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Abstract: AISI 410 stainless steel plays an important role in many 

engineering fields. The annealing process of this material will 

increase toughness. But this process will also reduce the hardness of 

the material. Plasma chemical vapor deposition was carried out to 

increase the surface hardness and corrosion resistance of AISI 410 

stainless steel. In this study, the raw material was tested for 

metallography, hardness, and corrosion resistance. Then an 

annealing process was carried out on the raw material. The annealed 

material was also observed for metallography, hardness, and 

corrosion resistance. Furthermore, on the annealed material, the 

plasma chemical vapor deposition process was carried out with 

pressure variations of 1.0, 1.2, 1.4, and 1.6 mbar. Next, the material 

was tested for metallography with a scanning electron microscope 

to measure the layer thickness. The formation of diamond-like 

carbon was confirmed by the Raman Spectroscopy test. Annealed 

followed by plasma chemical vapor deposition processed AISI 410 

stainless steel also tested for hardness and corrosion. The results 

showed that the annealed AISI 410 stainless steel underwent a phase 

change from martensite and retained austenite to ferrite and pearlite. 

The annealed raw material experienced a decrease in hardness and 

corrosion rate. After the annealed material was processed by plasma 

chemical vapor deposition, The thickness of the surface layer 

increased with increasing pressure. Along with that, the hardness 

and corrosion resistance increased.     
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1. Introduction 

 

AISI 410 stainless steel material has various applications in engineering fields such as 

screws, valves, shafts, bearings, and blades in compressors and turbines [1-3]. This material has 

good strength, corrosion resistance, and wear resistance [4-6]. However, due to its application 

to components with high strains, it results in fatigue failure due to local plastic deformation [7]. 
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Heat treatment is needed to produce effective mechanical properties in preventing large 

plastic deformation. It is a process that involves heating and cooling metals in a solid state for 

a set time to achieve specific qualities. Heating and cooling can both produce changes in the 

metal phase. This structural alteration changes the properties [8-10].  

Annealing is one of the heat treatment methods. Annealing is a heat treatment method 

that involves heating the metal to a specific temperature, keeping it at that temperature for a 

specific amount of time to achieve the desired alteration, and then cooling the metal at a 

relatively slow cooling rate. Annealing can be performed on workpieces under various 

conditions and for various purposes. Annealing can increase softness, ductility, and toughness, 

and produce certain microstructures [11, 12]. 

Apart from heat treatment, surface treatment to form a film is needed to improve the 

surface properties of the material due to failures such as fatigue, wear, and corrosion which 

originate directly from the material's surface. One type of surface treatment is plasma chemical 

vapor deposition (PCVD). PCVD can be done to form a layer containing diamond-like carbon 

(DLC) [13]. DLC coatings exist in several different forms of amorphous carbon materials that 

display some of the unique properties of diamonds. This method produces excellent material 

properties such as high hardness [14], low friction coefficient [15], increased wear [16], and 

corrosion resistance under extreme working conditions [17]. 

DLC coatings can be amorphous, more or less flexible, hard, and high strength, 

according to the composition and processing method. Film formation can be obtained by plasma 

chemical vapor deposition [18, 19], ion beam deposition [20, 21], sputtering [22, 23], and RF 

plasma deposition [24, 25]. 

DLC films belong to the group of amorphous carbon-based materials, which possess 

many unique properties and have been widely studied due to their potential applications in 

medicine [26-28], industry [29-31], electrochemistry [32, 33], micro and optoelectronics [34-

36]. High-quality DLC films with high sp3 fraction content have properties similar to diamond, 

while films with lower sp3 content exhibit properties similar to graphite and other carbon 

materials that have sp2 bonding configuration [37, 38]. 

The formation of a DLC layer on a metal surface using the PCVD method usually uses 

a mixture of hydrocarbon gas and argon (Ar). Some of the most widely used hydrocarbon gases 

include methane (CH4), ethane (C2H6), propane (C3H8), butane (C4H10), and benzene (C6H6). 

These materials are expensive. Hydrocarbon materials can be replaced using other materials 

such as Liquified Petroleum Gas (LPG). 97.5% of LPG gas is a mixture of propane (C3H8) and 

butane (C4H10), and the rest is hydrocarbons such as ethane (C2H6) and pentane (C5H12) and 

other impurities at very low levels. LPG gas has a cheaper price and is easily available on the 

market [39]. 

Hardness plays an important role when materials are used as friction components [40-

44]. Meanwhile, in service, the material may experience corrosion phenomena which will 

reduce its mechanical properties [45]. Therefore, this research is aimed at increasing the surface 

hardness and decreasing the corrosion rate of annealed AISI 410 steels. 

 

2. Material and Methods  

 

The material used in this research was AISI 410 stainless steel. AISI 410 stainless steel 

is martensitic stainless steel. The composition of these stainless steels is shown in Table 1. 

 

Table 1. The chemical composition of AISI 410 Stainless Steel 

Element C Si Mn P S Ni Cr 

Weight %  0.1-0.15 0.8 1.00 0.03 0.035 0.06 12-13 
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To achieve the specified objectives, this research was carried out in 3 stages. The first 

stage was research on raw material AISI 410 stainless steels, the second stage was research on 

annealed AISI 410 stainless steels, and the last stage was research on the PCVD of annealed 

AISI 410 stainless steels to form a thin layer of DLC. 

In the first stage, a metallographic observation was carried out with a RaxVision 

MM10A optical microscope to determine the microstructure of AISI 410 stainless steels. 

Hardness testing was carried out using Hirox brand micro-Vickers equipment with serial 

number FMS8135 to determine the raw material’s hardness. The load used in this hardness test 

was 10 gf with an indentation time of 10 seconds.  Then, electrochemical corrosion resistance 

testing was carried out using a Parstat brand potentiostat. 

The second stage was carried out by annealing AISI 410 stainless steels at 900oC, 

holding for 20 minutes, and cooling in the furnace to room temperature (Figure 1). Furthermore, 

metallographic examination was carried out with an optical microscope, hardness testing with 

the micro-Vickers technique, and electrochemical corrosion resistance testing with a 

potentiostat. 

 

 
Figure 1. Annealing Process Schematic 

 

The third stage is the process of the PCVD technique on annealed AISI 410 stainless 

steels. PCVD was carried out with pressure variations of 1.0, 1.2, 1.4, and 1.6 mbar. Then 

metallographic examination was carried out using a Scanning Electron Microscope (SEM) 

brand Thermo-Scientific type Phenom Pro X to observe the thickness of the DLC layer formed, 

hardness testing with the micro-Vickers technique, and electrochemical corrosion resistance 

testing with a potentiostat. Next, the specimen annealed and PCVD-processed with a pressure 

of 1.0 mbar was examined using Raman spectroscopy to confirm the formation of DLC. In this 

research, Raman Spectroscopy was tested using the RAMAN HORIBA iHR320. The test was 

carried out with a laser excitation wavelength of 532 nm in the Raman shift range of 200 – 3000 

cm-1. 

 

3. Material and Methods  

 

3.1 Metallographic Testing of AISI 410 Stainless Steels 

 

Figure 2 shows the microstructure of AISI 410 stainless steel raw material produced 

with an optical microscope. In the microstructure, it can be analyzed that the raw material had 

martensite and retained austenite phases. The martensite phase appeared as alternating black 

and white needles. While the retained austenite phase appeared in the form of white grains [46]. 
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Figure 2. Microstructure of raw material AISI 410 stainless steels 

 

Process annealing was conducted on raw material AISI 410 stainless steel to reduce the 

brittleness and increase the ductility. The microstructure was observed using an optical 

microscope. Figure 3 shows the phases that appeared in annealed AISI 410 stainless steels. In 

the figure, there were ferrite and pearlite phases. The visible ferrite phase was white. 

Meanwhile, the pearlite phase appeared in alternating light and dark lamellar forms. Slow 

cooling in the furnace caused the carbon atoms to diffuse out of the face center cubic (FCC) 

unit cell so that the austenite transformed into pearlite instead of martensite [47]. 

 

 
Figure 3. Microstructure of annealed AISI 410 stainless steels 

 

Next, the PCVD process was carried out on annealed AISI 410 stainless steels. This 

process formed a DLC thin film on the surface of annealed AISI 410 stainless steels. The PCVD 

process was carried out with pressure variations of 1.0, 1.2, 1.4, and 1.6 mbar. The thickness of 

the thin film was observed by SEM and is shown in Figure 4. 
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Figure 4. The DLC thin film thickness of annealed followed by PCVD-processed AISI 410 

stainless steels at a pressure of (a) 1.0 mbar (b) 1.2 mbar (c) 1.4 mbar (d) 1.6 mbar 

 

The effect of pressure variations on DLC thin film thickness is shown in Figure 5. The 

PCVD process with pressure variations of 1.0, 1.2, 1.4, and 1.6 mbar produces average layer 

thicknesses of 11.4, 13.0, 15.21, and 15.49 μm, respectively. From a pressure of 1.0 to a 

pressure of 1.6 mbar there is an increase in thickness of 39%. 

 

 
Figure 5. PCVD pressure variations effect of annealed AISI 410 stainless steels on DLC thin 

film thickness 

 

Energy Dispersive Spectroscopy (EDS) testing was carried out to determine the 

elemental composition of the thin layer on the surface of annealed and PCVD-processed AISI 
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410 stainless steels with a pressure of 1.0 mbar. EDS testing on a thin layer of AISI 410 stainless 

steel (Figure 6a) produced an EDS line analysis as in Figure 6b which shows the appearance of 

several elements that made up the thin layer of AISI 410 steel. In the thin layer, there are carbon 

(C) elements of 12.249 wt%, oxygen (O) of 25.301 wt%, chromium (Cr) of 17.972 wt%, and 

iron (Fe) of 44.478 wt%. Carbon elements were formed in this layer, but it cannot be determined 

whether it is DLC or not. The certainty of the appearance of the DLC layer will be confirmed 

with a Raman Spectroscopy test. 

Furthermore, EDS testing on the boundary between the thin layer and the AISI 410 steel 

substrate (Figure 7a) produced EDS line analysis as in Figure 7b which shows several elements 

that made up the boundary between the thin layer and the substrate. At this boundary, the 

element carbon (C) appears at 52.314 wt%, oxygen (O) at 19.014 wt%, sodium (Na) at 1.710 

wt%, aluminum (Al) at 0.604 wt%, chlorine (Cl) of 1.408 wt%, potassium (K) of 0.905 wt%, 

titanium (Ti) of 1.207 wt%, chromium (Cr) of 5.835 wt%, iron (Fe) of 17.002 wt%. The carbon 

content at the boundary between the thin layer and the substrate shows a higher value than the 

carbon content in the thin layer.  

 

 
Figure 6. EDS testing on a thin layer of AISI 410 steel (a) location (b) composition analysis 
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Figure 7. EDS testing on a boundary between thin layer and substrate of AISI 410 steel (a) 

location (b) composition analysis 

 

3.2 Raman Spectroscopy Testing of AISI 410 Stainless Steels Thin Film 

 

Raman Spectroscopy testing aimed to confirm the presence of a DLC layer on the 

surface of the material. The D peak and G peak can be identified to determine qualitatively the 

structure of the sp3 (diamond) and sp2 (graphite) content in the DLC layer [48]. The test results 

were in the form of a spectrum image which can be seen in Figure 8. 
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Figure 8. Raman Spectroscopy Test Results for Annealed and PCVD-processed AISI 410 

Stainless Steel 

 

Based on the results of Raman Spectroscopy testing on AISI 410 stainless steel which 

was annealed and followed by PCVD with a pressure of 1.6 mbar, the D peak (sp3) was obtained 

at a Raman shift of 1360.44 cm-1 with an intensity of 680.882 counts, and the G peak (sp2) was 

obtained at a Raman shift of 1604. 94 cm-1 with an intensity of 644.689 counts. The D Peak 

was in the shift range of around 1350 cm-1 while the G peak was in the shift range of around 

1580 – 1600 cm-1. Thus, it was shown that a DLC layer was formed [49]. 

 

3.3 Hardness Testing of AISI 410 Stainless Steels 

 

The hardness test results are shown in Figure 9. Hardness test results on raw material 

AISI 410 stainless steels, annealed AISI 410 stainless steels, annealed and PCVD-processed 

AISI 410 stainless steels with the pressure of 1.0, 1.2, 1.4, and 1.6 mbar were 289.49, 242.45, 

299.45, 322.14, 373.04, and 575.68 VHN, respectively. A decrease in hardness occurred when 

the raw material was annealed. Hardness decreased 16% from 289.49 VHN to 242.45 VHN. 

Phase transformation of martensite and retained austenite (Figure 2) to pearlite and ferrite 

(Figure 3) reduced the hardness level. The hardness of AISI 410 stainless steel which was 

annealed following the PCVD process showed a higher level of hardness than raw material and 

annealed AISI 410 stainless steel. This was caused by the formation of a thin layer of DLC 

(Figure 4). From a pressure of 1.0 to a pressure of 1.6 mbar, there was an increase in hardness 

of 92%. Surface hardness increased with increasing pressure, this was because the DLC thin 

film on the surface became thicker and porosity decreased [50]. 
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Figure 9. PCVD pressure variations effect of annealed AISI 410 stainless steels on the 

hardness 

 

3.4 Corrosion Testing of AISI 410 Stainless Steels 

 

The result of corrosion testing on the raw material AISI 410 stainless steel specimen is 

shown in Figure 10a. The figure shows that the Icorr value was 9.5736E-05 A/cm2. The corrosion 

rate of the raw material AISI 410 stainless steel which had a mass of 5.99 g with a diameter of 

14 mm and a height of 5 mm was 1.1231 mmpy. 

Meanwhile, the results of corrosion testing on AISI 410 stainless steel specimens which 

were subjected to an annealing process at a temperature of 850oC with a holding time of 20 

minutes showed a Tafel curve as in Figure 10b. This curve shows that the Icorr value is 7.4277E-

05 A/cm2 which had a mass of the object 6.02 g with a diameter of 14 mm and a body height 

of 5 mm. Then the value of the corrosion rate was 0.87135 mmpy. 

After carrying out the PCVD surface treatment process with a pressure of 1.0 mbar, an 

Icorr of 7.1817E-06 A/cm2 was obtained and a corrosion rate of 0.08425 mmpy (Figure 10c), the 

PCVD surface treatment process with a pressure of 1.2 mbar, obtained an Icorr of 1.4167E-06 

A/cm2 and a corrosion rate of 0.01662 mmpy (Figure 10d), the PCVD surface treatment process 

with a pressure of 1.4 mbar, obtained Icorr 1.0648E-06 A/cm2 and a corrosion rate of 0.012492 

mmpy (Figure 10e), the PCVD surface treatment process with a pressure of 1.6 mbar, obtained 

an Icorr of 5.0269E-07 A/cm2 and a corrosion rate of 0.005897 mmpy (Figure 10f). 
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Figure 10. Corrosion test results on (a) AISI 410 raw material, (b) Annealed AISI 410, (c) 

Annealed and 1.0 mbar PCVD surface treated AISI 410, (d) Annealed and 1.2 mbar PCVD 

surface treated AISI 410, (e) Annealed and 1.4 mbar PCVD surface treated AISI 410, (f) 

Annealed and 1.6 mbar PCVD surface treated AISI 410 

 

Figure 11 shows the effect of the annealing process and pressure variations of the PCVD 

process on the corrosion rate of AISI 410 Stainless Steel. The PCVD process showed a very 

significant influence. The presence of the DLC film reduced the corrosion rate of annealed AISI 

410 stainless steels. This DLC film will protect the stainless steel from direct contact with the 

environment thereby inhibiting the ongoing corrosion process [51-53]. The thicker the layer 

containing DLC, the higher the corrosion resistance. 
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Figure 11. The effect of the annealing process and pressure variations of the PCVD process 

on the corrosion rate of AISI 410 Stainless Steel 

 

4. Conclusion  

 

The annealing process reduces the hardness and increases the corrosion resistance of 

AISI 410 stainless steel. The plasma chemical vapor deposition process increases the surface 

hardness and corrosion resistance of AISI 410 stainless steel. This process produces a thin layer 

of diamond-like carbon on the surface of AISI 410 stainless steel. The results of hardness and 

corrosion testing show that process pressure affects hardness and corrosion resistance. The 

higher the pressure, the harder and corrosion resistance increases. 
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