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ABSTRACT
In this investigation of AISI 1045 steel are tested in two stages. In the first stage of AISI 1045 steel samples, 
induction boriding and induction hardening of heat treatment typically 800 °C, 900 °C, 1000 °C, 1100 °C, and 
1200 °C applied over the course of two seconds. Internal strains maybe mitigated using a 30 min tempering 
at temperature ranges 300 °C, 500 °Cand 700 °C. After that the samples subjected to the induction hardening, 
microhardness and tensile strength according to ASTM. The lowest hardness readings are achieved between 
800 and 1100 °C, while the maximum hardness of 685HV is reported after heating to 1200 °C and then cooling 
in water. The second stage involves AISI 1045 steel is treated with low-temperature plasma nitro-carburizing, 
and its effects are studied. The specimens are treated at temperatures over 430 °C, NCr2 is formed and has an 
effect on the corrosion resistance property. Increasing the temperature to 450 °C raises the surface hardness to 
approximately 1000 HV0.05. Treatment at 400 °C results in superior corrosion resistance compared to untreated 
steel. According to the results of the experiments, the surface hardness of AISI 1045 steel materials increases 
with an increase in temperature.
Keywords: Induction Hardening; Quenching; Tempering; Microhardness; Austenitic Stainless Steel; Plasma 
Nitro-Carburizing.

1. INTRODUCTION
Materials engineering advancements have improved materials and shed light on technical, environmental, and 
societal issues [1, 2]. When making a product, the choice of materials is of paramount importance. In the indus-
trial sector, high-tech iron and steel materials are valued for their extensive mechanical qualities [3, 4]. Sulfur, 
selenium, copper, lead, aluminium, and calcium are only some of the alloying elements that may be modified in 
stainless steel during melting in order to tailor the material’s machinability [5]. Because of its many high-tech 
uses, stainless steel is often expected to be tough and scratch-proof [6]. Surface hardness, scratch resistance, and 
wear resistance may all be increased by the use of procedures that have been proven effective in industry [7]. 

With induction hardening, a hardened surface layer is formed while the underlying microstructure remains 
unchanged, improving wear resistance, surface toughness, and fatigue condition [8–11]. The resultant hardened 
area improves the material’s strength in addition to its wear and fatigue resistance. Although through hardening 
may improve toughness, it may not be as effective in improving resistance to surface indentation, fatigue, and 
wear as induction hardening [12–15]. The hardness and microstructure could be accurately predicted using the 
started simulation technique, making it useful for induction hardening process design and improvement [16]. 

AISI 1045 steel’s mechanical and tribological properties are compared with those of unmodified and 
pulse-magnetized steel [17]. The hard machining tests were conducted to determine the effect that induction 
heating had on the microstructure and residual stresses of AISI 4340 steel prior to machining. Induction hard-
ening is only capable of strengthening martensitic stainless steel [18]. The carbon content of the steel, the tem-
perature to which the steel is heated prior to quick quenching, and the temperature and duration of quenching 
during the tempering of the martensite are all crucial factors in the hardening process and the overall work as 
shown in Figure 1.
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2. EXPERIMENTAL METHODS AND TESTING

2.1. AISI 1045 steel
The 1045 steel is medium tensile steel that is typically supplied in black hot rolled. The SAE-AISI 1045 rod-
shaped steel materials were chosen for the experiments because they have ferrite and pearlite structures and 
may benefit from induction hardening to increase their surface hardness [19]. The chemical elements in AISI 
1045 steel as shown in Table 1 and the mechanical properties indicated in Table 2. The experimental specimen 
of AISI 1045 steel has 25 mm in diameter and 75 mm in length as indicated in Figure 2 (a). The AISI steel has 
been polished to a mirror finish, and the specimen has been machined in a lathe to generate a glassy smooth 
surface (very low depth of cut) that facilitates the entry of carbon atoms during heating from the boriding paste 
as shown in Figure 2 (b).

2.2. Boride paste
Boriding is a heat and chemical treatment that uniformly coats metals with boron. Certain materials’ surfaces 
and hardness may be improved by applying a boride paste on top of them [20]. This is a breakdown of the com-
ponents that make up boriding paste and the relative amounts of those components. Silicon carbide components 
are the most common in boride paste, accounting for half of the total. Sodium carbonate and titanium dioxide 
are present in the boride paste composites, although only at trace amounts as shown in Table 3.

Figure 1: The framework of proposed research work.

Figure 2: The experimental specimens of (a) AISI 1045 steel and (b) AISI steel after surface finishing.
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3. CHARACTERIZATION OF AISI 1045 STEEL

3.1. Induction boriding process
Steels coated in a layer of boron oxide have wear resistance on par with sintered carbides. Boriding is proposed for 
the medium carbon steel AISI 1045, with dimensions chosen per ASTM standards. The dimensions of the sample are 
70 mm in length and 20 mm in width. Boroiding produces a surface hardness in the range of 1400–2100 HV. Boride 
paste was spread evenly on the test specimen with great care. Figure 3 shows the boride paste that was slathered 
over the surface is still damp. Drying it out in the sun for 30 minutes is required before it can be used for surface 
hardening. A paste made of borates may be applied to a material’s surface to restore its hardness and other qualities.

3.2. Induction surface hardening
The heat treatment process involves a series of temperatures and times of 2 seconds each: Steel was used in 
the experiments at temperatures of 800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C is used with dimensions 
of 25 mm in diameter and 75 mm in length. ASKS industries in Coimbatore, Tamilnadu perform the induction 
hardening process on 1045 steel.

Specimens are made out of AISI 1045 steel rod material and put into the induction coil for testing. The 
transformer is what supplies the energy to heat the coil. The induction coil is linked to the transformer, which 
receives the AC 240 V, 15 Amps. This mechanism is used for the purpose of tempering AISI 1045 steel. The 
induction heating process and the line diagram is shown in Figure 4(a) & (b).

Table 1: The chemical composition of AISI 1045 steel.

MATERIALS C Fe Si Mn P Cr W Al
Weight (%) 0.43 98.41 0.18 0.76 0.012 0.004 0.013 0.04

Table 2: The mechanical properties of AISI 1045 steel.

PROPERTIES VALUES
Tensile Strength (Mpa) 570–700
Yield Strength (Mpa) 300–450

Elongation in (%) 14–30
Hardness Brinell (HB) 170–210

Table 3: The chemical composition of boriding paste.

NAME OF THE COMPOSITIONS WEIGHT (%)
Boron Carbide (B4C) 30
Silicon Carbide (SiC) 50

Potassium Tetra Fluro Borate (KbF4) 10
Sodium carbonate (Na2CO3) 5

Titanium Dioxide (TiO3) 5

Figure 3: AISI 1045 steel specimen after applying boride paste.
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3.3. Surface tempering process
After hardening processes the tempering treatments were applied. The samples are air cooled after being heated 
to 300 °C, 500 °C, and 700 °C for 30 minutes in a furnace.

3.3.1. Microhardness of hardened 1045 steel
Using a Vickers hardness tester, find the induction hardened AISI 1045 steel have a micro-hardness of 685 HV at 
a temperature of about 1200 °C. A micro-hardness of 464 HV was recorded at the 800 °C hardening temperature 
used in the experiments. It is clear that, even at the highest temperature, an entirely austenitic structure is not 
created. The micro-hardness value of 439 HV at a hardening temperature of 1200 °C is higher than the values of 
344 HV at 500 °C and 223 HV at 700 °C, respectively. The hardness of the undisturbed substrate was measured 
at 130 HV. Increasing the tempering temperature results in a marked reduction in surface hardness, which is a 
structural signature of the phase transition as shown in Figure 5. The hardened layer is thinner because of the 
decreased hardening temperature compared to when it was treated at 1200 °C. A thinner hardened layer may be 
achieved by raising the tempering temperature [21].

Figure 4: Induction heating apparatus (a) line diagram (b) induction heating process.

Figure 5: The surface hardness of tempering steel of AISI 1045.
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3.3.2. Tensile strength 
Figure 6 shows that the specimen’s tensile strength diminishes as the tempering temperature rises. When the 
specimen was hardened to over 1200 °C and tempered to around 300 °C, the tensile strength was 143.6 kgf /mm2. 
 Furthermore, after hardening and tempering at 500 °C, the tensile strength dropped in 111.42 kgf/mm2. A signif-
icant decreases in hardness occurred when hardened steel was tempered [22, 23]. However, tempering is neces-
sary for reducing internal stresses and creating a microstructure of ferrite and distributed carbide, both of which 
significantly enhance toughness. All tests are conducted on materials that have not been tempered or on materials 
that have been tempered at 300 °C, 500 °C, and 700 °C. The case depth grows as the hardening temperature rises 
and the inductor speed increases, the case depth values decrease as shown in Figure 7 and 8.

Figure 6: The tensile strength of the tempered steel specimen.

Figure 7: The relationship between case depth and hardening temperature of the specimen.
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Figure 8: The relationship between case depth and inductor speed of the specimen.

Figure 9: The surface hardness of hardened material of AISI 1045.

3.4. Characterization of processed AISI 1045 steel

3.4.1. Vickers hardness testing
Specimens of induction-hardened 1045 steel had their microhardness tested using Vickers hardness testing 
equipment with a weight of 5 kg at intervals of 0.50 mm. Before optical microscopy can be used to examine 
the microstructure, the sample cross-sections must be mechanically polished by double disc polishing machine 
and etched using acetone solution. Figure 9 displays the relationship between surface hardness and hardening 
temperature for AISI 1045 steel. These charts illustrate the linear relationship between cumulative hardening 
temperature and an increase in surface hardness. At a maximum temperature of 1200 °C, the surface hardness 
reached its maximum value.
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3.4.2. Optical microscopy of 1045 steel
At lower hardening temperatures, an incomplete martensite was formed, resulting in a decrease in surface 
 hardness. Surface hardness increased consistently from 464 HV to 683 HV from 800 °C to 1200 °C. In a 
narrow temperature range of about 1100 °C, the number of martensitic structures grows, and at 1200 °C, the 
transformation is complete. The test produced a fully martensitic structure, as seen in the following image. 
Figure 10 is an optical micrograph of AISI 1045 steel that was heated to 1100 °C and then cooled in water. 
Figure 10 (a) & (b) shows an untempered specimen with an acicular shape due to the development of martensitic 
morphology. Figure 10 (c) & (d) shows decomposition to ferrite and carbide combinations at 300 °C, 500 °C, 
and 700 °C tempering temperatures, respectively.

4. INFLUENCE OF PROCESSING TEMPERATURES IN AISI 1045 STEEL
Experiments and processing are conducted at both low and high temperatures. The temperature has a major 
effect on the properties of AISI 1045 steel. Materials of high thickness and hardness may be made by raising the 
treatment temperature even higher [24–30]. This experiment, the low-temperature plasma nitro-carburizing on 
the surface of AISI 1045 steel. As the temperature rises, the surface may become harder and more resistant to 
wear. Hence, analyse the effects of processing temperature on AISI 1045 steel.

4.1. Experimental design and material selection

4.1.1. Selection of materials
Low hardness, wear resistance, and poor friction are characteristics of austenitic AISI steel. Nickel, manganese, 
and nitrogen are all present in AISI 1045 steel. Austenitic stainless steel is made by combining AISI 1045 steel 
with stabilisers such as nitrogen, copper, and cobalt. The major goal of nitrogen addition is to stabilise the aus-
tenite, which is formed in opposition to the development of ferrite at high temperatures and martensite at low 
temperatures. 

4.1.2. AISI 204 Cu austenitic stainless steel
Alloy The austenitic stainless steel AISI 204 Cu is a combination of chromium and magnesium, and it also con-
tains nitrogen and copper. The alloy is more malleable since copper was added to it. Copper increases corrosion 
and stress corrosion cracking resistance in several media. Adding nitrogen to the AISI 204 Cu alloy improves its 
mechanical qualities, particularly its temperature strength. Adding manganese to a material increases its tensile 
strength and hardness [31]. In the austenitic stainless steel rods according to AISI 204 and these stainless steel 

Figure 10: The microstructure of AISI 1045 steel specimens.
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materials outperform other stainless steels in terms of tensile strength and hardness. In corrosion-resistant set-
tings, AISI 204 Cu stainless steel products excel. The chemical and elemental make ups of AISI 204 Cu austen-
itic stainless steel components are shown in table 4. Iron (Fe) is the primary element in AISI 204 Cu austenitic 
stainless steel. Chrome and manganese are two other elements that are found in AISI 204 Cu stainless steel in 
greater amounts.

4.1.3. Improving surface hardness and wear resistance of 1045 steel
This experimental work describes the methods used to increase the surface hardness and wear resistance of 
1045 steel. The sample die used in these experiments has a 20 mm diameter and a 5 mm height. After cleaning 
and polishing, the sample specimens are placed into the pulsed plasma ion nitriding apparatus. After closing 
and pumping the vacuum chamber down to 6.65 Pa, further surface cleaning is performed at a temperature of 
roughly 300 °C for 40 minutes using a voltage of 350 V. Pulse times of 135 seconds are used for the plasma 
nitro-carburizing procedure.

4.1.4. Heat treatment by plasma nitro-carburizing
Nitrogen, hydrogen, and methane gas mixtures are discharged at temperatures between 300 and 460 °C for 
around 15 hours. These operations focus on temperature effects in order to describe the layered surface formed 
on austenitic AISI 1045 steel by plasma nitro-carburizing. After the treatments are complete, the sample is 
cooled to a normal temperature by being evacuated in a vacuum chamber. Etching is performed using special 
reagents consisting of 20% water, 30% HNO3, and 50% HCl on the polished cross-sectional surface. After pro-
cessing is complete, the microstructure and hardness are analysed process of plasma nitro-carburizing austenitic 
AISI 1045 steel. These treatments enhance the stainless steel wear resistance, surface hardness, and other prop-
erties. Plasma nitro-carburizing and metallographic analyses are performed on the samples in this experiment.

4.1.5. X-ray diffraction analysis (XRD) 
XRD is a unique technique for establishing whether or not a substance is crystallised. Unknown crystalline 
materials, such as minerals, inorganic compounds, etc., may often be recognised via the use of these analytical 
techniques. The D/Max-200 X-ray diffractometer was used to examine the phase development across the plas-
ma-treated surface. The microhardness is measured with a Vickers Hardness Tester (Mitutoyo), using a 50 gm 
indentation load for 15 s. Figure 11 shows the X-ray diffraction patterns obtained by processing the hardened 
layer at 300–460 °C for 15 hours at a pressure of about 5.32 × 102 Pa.

Figure 11 displays the findings of an XRD examination of nitro-carburized layers produced on AISI 
1045 steel at different treatment temperatures. As treatment temperatures rise, the diffraction peaks at the treated 
surfaces move to smaller incidence angles. The addition of carbon and nitrogen atoms to a face-centered cubic 
structure causes the lattice to become distorted and grow in size, as seen above. It generates new phases that 
are nitrogen-enriched at the surface and carbon-enriched further in. It demonstrates that increased quantities of 
carbon and nitrogen atoms result from the regulated diffusion process under more extreme conditions [32–36]. 
In another section, when compared to the specimen tested at 400 °C, the diffraction peaks shift to an angle that 
is in a higher mode. By releasing nitrogen atoms, the formation of NCr2 in the nitrogen-enriched layer reduces 
the lattice’s deformation and growth. Increasing the treatment temperature all the way to 460 °C improves the 
phase quality.

Figure 12 depicts the resulting concentration patterns of carbon and nitrogen at a range of temperatures. 
There is abundant carbon underneath the enhanced nitrogen, as shown by the resultant dual layer structure. 
Heating to 400 °C increases the concentrations of carbon and nitrogen in the depth and surface of penetration.

Figure 12 displays carbon and nitrogen concentrations in nitro-carburized layers formed on AISI 1045 
steel at various temperatures. This shows that at this temperature, the rate at which carbon and nitrogen atoms 
move into the steel is higher than the rate at which atoms return to the surface after the plasma. At higher tem-
peratures, more carbon and nitrogen atoms move into the steel, carbon and nitrogen atoms will penetrate the 
substrate materials [37–39]. When it comes to diffusion, carbon in austenite moves around more quickly than 
nitrogen. As nitrogen becomes more soluble, its concentration near the surface goes up. This makes carbon 

Table 4: The chemical composition of AISI 204 Cu austenitic stainless steel.

COMPOSITION C Mn Cr Ni Mo Si Cu N P S Fe
(%) 0.034 8.3 16.03 1.78 0.12 0.43 2.01 0.15 0.031 0.0022 Bal
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atoms move deeper into the crystalline structure, where they can no longer contribute to the hardened layer. 
So, the plasma nitro-carburizing process is a combination of the low-temperature nitriding and carburizing 
processes.

4.1.6. Optical microscopy analysis
Using an optical microscope, the microstructure of nitro-carburized layers was examined. Figure 13 shows the 
morphology of AISI 1045 steel in cross-section, and the GDS measurements of carbon and nitrogen enrichment 
in the hardened layer. XRD analysis confirms the presence of NCr2 precipitation within the nitrogen-enriched 
coating at temperatures above 430 °C. The hardened layer has decent corrosion resistance in comparison to the 
substrate material, as evidenced by its bright presence under an optical microscope and its insensitivity to the 
etchant (30 percent HNO3 + 50 percent HCL + 20 percent H2O, volume fraction).

Figure 11: The XRD analysis of nitro-carburized layers of AISI 1045 steel.

Figure 12: The contents of carbon and nitrogen on nitro-carburized layers.
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The thickness and surface hardness of nitro-carburized layers generated on AISI 1045 steel at different 
processing temperatures are shown in Figure 14. Chromium nitride precipitation reduces corrosion resistance and 
the thickness of the hardened layer may be altered by varying the treatment temperature. During a 15-hour test, it 
was found that both the surface hardness and the thickness of the nitrocarburized layer depend on the temperature.

Figure 13: The cross-sectional view of nitro-carburized layers of specimen.

Figure 14: Thickness and surface hardness of nitro-carburized layers of the specimen.
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The influence of the substrate material may be mitigated by choosing an indentation load of 15 gm or 
less, which corresponds to the minimum thickness of the nitro-carburized layer. To a certain extent, the surface 
layer’s stability increases in proportion to its thickness. When hydrogen and carbon are introduced into the inter-
stices of FCC austenitic stainless steel, the resulting lattice distortion and growth is characteristic of the material 
[40, 41]. Because of the possibility of generating internal stress, surface hardness is increased, and dislocation 
motion is slowed. The sample’s surface hardness was increased by a factor of four, from HV0.05 to HV1000, 
after treatment (230HV0.05).

The temperature-dependent polarisation curvatures of the layers in a 3.5% sodium chloride solution are 
depicted in Figure 15. When the specimen is heated to 400 °C, the corrosion density is reduced in a proportional 
manner. The presence of a high concentration of nitrogen on the surface of the austenite increases corrosion resis-
tance, and this is thought to be the result of an increase in pH caused by the formation of NH + (N+ 4H + 3e- NH+) 
in the acid pits, which in turn increases the passivation capacity and slows down the corrosion rate. The specimen 
passes the 400 °C test when Corrosion resistance is increased alongside a decrease in current density of about 300 
mV and a pitting potential of about 300 mV. Finally, at 400 °C and a potential of around 1500 mV, there was no 
pitting seen on the surface. AISI 1045 steel materials have been tested in two phases, and the results show that an 
increase in temperature improves both their surface hardness and their resistance to corrosion. Boriding, harden-
ing, and tempering AISI 1045 steel improves its microhardness properties but reduces its tensile properties. The 
conversion from AISI 1045 steel to AISI 204 Cu stainless steel enhanced the material’s surface hardness, fatigue 
strength, wear resistance, and corrosion resistance. Plasma nitrocarburizing is a method that increases surface 
hardness. As the temperature rises, a carbon and nitrogen layer form on the surface, making it harder and more 
corrosion-resistant [42]. Because of its multilayer construction, AISI 1045 steel has increased strength.

5. CONCLUSION
This study analyses the effects of temperature on the surface hardness of AISI 1045 steel and provides a characteri-
zation of this material. Phase one of the experiments, the effects of processing temperature on the surface hardness 
of AISI 1045 steel through the use of boriding, hardening, and tempering. In the initial stage of testing, AISI 1045 
steel materials are improved by induction boriding, material hardening, and tempering processes. At 1200 °C, a 
maximum hardness of 685 HV is achieved, with lower hardness values distinguished between 800 °C – 1100 °C. 
Because of the tempering procedure, martensite is structurally decomposed into a ferrite-carbide combination. 
The low temperature of 400 °C in the second phase of the experiments produces a sub-layer without precipitation 
and an austenite structure. Surface hardness and corrosion resistance were improved due to the formation of a 
dual layer structure consisting of a nitrogen-enriched layer above a carbon-enriched layer. When the treatment 
temperature is raised, the layer thickness increases to 20 m, and the surface hardness increases to 1000 HV0.05. 
Since NCr2, a nitrogen-enriched layer, forms at temperatures over 430 °C, corrosion resistance improves at higher 

Figure 15: The polarization curves of nitro-carburized layers.
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temperatures. When heated, AISI 1045 steel materials exhibit both increased corrosion resistance and surface 
hardness, with the latter reaching a maximum at 430 °C. AISI 1045 steel materials’ surface hardness is found to 
increase with temperature during the hardening and tempering process, followed by water quenching. 
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