes.8.01.002
[21] K. Madu, A.E. Uyaelumuo: SSRN Electronic Journal, 1, 2018, 1-7.
http://dx.doi.org/10.2139/ssrn.3209937

[22] F.O. Aramide, S.A. Ibitoye, 1.0. Oladele, J.O. Borode: Materials
Research, 12, 20009, 483-487. https://doi.org/10.1590/S1516-
14392009000400018

[23] D.M.A. Abdulrazzaq: International Journal of Engineering Research and
Application, 6, 2016, 59-64.

[24] M. Gathmann, N. Tonnien, C. Baron, A. Kostka, M. Steinbacher, H.
Springer: Surface and  Coatings  Technology, 494, 2024, 131354.
https://doi.org/10.1016/j.surfcoat.2024.131354

[25] O. Adedipe, R.O. Medupin, K.O. Yoro, E.T. Dauda, V.S. Aigbodion, N.A.
Agbo, O.W.A. Oyeladun, J.B. Mokwa, S.A. Lawal, O. Eterigho-lkelegbe, O.O.
Sadare: Sustainable Materials and Technologies, 38, 2023, e00723.
https://doi.org/10.1016/j.susmat.2023.e00723

[26] S.R.E. Hosseini, Z. Li: Encyclopedia of Iron, Steel, and Their Alloys (Online
Version), 2016, 1-24. https://doi.org/10.1081/E-EISA

[27] S.H. Al Ghazzi, Q.H. Alammar: AIP Conference Proceedings, 2977(1),
2023. https://doi.org/10.1063/5.0182265

[28] B.K. Mathew, V. Vijayan: Experimental Evaluation of Time Study for
Conventional Case Hardening at Hérdservice (Dissertation), 2022.

[29] S. Darmo, R. Soenoko, E. Siswanto, T.D. Widodo: International Journal of
Mechanical Engineering and Technology, 9, 2018, 14-23.

[30] R. Soenoko, E. Siswanto, T.D. Widodo: International Journal of Applied
Engineering Research, 13, 2018, 8844-8849.

[31] F.O. Aramide, S.A. Ibitoye, 1.0. Oladele, J.O. Borode: Leonardo Electronic
Journal of Practices and Technologies, 16, 2010, 1-12.
https://scispace.com/pdf/pack-carburization-of-mild-steel-using-pulverized-bone-
[32] D.N.K.P. Negara, I.M. Widiyarta: IOP Conference Series: Materials Science
and  Engineering, 673, 2019, 012125. http://dx.doi.org/10.1088/1757-
899X/673/1/012125

[33] Ramli, C.C. Wu, A. Shaaban: Crystals, 11(9), 2021, 1136.
https://doi.org/10.3390/cryst11091136

[34] J. Wu, P. Wei, H. Liu, X. Zhang, Z. He, G. Deng: Journal of Materials
Research and Technology, 18, 2022, 2784-2796.
https://doi.org/10.1016/j.jmrt.2022.03.163

[35] ZH.ANN.G. Yalong, W.U. Luji, HE. Xiaofei, W.A.N.G. Zhen, Q.U.
Shengguan, Q.LN. Haidi: Tribology, 43(9), 2023, 1072-1082.
https://doi.org/10.16078/j.tribology.2022151

[36] H. Liu, X. Hu, J. Tang, Y. He, W. Shao, B. Sun, P. Zhu: Surface and
Coatings Technology, 494, 2024, 131377.
https://doi.org/10.1016/j.surfcoat.2024.131377

[37] Y. Ohmori, H. Ohtsubo, Y.C. Jung, S. Okaguchi, H. Ohtani: Metallurgical
and Materials Transactions A, 25, 1994, 1981-1989.
https://doi.org/10.1007/BF02649046

[38] M. Liu, G. Xu, J. Tian, Z. Chen, Z. Xiong: Metal Science and Heat
Treatment, 62, 2020, 306-314. https://doi.org/10.1007/s11041-020-00559-4

[39] A.V. Malinin, V.D. Sitdikov, A.A. Kurilov: Metal Science and Heat
Treatment, 65(5), 2023, 265-271. https://doi.org/10.1007/s11041-023-00924-z
[40] D. Aryanto, T. Sudiro, A.S. Wismogroho, Piston, 1(2), 2018, 289674.
https://doi.org/10.32493/pjte.v1i2.3185

[41] P. Zhang, Y. Chen, W. Xiao, D. Ping, X. Zhao: Progress in Natural Science:
Materials International, 26(2), 2016, 169-172.
https://doi.org/10.1016/j.pnsc.2016.03.004

[42] M. Kadowaki, A. Saengdeejing, |. Muto, Y. Chen, H. Masuda, H. Katayama,
T. Doi, K. Kawano, H. Miura, Y. Sugawara, N. Hara: Corrosion Science, 163,
2020, 108251. https://doi.org/10.1016/j.corsci.2019.108251

[43] C. Yazirin, P. Puspitasari, M.I.N. Sasongko, D.I. Tsamroh, P. Risdanareni:
AIP Conference Proceedings, 1887, 2017, 020038.
https://doi.org/10.1063/1.5003521

[44] D.P. Joshi, G. Pant, N. Arora, S. Nainwal: Heliyon, 3(2), 2017.
https://doi.org/10.1016/j.heliyon.2017.e00253

[45] L. Huang, C. Cao, D. Xu, Q. Guo, F. Tan: SN Applied Sciences, 1, 2019, 1-
8. https://doi.org/10.1007/s42452-019-1144-6



https://doi.org/10.31399/asm.hb.v04a.a0005771
https://doi.org/10.1007/BF00814277
https://doi.org/10.3390/met10050600
https://www.sciencedirect.com/book/9780128044605/advanced-gear-manufacturing-and-finishing
https://doi.org/10.1016/B978-0-12-804460-5.00006-7
https://doi.org/10.31399/asm.hb.v4F.a0006995
https://doi.org/10.1016/j.surfcoat.2013.05.010
https://www.jfe-steel.co.jp/en/research/report/015/pdf/015-05-2.pdf
https://doi.org/10.3390/ma14051231
http://dx.doi.org/10.1088/1757-899X/436/1/012013
https://doi.org/10.3390/ma14040865
https://doi.org/10.3390/ma13214895
https://doi.org/10.3390/ma12203420
https://dx.doi.org/10.31873/IJETR.9.8.75
https://doi.org/10.4028/www.scientific.net/MSF.347-349.223
https://doi.org/10.6000/1927-5129.2012.08.02.11
https://doi.org/10.1103/PhysRevB.88.054113
https://doi.org/10.1103/PhysRevB.91.174109
http://dx.doi.org/10.5383/swes.8.01.002
http://dx.doi.org/10.2139/ssrn.3209937
https://doi.org/10.1590/S1516-14392009000400018
https://doi.org/10.1590/S1516-14392009000400018
https://doi.org/10.1016/j.surfcoat.2024.131354
https://doi.org/10.1016/j.susmat.2023.e00723
https://doi.org/10.1081/E-EISA
https://doi.org/10.1063/5.0182265
https://scispace.com/pdf/pack-carburization-of-mild-steel-using-pulverized-bone-as-46lbvrfsig.pdf
https://scispace.com/pdf/pack-carburization-of-mild-steel-using-pulverized-bone-as-46lbvrfsig.pdf
http://dx.doi.org/10.1088/1757-899X/673/1/012125
http://dx.doi.org/10.1088/1757-899X/673/1/012125
https://doi.org/10.3390/cryst11091136
https://doi.org/10.1016/j.jmrt.2022.03.163
https://doi.org/10.16078/j.tribology.2022151
https://doi.org/10.1016/j.surfcoat.2024.131377
https://doi.org/10.1007/BF02649046
https://doi.org/10.1007/s11041-020-00559-4
https://doi.org/10.1007/s11041-023-00924-z
https://doi.org/10.32493/pjte.v1i2.3185
https://doi.org/10.1016/j.pnsc.2016.03.004
https://doi.org/10.1016/j.corsci.2019.108251
https://doi.org/10.1063/1.5003521
https://doi.org/10.1016/j.heliyon.2017.e00253
https://doi.org/10.1007/s42452-019-1144-6

