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Abstract

In this study, the microstructure, hardness, and wear behavior of 1.0411 steel were investigated after undergoing gas carburizing and
nitriding processes. The gas carburizing process was performed using propane gas, while the nitriding process was carried out using
pure NH3 gas at 520 °C. After gas carburizing, the samples were subjected to austenitizing at 850 °C for 25 minutes, followed by
quenching in water at 60 °C. The process steps were completed by tempering at 140 °C for 25 minutes. Hardness measurements
revealed that the surface hardness reached 841+15 HV0.3 after gas carburizing and 429428 HVO0.3 after nitriding. SEM images of the
wear surfaces were taken to determine the wear mechanisms. It was found that the gas carburizing process increased wear resistance
by 2 times, while the nitriding process increased it by 2.5 times.
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1. Introduction

AISI 1.0411 steel is widely used in the main shafts of large-section machine tools, medium-hard and wear-resistant gears, hardened
pins, and chains. This type of steel is exposed to significant wear depending on its areas of use. Wear reduces the service life of
materials, highlighting the importance of surface hardening processes (Chang et al., 2012). The most important surface hardening
processes include carburizing, nitriding, aluminizing, chemical vapor deposition (CVD), physical vapor deposition (PVD), and multi-
ion arc coating. Among these processes, carburizing and nitriding, which alter the chemical composition of the surface, are more
commonly used. Boriding processes provide the highest hardness (Krukovich et al., 2016; Tiirkmen et al., 2020; Jur¢i & Hudéakova,
2011), excellent wear resistance (Krukovich et al., 2016; Cardenas, 2016; Joshi, 2015), and corrosion resistance (Davis, 2002; Kulka
& Castro, 2019; Przybytowicz, 2021).

(Girisken & Cam, 2023) determined that the boride layers obtained through the boriding process exhibited high wear resistance at
both room temperature and 500 °C, compared to the untreated sample, due to their high hardness and self-lubricating properties.
(Girisken & Cam, 2022) subjected the cobalt-based Haynes 25 superalloy to the boriding process. As a result of the process, they
measured the hardness values of the boride layer to be 1890-2454 HVO0.1.

Giinen et al. (Giinen et al., 2023), determined the hardness value of the boride layer obtained through the boriding process to be 20
GPa.

Boliikbasg et al. (Bolikbas et al., 2023), applied a pack aluminum coating process to Inconel 625 material at 700 °C for 3 hours.
It has been determined that the aluminization process can improve the mechanical properties and enhance oxidation resistance.

Girol et al. (Giirol et al., 2023) determined that by applying an aluminization process to stainless steel material at 1000 °C, they were
able to improve the oxidation resistance from 40% to 70%.

Yamanel et al. (Yamanel et al., 2023) determined the surface hardness value to be 2224 HV0.05 after a 4-hour solid boriding process
conducted at a temperature of 950 °C.

Hiisem (Hiisem, 2023), has subjected Ti6Al4V steel to the boriding process. It has been determined that the coating thickness
increased with the extended boriding time. As the coating thickness increased, wear depths and wear rates showed better results.

(Bayca & Efe, 2022) subjected the 21NiCrMo2 steel to boronizing for different durations. As a result of the corrosion tests, it was
found that the corrosion rate of the untreated samples was 491 mm/year, while the corrosion rate of the boronized samples was 323
mm/year.

Carburizing is a process in which carbon diffuses into the surface of low-carbon steels at specific temperatures (above the austenite
phase temperature, typically 850-1000 °C) and durations. The carbon content at the surface varies depending on the process
temperature, duration, and the carbon content of the carburizing environment (Davis, 2002). In the machinery and manufacturing
industry, it can be applied in different forms: solid, liquid, and gas (Yegen, 2009). A carbon-rich protective environment is created in
the process, enabling the diffusion of carbon atoms. Afterward, the part is quenched in water to harden the surface. However,
regardless of the type of carbon donor medium, the transport of carbon occurs in the gas phase. The carburizing depth may also vary
depending on the carbon donor medium used (Tang et al., 2022).

In gas carburizing, the goal is to transfer carbon atoms to the steel surface in an atmospheric environment, to form chemical reactions
on the surface, and consequently, to accumulate carbon atoms on the steel surface. There are three key reactions that determine the
rate of carbon transfer to the steel surface during carburizing reactions (Collin et al., 1972):

2C0 - C + CO, 1)
CH, - C + 2H, )
CO+H, » C+H, 3

In the carburizing process, CO gas continues to dissociate rapidly, while the CO, gas formed as a result of the reaction causes
decarburization. This, in turn, reduces the strength and fatigue resistance of the steel (Collin et al., 1972). The primary goal of the
carburizing process is to form a hard layer on the surface. By rapidly cooling the parts, a phase known as martensite is formed on the
surface, thereby increasing wear and fatigue resistance (Krauss, 1991). Another factor affecting surface hardness is the process
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duration. As the duration increases, more austenite remains in the martensitic structure, which reduces surface hardness (lhom, 2013;
Schneider & Chatterjee, 2013; Yegen, 2009).

A disadvantage of the carburizing process is the non-homogeneous formation of the carbide layer on the surface and its oxidation
(Ryzhov et al., 2010). To remove the oxidation that occurs on the surface as a result of gas carburizing, grinding is performed.
However, this creates additional stresses and cost issues on the steel material. A new technology is emerging that allows precise
control over the morphology, size, and surface layer depth of the carbide structure. Fatigue analysis of helical gears has been applied
to various steels (Gawronski et al., 2010; Wang et al., 2019). This process is carried out in vacuum furnaces under low pressure and
at high temperatures. Gases such as C,H,, CsHg, and C,H, are used in this application. The reactions that occur in this process are
provided below (Davis, 2002; Karag6z, 2007).

C,H, » 2C+ H, 4)
C3Hg = CH, + C,H, ®)
C,H, - C+CH, (6)

The nitriding process is a thermo-chemical treatment based on the diffusion of nitrogen atoms into the material surface, leading to the
formation of nitride phases (Arif et al., 2010). It can be applied in different forms, including gas, plasma, and salt bath methods. The
process duration may vary depending on the material thickness and the desired nitriding depth (Lampman, 1995).

Among these methods, gas nitriding involves the controlled introduction of nitrogen into the furnace at an appropriate temperature,
where nitrogen diffuses into the material. Ammonia (NHs) is typically used as the gas in this process. The process temperature ranges
from 490 to 580 °C. Gas nitriding is considered the best method for the homogeneous nitriding of complex-shaped parts (Hernandez
et al., 2008; O’Brien, 1995). Compared to alternative surface hardening techniques such as carburizing and carbonitriding, nitriding
is applied at lower temperatures. A white layer forms on the surface.

During the nitriding process, no cooling is required, which minimizes distortions (Rodrigo et al., 2010; Karcan, 2005). Using NH3,
nitrogen atoms are separated and react with iron and alloying elements to form fine-grained nitrides (the white layer) (Giiven et al.,
2014).

2NH; - N, + 3H, (7

The white layer contributes to the improvement of corrosion properties, while the diffusion layer enhances the tribological properties
and fatigue resistance of steels (Birol &Yuksel, 2012).

In the nitrogen diffusion zone, nitrogen exists as an interstitial atom in a cubic iron structure or as finely dispersed alloy nitrides. The

hardness value decreases as the nitrogen content in the inner parts of the steel decreases (Baranowska, 2010). The nitriding process is
widely used to improve the tribological properties of surfaces (Da Silva et al., 2007).

In the nitriding process, a nitride layer is formed, creating a hard surface layer (Ozcan, 2012).

Pekgoz et al. (Pekgoz et al., 2013), applied liquid carburizing to AISI 8620, AISI 4140, and AISI 1040 steels. After carburizing,
surface hardness measurements and microstructure examinations were performed. The 1040 steel was carburized for 2 hours at 845
°C, the 4140 steel for 4 hours at the same temperature, and the 8620 carburizing steel for 4 hours at 900 °C in a liquid medium. The
samples were quenched and then subjected to tempering at 250 °C for 2 hours.

In their study, Erkan et al. (Erkan et al., 2020), applied gas carburizing to AISI 8620 steel. The carburizing processes were performed
at 920 and 980 °C. It was found that the carburizing depth increased with higher temperatures.

In this study, 1.0411 steel, which is commonly used in the machinery manufacturing industry, was subjected to gas carburizing and
nitriding processes. 1.0411 steel is a low-carbon, non-alloyed steel. Gas carburizing is generally applied to carburizing steels, while
nitriding is used for alloy steels. A review of the literature shows that there is limited research on the carburizing and nitriding of this
type of steel. Given that 1.0411 steel is exposed to significant wear depending on its applications, this study aimed to contribute to
the literature by examining the microstructure, hardness, and wear properties of 1.0411 steel subjected to gas carburizing and
nitriding processes.
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Symbols and Abbreviations

k Wear coefficient

W Volume loss(mm?)

F Applied force(N)

s Sliding distance(m)

NH; Ammonia

Al,O4 Aluminum oxide

SEM Scanning electron microscope
AlSI American iron and steel institute
CO Carbon monoxide

CoO, Carbon dioxide

CH, Methane

C,H, Ethylene

CsHg Propane

N, Nitrogen

H, Hydrogen

2. Materials and Methods

For the gas carburizing and nitriding processes, cylindrical 1.0411 steel was obtained from the market. The samples were prepared by
machining to a diameter of 12 mm and a length of 18 mm.

2.1 Chemical Composition and Microstructural Analysis

Chemical analysis of the experimental samples was performed using the optical emission argon spectrometry method. Prior to the gas
carburizing process, the samples were preheated at 600 °C for 1 hour and 20 minutes. Gas carburizing was then performed at 910 °C
for 5 hours using propane gas. After gas carburizing, the samples were austenitized at 850 °C for 25 minutes, followed by quenching
in oil at 60 °C. The process was completed by tempering at 140 °C for 25 minutes. A schematic overview of the gas carburizing
process steps is shown in Figure 1.

Table 1. Gas carburizing and nitriding process parameters
Process temperature(°C) Process duration(h) Thermochemical process
910 5 Gaz carburizing
520 5 Nitriding

1000 910 °C 5h
. Gas carburizing 850 *C 25 min

900 Austenitizing

800 *

700F 600 °C 1h 20mi
600 | Preheating
500 |

400 |

Temperature(°C)

300 |

-/ Material: C15 140°C 2h
S . s - Tempering
carbonizing atmosphere: propane+tmethanol 63:-'1':

. - %03 C quenlcing

Time(s)

Figure 1. Steps of the gas carburizing process
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The samples to be nitrided were preheated at 350 °C. Nitriding was then applied using pure NHj gas at 520 °C for 5 hours. After
nitriding, the samples were tempered at 400 °C for 2 hours. A schematic representation of the nitriding process is shown in Figure 2.
The samples, which were cooled in still air, were cut using a precision saw and mounted in bakelite. The mounted samples were then
subjected to polishing with alumina abrasives of 200, 400, 600, 800, and 1000 grit. Subsequently, the sample surfaces were polished
using polishing solutions of 9, 6, 3, and 1 um. The sample surfaces were etched with a 2% nital solution, and SEM and optical
images of the microstructure were obtained.

The XRD analysis was performed at a scanning speed of 2 degrees, in 2theta/theta mode, continuous scanning mode, and with a
sampling width of 0.200 degrees.

800 |
6 - 520 °C 5h
& 600 T
Ef - Nitriding
= C
£ C
& 0o [ 350°C 1h 20min
T 400 Preheating
e L
C 400 °C 2h
C Tempering
200
T N T T T T N T T T T T T T T T N T T ¥ O
Time(s)

Figure 2. Steps of the nitriding process

A schematic representation of the diffusion is shown in Figure 3.

0000000° 000
o® Qe@e @0
© OO .-}L-. O

Figure 3. Schematic view of nitriding diffusion(Yang, 2012)
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2.2 Hardness Measurements

Hardness measurements of the samples were performed using the Vickers hardness test method, with a 300 g load, at intervals of 50
um from the surface to the inner part of the sample.

2.3 Wear Tests

The samples were subjected to abrasive wear testing. A schematic of the testing device used for the wear tests is shown in Figure 4.
The wear tests were conducted at a sliding speed of 0.5 m/s and a sliding distance of 40 m. Alumina (Al,O5) abrasive papers with a
diameter of 200 mm and a grit size of 66 pum were used as the abrasive. The wear tests were performed with three different loads: 10
N, 30 N, and 50 N.

Abrasive paper

/
o __§

Balencing weight

(.

i

TN

Rotation,speed measurement
system

Load /

Electricmotor

Figure 4. Schematic view of the wear testing apparatus

Table 2. Wear Test Parameters
Sliding velocity (m/s) Load (N) Type of abrasive Abrasive size (um)

0.5 10, 30 ve 50 Al,O3 66

The samples subjected to wear tests were cleaned before and after the tests using a special cleaning agent. The weight losses of the
cleaned samples were determined using a precision balance with an accuracy of 0.0001. The calculated weight losses were divided
by the sample density to determine the volume losses.
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2.4 Wear Coefficient Calculation

The wear coefficients were determined using the equation provided in Equation 7.

w
k=t 8
Fn.s (8)

Here, W is the volume loss (mm?) resulting from wear, Fn is the applied force (N), and s (m) is the sliding distance.
3. Results and Discussion
3.1 Chemical Composition and Microstructural Analysis

Table 3. Chemical composition of 1.0411 steel

Element C Mn P S Si Cr Fe

% Composition 0.213 0.44 0.04 0.045 0.4 - Denge

In the optical image of the microstructure of 1.0411 steel shown in Figure 5, it has been observed that the microstructure consists of
ferrite and pearlite phases. Figure 6 shows the SEM images of 1.0411 steel subjected to gas carburizing and nitriding. Upon
examining Figure 6, it has been determined that a carbide layer is formed on the sample subjected to gas carburizing, while a nitride
layer forms on the sample subjected to nitriding.

In the study by Pekgoz et al. (Pekgoz et al., 2013), after liquid carburizing, the microstructure of AISI 1040 steel showed pearlite and
cementite, while carbide components, bainite, and martensite were observed in the microstructure of a low-alloy steel.

Figure 5. Optical image of the microstructure of 1.0411 steel
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Figure 6. (a) SEM image of gas carburizing 1.0411 steel; (b) SEM image of nitriding 1.0411 steel

The XRD analysis results of nitriding 1.0411 steel are shown in Figure 7. Upon examining the graph, it was determined that a-Fe and
FesNu1.; phases have formed in the structure.

3000

%]
hl 96-152-5719
2500 S
_ 2000 -
2
<
é 1500
=
i
= 1000 A -
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Figure 7. XRD analysis of nitrided 1.0411 steel

3.2 Hardness Measurements

The core hardness of 1.0411 steel was determined to be 250-270+£10 HVO0.3 based on the measurements. Upon examining the
hardness graph shown in Figure 8, it was found that the highest hardness values were observed in the samples subjected to gas
carburizing. This can be explained by the accumulation of carbon atoms on the surface during the gas carburizing process. The
accumulation of carbon atoms on the surface, influenced by temperature and time, increased the hardness values. As the
measurement progressed from the surface towards the core, a decrease in hardness values was observed. This can be explained by the
reduction in the diffusion of carbon atoms towards the inner region. After gas carburizing, the hardness values in the carbide region
on the surface were found to range between 734-841+15 HVO0.3. It was determined that the gas carburizing process increased the
hardness values by 3 times.
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When examining the hardness values of the nitrided steel, it was found that the hardness values in the nitride layer ranged from 407-
429428 HV0.3. The nitriding process increased the core hardness by approximately 2 times.

Hardness values decreased towards the inner part of the sample. This can be explained by the formation of hard phases on the surface
as a result of the nitriding process. The reduction in the diffusion of nitrogen towards the inner region causes a decrease in the
hardness values.

Giiven et al. (Giiven et al., 2014), applied nitriding to AISI 4140 steel for two different durations, 18 and 19.5 hours. The core
hardness of the steel was 221 HV, while after nitriding, the hardness was measured as 522 HV and 557 HV, respectively.

Pekgoz et al. (Pekgoz et al., 2013) determined that the surface hardness values increased by 2 times as a result of the liquid
carburizing process. It was found that the microstructure obtained after carburizing had an effect on the hardness.

Erkan et al. (Erkan et al., 2020) in their study found that the surface hardness values of steel increased as a result of the gas
carburizing process. Additionally, it was observed that with increasing temperature, the amount of carbon atoms diffusing to the
surface also increased, leading to a further increase in hardness values.

Cosar (Cosar, 2014), in his study, subjected 20MnCr5 and 8622RH steels to gas carburizing. The hardness values of the materials
before the process were 19-20 HRC, and after the process, the hardness values increased to 57.3 HRC for 20MnCr5 steel and 60.5
HRC for 8622RH steel, respectively.

When examining similar studies in the literature (Nitriding, liquid carburizing, and gas carburizing), it has been determined that the
surface hardness values significantly increase as a result of these processes. This is believed to be related to the carbon and nitrogen
atoms that diffuse into the surface through nitriding and carburizing processes. It is thought that factors such as processing time,
material type, and temperature play a significant role in the hardness values. Giiven et al. (Giiven et al., 2014) found that the surface
hardness obtained through nitriding of the 1.0411 steel was higher than the hardness value obtained from nitriding of another steel
type. This difference is thought to be due to the varying types of steel and processing times. Pekgoz et al. (Pekgoz et al., 2013)
reported that the hardness increase obtained through liquid carburizing was limited compared to the hardness increase observed in the
present study.

1000 -
—&— Gas carburizing

s00 L —O— Nitriding
f"? —b— [ntreated
e
@ 600
W
2
=
[
T
s 400 -
=l

200 +

[} I 1 1 1 1 1 1
1] 100 200 300 400 500 600

Depth below the surface(pum)

Figure 8. Variation of hardness values of gas carburizing and nitriding 1.0411 steel with respect to sub-surface distance
3.3 Wear Tests

The wear surfaces of the untreated, gas carburizing, and nitriding samples were examined using SEM analysis. The SEM images of
the wear surfaces are provided in Figures 9-11.
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When examining the wear surfaces of the untreated samples (Figure 9), it was found that there were particles detached from the
surface, pits, and areas subjected to plastic deformation. This can be explained by the low hardness values of the material. The effect
of the Al,O; abrasive, which has high hardness, under a specific sliding speed and load, causes relative motion that leads to the
detachment of particles from the surface.

Plastic deformation

A

c)

Figure 9. SEM images of the worn surface of untreated steel after wear tests using a 66 um abrasive under (a) 10N; (b) 30N; (c) 50N
loads

When examining the wear surfaces of the gas carburizing and nitriding samples, it was observed that the number of pits on the
surface had decreased. This is due to the increase in surface hardness resulting from the thermochemical treatments. The carbon
atoms accumulated on the surface as a result of gas carburizing and the hard layer formed on the surface due to nitriding directly
affect the hardness. The increased surface hardness makes the samples more resistant to abrasive wear. SEM images of the wear
surfaces of the gas carburizing and nitriding samples are shown in Figures 10-11.

/

OkV [R50 100ym B SM-5600

//l etached particle:

a) b) B

Figure 10. SEM images of the worn surface of the gas carburizing steel after wear tests using a 66 um abrasive under (a) 10N; (b)
30N; (c) 50N loads

[Plastic deformation Detached particles

kv B 20 100, QSM-2600

b) c)

X250 100um BERISM.5600 |

Figure 11. SEM images of the worn surface of nitriding 1.0411 steel after wear tests using a 66 um abrasive under (a) 10N; (b)
30N; (c) 50N loads
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The volume loss graph of the untreated, gas carburizing, and nitriding 1.0411 steel under load is shown in Figure 12. The wear type
that occurs is abrasive wear. During the wear process, the samples come into contact with abrasive particles (Al,O5), which causes
friction. This friction generates heat, which can accelerate the wear process. The high hardness of the abrasive material causes
particles to detach from the sample surface, leading to wear. This effect varies depending on the applied force, speed, and the type of
material during the wear test. Upon examining Figure 12, it was found that the untreated samples exhibited the highest wear
resistance. As the load increased from 10-30 N, the wear also increased. However, in the 30-50 N range, a decrease in wear was
observed.

This can be explained as follows: the change in the wear mechanism between 30-50 N is thought to be the cause. The adhesion or
embedding of high hardness Al,O; particles into the steel surface can increase wear resistance.

It has been determined that the gas carburizing and nitriding processes improve wear behavior. The increase in hardness values due
to the thermal treatments has enhanced the wear resistance. It was observed that wear resistance decreased with increasing force. The
best wear resistance was achieved as a result of the nitriding process, where wear resistance increased by 2.5 times.

Gerasimov et al. (Gerasimov et al., 2014) Gerasimov et al. (2014) in their study found that the wear resistance increased with the
carburizing process performed at a temperature of 930°C. They emphasized that the activation of the carburizing process led to an
improvement in wear resistance. In this study, the increase in wear resistance due to the carburizing process is also observed in
Figure 12. This can be explained by the accumulation of carbon atoms on the surface, which is supported by both the literature and
the findings of this study. The increase in carbon atoms on the surface enhances the hardness values, which in turn has a positive
effect on improving the wear behavior.

80 - —a— Gas carburizing
—— Niiriding
[ —a— Untreated
70 -
”‘g 60 |
S 50
S 40Ff
- [
30f
2[} [ L 1 1 L 1 L L 1 L 1 P |
0 10 20 30 40 50 60

Load(N)
Figure 12. Volume loss vs. load graph after wear

3.4. Wear Coefficient

In Figure 13, the wear coefficient graph with respect to the applied load is presented. It was determined that the untreated samples
had the highest wear coefficient. The gas carburizing and nitriding processes applied to the samples were found to reduce the wear
coefficient values. The lowest wear coefficient was observed in the nitriding samples. As the load increased, the wear coefficients of
all samples became closer to each other. This can be explained as follows: After the gas carburizing and nitriding processes, carbide
and nitride layers were formed on the surface (Figure 6). During wear, these layers start to detach under the applied force. In the wear
test performed at a 50N load, the detachment of these layers reduced the wear resistance, bringing the wear coefficient values of the
treated samples to the same level as those of the untreated samples. It was also observed that the wear coefficient decreased with
increasing applied force.
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Figure 13. Wear coefficient vs. load graph

4. Conclusion

In this study, gas carburizing and nitriding processes were applied to 1.0411 steel, which is frequently preferred in the machinery and
manufacturing industries. The internal structure, hardness, and wear behavior of the steel were experimentally investigated after the
processes.

e The internal structure was examined using SEM analysis after gas carburizing and nitriding, and it was found that a carbide
layer and a nitride layer were formed on the surface due to carbon diffusion.

e Asa result of the hardness measurements, the core hardness of the steel was determined to be 250-270+10 HV0.3, while the
hardness of the carbide layer was found to be 734-841+£15 HV0.3, and the hardness after nitriding was 429+28 HV0.3. It
was determined that the core hardness increased 3 times after gas carburizing and 2 times after nitriding.

e In the wear surfaces of untreated samples, a large number of scratches, pits, and detached particles were observed. When
examining the wear surfaces of gas carburizing samples, it was found that the number of scratches had decreased. After
nitriding, fine scratches were observed on the wear surfaces.

e When examining the volume loss vs. load graphs after wear, it was found that the highest wear occurred in the untreated
sample. It was determined that gas carburizing improved wear behavior by approximately 2 times, while nitriding improved
wear behavior by 2.5 times. Wear coefficients were calculated, and the lowest wear coefficients were found in the nitriding
samples.
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