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A B S T R A C T

Introduction. In industry, the method of carburizing with a solid carburizer is used to saturate the surface layer with 
carbon. In practice, it is necessary to prevent or reduce surface decarburization of steel as much as possible, either by using a 
protective atmosphere or by heating under conditions in which the oxidation process of the metal surface layer occurs faster than 
the decarburization process. During decarburization, a ferrite structure is formed in the surface layer, which, under contact loads, 
reduces the resistance to crack initiation and increases the probability of fatigue failure of the product as a whole. The purpose of 
this work is to evaluate the effect of heating temperature during carburizing and subsequent hardening, as well as equalizing period, 
on the depth of the decarburized layer during chemical-thermal treatment of low-carbon steel. Research methods. The chemical 
composition of the steel as delivered was determined. The analyses were performed using an optical emission spectrometer, model 
LAVFA18B Spectrolab. For the study, unalloyed hypoeutectoid Steel 20 was selected, with an initial ferrite-pearlite microstructure. 
The samples had a rectangular shape with average dimensions of 50 mm × 10 mm × 10 mm. Carbon saturation was carried out on 
one side (from the side of the poured carburizer, while the reverse surface of the samples was protected by a layer of clay). The 
samples were placed in a metal container, filled with carburizer in a 25–30 mm layer, closed with a lid, and sealed. Carbon saturation 
was carried out at 900 °C for 4–8 hours. After that, the box with samples was taken out of the furnace and cooled in air. Quenching 
was carried out in a furnace in air (humidity was not measured) at furnace heating temperatures of T = 780 °C, 850 °C, and 950 °C 
with a equalizing period of 4.6 h in a laboratory electric resistance furnace with a chamber volume of V = 22 dm³. Metallographic 
examination and microhardness measurements were performed. Results and discussion. During the experiments, it was noted that 
the heating temperature for carburizing and quenching plays an important role in decarburization. At a temperature of 700 °C, the 
decarburization phenomenon was not observed, indicating that the decarburization reaction did not occur below this temperature. 
When the temperature exceeds 750 °C, the samples exhibit obvious decarburization, and the ferrite structure is columnar, oriented 
perpendicular to the decarburized surface. A partial decarburized layer appears in the samples at 850 °C, and the thickness of the full 
decarburized layer decreases. Above 900 °C, the sample mainly shows a partial decarburized layer because, at this temperature, the 
steel structure is fully austenitic. Above 1,000 °C, the layer thickness increases rapidly, showing exponential growth. The experiments 
also demonstrated the effect of heating and equalizing periods on the depth of the decarburized layer. The presented results will be 
useful in chemical-thermal treatment of products requiring high surface hardness.
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Introduction

Steels are currently among the most widely used materials in various industrial applications because 
they are easily accessible, machinable, and weldable [1]. The surfaces of machine parts, tools, and fasteners 
are exposed to external forces and must possess enhanced strength and wear resistance. Typically, improved 
mechanical properties of the steel surface can be achieved by modifying the microstructure and chemical 
composition. This is usually accomplished by using high-carbon and alloy steels as well as various thermal 
or thermochemical treatments [1, 2].
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The effectiveness of heat treatment applied to carbon steels (C% < 0.25) remains limited because such 
treatment does not sufficiently improve surface properties (hardness, wear and impact resistance, fatigue, 
etc.) to meet the stringent surface requirements of contacting parts [1–10].

Among chemical-thermal treatment methods, carburization (using solid, gas, or liquid saturating media) 
is one of the most effective processing techniques. It aims to enrich the surface with carbon in the atomic 
state (from 0.7 to 0.9 wt.%) by diffusion into the austenite phase (at temperatures from 870 to 980 °C 
depending on the process), followed by quenching and tempering to enhance the mechanical properties of 
the surface according to the decreasing carbon gradient at a very limited depth, without affecting the core 
[1–5]. Taking this into account, it becomes possible to reduce the cost of the final product by using carbon 
steels (C% < 0.25) instead of expensive high-carbon alloy steels. On the other hand, the presence of carbon 
limits grain refinement on the steel surface, which suppresses the mobility of plastic deformation during 
solid-to-solid interaction [5–8].

Recently, various researchers have actively developed metal surface layers with gradient solid phases, 
using different technological methods of surface alloying with carbon, nitrogen, boron, etc. [6, 7].

In [7–13], studies were conducted on the influence of alloying elements such as Si, Ni, Cr, and Mo on the 
carburization characteristics of steels. A significant influence of these alloying elements on the carburization 
behavior of AISI 1018, 4820, 5120, and 8620 steels was demonstrated. The authors consider decarburization 
as the reverse process of carburization and conclude that alloying elements also significantly affect the 
decarburization of steel. Experimental results showed that Si promotes decarburization of ferrite, whereas 
Cr inhibits it in high-carbon steels.

In [15], the influence of certain alloying elements on the decarburization of TRIP steel (transformation-
induced plasticity) was studied. Experimental results revealed that increasing the content of Si and P 
accelerates decarburization. Decarburization is a process wherein carbon atoms diffuse outward from the 
material and react with furnace gas. Therefore, the effect of alloying elements on steel decarburization 
primarily affects the diffusion of carbon atoms.

Many authors [1–8] investigated the thermodynamics and activity coefficients of carbon in FCC (face-
centered cubic) Fe–Mn–C, Fe–Si–C, Fe–Ni–C, and other ternary alloys. Experimental results showed that 
Mn decreases the activity coefficient of carbon in austenite, which in turn reduces the diffusion coefficient 
of carbon. Conversely, the effect of Si on the diffusion coefficient of C in austenite is opposite to that of 
Mn. Although experimental methods can reveal the effect of alloying elements on carbon atom diffusion, 
elucidating the underlying atomic-level mechanisms remains a challenging practical task.

In the practice of many enterprises, an easily implemented, simple, and inexpensive method of carburizing 
machine parts and mechanisms made of low-carbon steels is the use of a solid carburizer. In industry [1, 
2], a two-stage process is traditionally applied: the first stage involves saturating parts with carbon using a 
solid carburizer followed by air cooling, and the second stage involves hardening and tempering. To reduce 
carburization period, the heating and equalizing temperature is set in the range of 900–1150 °C [10, 11]. A 
mandatory requirement for parts subjected to such processing is the allowance of 1–3 mm for subsequent 
machining in order to remove the decarburized layer. The addition of a large amount of carbon and other 
alloying elements to these steels leads to serious segregation of composition and surface decarburization of 
the products.

It has been reported that composition segregation and decarburization have a negative effect on impact 
toughness, fatigue life, wear resistance, and other properties critical to the performance of medium carbon 
steels [4–7]. Decarburization reduces surface hardness and fatigue strength of steel, thereby shortening its 
service life [1, 2, 8–13].

Decarburization of the steel surface results in insufficient hardness in the surface region due to the 
reduction of carbon content, which greatly reduces fatigue life. Obviously, when steel is heated to high 
temperatures without a protective atmosphere, the surface layer reacts with oxygen, carbon dioxide, or steam 
in the furnace atmosphere, causing oxidation and decarburization simultaneously [1, 2]. Decarburization is 
a classic surface degradation phenomenon in the heat treatment of steels [14].
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To prevent decarburization, considerable efforts have been made to develop anti-decarburization 
coatings [6–10]. Decarburization of steel is influenced by many factors, including heating temperature and 
heating period [1, 2], atmosphere [12, 13], alloying elements [2, 7, 9], scale layer characteristics [1], electric 
field [2], etc. Among these, heating temperature and heating period have been proposed as the two most 
important control variables according to practical experience [1, 2, 15, 16–22].

The purpose of this work is to evaluate the effects of heating temperature during carburizing 
and quenching, as well as equalizing period, on the depth of the decarburized layer formed during 
quenching.

Materials and methods

The chemical composition of the steel in the delivered condition was determined using an  
optical emission spectrometer, model LAVFA18B Spectrolab. For this study, non-alloyed hypoeutectoid 
Steel 20, compliant with GOST 1050-2013, with an initial ferrite-pearlite microstructure, was selected. 
Rectangular samples measuring approximately 50 mm × 10 mm × 10 mm were cut from a rolled sheet 
of Steel 20. Mechanical cleaning and grinding of the samples were performed; the surfaces were free  
of oxide traces.

The carburizer used as the cementing mixture consisted of charcoal grains sized 3.6–10 mm, coated 
with a barium carbonate film according to GOST 2407–83. Carbon saturation was carried out on one side 
(the side in contact with the poured carburizer), while the reverse surface of the samples was protected by 
a layer of clay. The samples were placed in a metal container and covered with a 25–30 mm layer of car-
burizer. The container was sealed with a lid. The operating temperature for carbon saturation of the sample 
surfaces was set at 900 °C, with a saturation period of 4–8 hours [1, 2]. After saturation, the container with 
samples was removed from the furnace and cooled in air.

Samples were cleaned of scale using a grinding machine. The influence of surface oxides on decarbu-
rization kinetics was eliminated by grinding the samples before quenching, as surface oxides increase the 
apparent decarburization [1, 2]. Quenching was performed in a furnace in air (humidity was not measured) 
at furnace temperatures of 780 °C, 850 °C, and 950 °C, with equalizing periods of 4 and 6 hours, using a 
laboratory electric resistance furnace with a chamber volume of V = 22 dm³.

Each sample was placed at the same position in the preheated furnace on a refractory brick in the 
chamber’s center. This ensured identical conditions and the fastest possible heating of each sample to the 
quenching temperature.

Heating temperatures were monitored using a certified contact thermocouple, which was in con-
tact with the side surface of the sample during heating (introduced into the furnace through a small hole  
in the furnace door). Heating period was counted from the moment the control thermometer inside the 
furnace reached the target temperature. Temperature fluctuations during heating were within the range of  
Ta − 1 °C ≤ T ≤ Ta + 3 °C , where Та is the ambient temperature. After equalizing, quenching was carried 
out in water. The depth of decarburization [1, 2, 14] was investigated using optical microscopy by two 
methods: the traditional method using an optical microscope equipped with a grid, and computer-assisted 
measurement based on the image displayed on the screen. Metallographic samples were prepared by wet 
grinding with SiC paper up to 4,000 grit, polishing with ¼ μm diamond paste, and etching with 3% HNO3 
in ethanol.

Decarburization varies on different surfaces (top and side surfaces exposed to atmosphere, and the 
bottom surface in contact with the refractory brick, including edges and corners) due to differences in 
oxidation states. Typically, decarburization is more pronounced on surfaces with lower oxidation capacity; 
therefore, the bottom surfaces usually exhibit stronger decarburization [13, 15].

This study focused exclusively on flat surfaces exposed to the atmosphere. Decarburization  
was measured on three sections perpendicular to the long side of the sample on the top and both side 
surfaces.
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Results of the research

Carbon content analysis

The surface layer of the low-alloy steel initially had a relatively low carbon content of approximately  
α = (0.21 ± 0.06) wt. %. before carburization, which corresponded to the initial carbon amount of low alloy 
steels, as shown in Table.

Effect of carburization period on carbon content in Steel 20

Chemical elements, %
C Si Mn S P Ni Cr

GOST 1050-2013 0.17–0.24 0.17–0.37 0.35–0.65 up to 
0.035

up to 
0.030

up to 
0.30

up to 
0.25

Fact 0.21 0.27 0.36 up to 
0.035

up to 
0.030

up to 
0.30

up to 
0.25

Cementation period: 4 hours 0.53 0.27 0.36 up to 
0.035

up to 
0.030

up to 
0.30

up to 
0.25

Cementation period: 6 hours 0.68 0.27 0.36 up to 
0.035

up to 
0.030

up to 
0.30

up to 
0.25

However, after carburization of varying duration, the carbon content in the surface layer gradually 
increased. Specifically, after 4 hours of carburization, the carbon content reached α = (0.53 ± 0.016) wt. %, 
after 6 hours, it reached α = (0.68 ± 0.012) wt. %. Experiments with longer saturation duration were also 
carried out.

The results of the experiments are shown in Fig. 1–3. It was found that increasing the saturation period 
of the samples with carbon to 8 hours increases the carbon content in the surface layer of steel. Moreover, 
with saturation of 8 hours or more, the samples completely have a pearlite structure with a carbon content 
of 0.8 %. Based on these experiments, it was subsequently decided to reduce the saturation time to 2 hours 
in order to minimize the experiments.

Microstructural analysis

After carburizing, a significant increase in the surface layer thickness by more than 41 % was observed 
as the equalizing period increased (Figs. 1 and 2). The thickness increased from approximately 1,100 μm to 
more than 1,500 μm, as shown in Fig. 3.

As the equalizing period in the furnace increases, a decarburized layer appears during heating for 
hardening. This can be seen from the results of microhardness measurements in Fig. 4 and the metallographic 
analysis of the surface in Fig. 5. The effect of heating temperature on hardening is shown in Fig. 6.

In our experiments, it was found that temperature played an important role in decarburization. At  
700 °C, no decarburization phenomenon was observed, indicating that the decarburization reaction did not 
occur in the samples below 700 °C. When the temperature exceeds 750 °C, the sample exhibits obvious 

Fig. 1. The microstructure of the cemented layer of Steel 20 after equalizing for 4 hours at 900 °C: 
a – surface layer; b – at a depth of 100 μm; c – transition layer to the base metal; d – reverse side of the sample

                      a                                          b                                               c                                              d
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                                    a                                                                                         b
Fig. 2. Pearlite structure in the carburized layer of Steel 20 after equalizing for 6 hours at 900 °C: 

a – pearlite structure in the surface layer; b – in the middle of the sample

Fig. 3. Comparative evaluation of carbon content, 
microhardness, and depth of the cemented layer as a 

function of saturation period

Fig. 4. Photo of point of indentation and graph  
of microhardness distribution across the depth  

of the surface cemented layer
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                             a                                                              b                                                                   c
Fig. 5. Photo of the surface layer after heating for hardening at 950 °C and equalizing for 6 hours: 

a and b – decarburized layer at different magnifications; c – quenched martensite in the surface layer

decarburization, and the ferrite structure becomes columnar, perpendicular to the decarburization surface.  
A partly decarburized layer appears in the sample at 850 °C, and the thickness of the fully decarburized 
layer decrease. The decarburized layer is composed of both complete and partial decarburization zones. 
Above 900 °C, the sample mainly shows a partly decarburized layer, because at this temperature the steel 
structure is completely austenitic, as ferrite and pearlite (a mixture of cementite and ferrite) are transformed 
into austenite. Carbon from austenite passes into the furnace atmosphere and interacts with furnace oxygen. 
As a result, the steel becomes depleted in carbon content. The average depth of the fully decarburized 
layer of each sample is shown in Fig. 7. As shown in Fig. 6, at a heating temperature below 1,000 °C, the 
thickness of the total decarburized layer increases slowly. However, above 1,000 °C, the thickness increases 
rapidly, showing exponential growth. The experiments showed the effect of heating and equalizing periods 
on the depth of the decarburized layer (Fig. 7).

The depth of the decarburized layer was measured using an optical microscope, and the average 
decarburization depth of the samples is shown in Fig. 6. As can be seen in Fig. 6, the depth of the 
decarburized layer of the samples increased exponentially with the heating temperature, and parabolically 
with the equalizing period in the furnace at different temperatures (Fig. 7), with the growth rate gradually 
slowing down.

To protect the surface of the cemented layer, it is necessary to apply a coating that will protect the 
surface from contact with the furnace atmosphere during heating for hardening (Fig. 8). It is known that the 
effective depth of the cemented layer is related to the hardness in depth after hardening, which ranges from 
555 to 600 HV (Fig. 8).

Fig. 6. Depth of decarburization as a function of 
heating temperature (equalizing for 50 min)
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Fig. 7. The effect of heating temperature and equalizing pe-
riod on the overall depth of decarburization

Fig. 8. Microstructure of the surface layer after cementation 
quenching with surface protection from oxygen
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Discussion of the results

From the analysis of the literature, it is evident [1–12, 17–21] that the theoretical discussion of the depth 
of decarburization during heating remains a debatable issue.

The works [1, 2] provide information that in 1946 Pennington conducted a comprehensive study of the 
decarburization of carbon steel in the temperature range of 691–927 °C in an atmosphere containing 20 % 
H₂O – H₂, in which oxidation of steel could not occur. In this study, it was found that a ferrite “band” formed 
on the steel surface at 732–893 °C, but not at 691 °C and 927 °C, while the maximum ferrite thickness was 
observed at 790–815 °C. Pennington explained the decrease in ferrite thickness above 905 °C by a decrease 
in the solubility of carbon in ferrite to zero at 905 °C. One of the limitations of Pennington’s analysis was 
the assumption that the carbon concentration in the formed ferrite was constant throughout the ferrite 
layer and, therefore, that carbon diffusion within the ferrite did not contribute to its growth. Simultaneous 
oxidation and decarburization were studied by Birks and colleagues in 1970. Based on these studies, it was 
stated that “the mechanism by which decarburization of steels occurs has been well studied, particularly in 
the case of plain carbon and low alloy steels” [1, 2]. However, the scope of the studies by Birks et al. was 
limited. First, the studies focused on decarburization occurring only in the austenite. Second, although it 
was recognized that in an oxidizing atmosphere decarburization occurs through a reaction between the scale 
and dissolved carbon in the steel, Birks and colleagues continued to assume that the carbon concentration 
at the scale-steel interface was zero because of its low value.

It is known that decarburization and surface oxidation occur simultaneously on the steel surface when 
heated in an oxidizing environment. In essence, decarburization is a reaction between carbon in the matrix 
and oxygen, while oxidation is a reaction between iron and oxygen. Therefore, decarburization is closely 
related to oxidation, and the relationship between them is competitive. The formation of an oxide layer 
on the steel surface consumes part of the decarburized surface layer and, thus, reduces the final observed 
decarburization thickness. Therefore, to obtain more accurate results, it is necessary to take into account 
the oxidation process. The absolute thickness of the total decarburized layer can be considered as the sum 
of the thicknesses of the observed total decarburization and the oxide scale. In practice, the thickness of the 
oxide scale cannot be measured accurately, since the oxide layer tends to flake off from the sample surface 
during the cooling period and subsequent manipulations.

When examining the Fe–O phase diagram [1, 2], we assumed that the oxide layer on the surface of iron 
and unalloyed steel consists of only one oxide, FeO, which is formed during heating in air at temperatures 
(T > 570 °C). In reality, according to [1, 2], the high partial pressure of oxygen and different iron chemical 
valence create an oxide layer consisting of three different oxides at these temperatures. The sequence from 
the oxide with the least amount of oxygen, closest to the metal, to the oxide with the highest amount of 
oxygen, closest to the atmosphere, has been recorded as: FeO / Fe₃O₄ / Fe₂O₃ — wustite / magnetite / hematite 
[1, 2]. The layer thickness is generally constant at (T > 700 °C), and its composition is approximately 95 % 
FeO, 4 % Fe₃O₄, and 1 % Fe₂O₃ [1, 2].

At temperatures (T = 570–800 °C), however, results can be found [16–22] that deviate both in terms 
of composition and thickness of the individual layers, demonstrating the complexity of the oxidation of 
iron and unalloyed steel in this temperature range [14]. The formation of a three-layer oxide layer can be 
explained simply using direct oxidation chemical reactions. The mechanism of formation of a three-layer 
oxide layer at the FeO/Fe₃O₄ and Fe₃O₄/Fe₂O₃ phase boundaries remains a subject of discussion due to its 
complexity, which is a consequence of specific transport processes through individual oxide layers [2, 15, 16].

When discussing carbon oxidation, it is necessary to take into account the microstructure of the steel 
at the heating temperature and the temperature range of stability for CO₂ and CO. Carbon in unalloyed 
hypoeutectoid steel at temperatures T > AC1 is present only in solid solution dissolved in Fe-α (ferrite) and 
Fe-γ (austenite). Ferrite is stable at T < AC3, and austenite is stable at T > AC1. Carbon reacts with oxygen 
to form CO and CO₂ during heating of steel in air. The reactions of direct oxidation of carbon by oxygen  
(C + O₂ → CO₂ and 2C + O₂ → 2CO) intersect at approximately T ≈ 700 °C [1, 2]. The lines of both 
reactions show that at T > 700 °C, CO is more stable, or that CO is preferentially formed at T > AC1 [1, 2].
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This means that, relative to the Boudouard equilibrium (C + CO₂ ↔ 2CO), the reaction proceeds 
from left to right at T > 700 °C) [1, 2, 12, 17], indicating a tendency towards decarburization at T > AC1. 
Since an increase in temperature favors the preferential oxidation of carbon to form CO, the equilibrium 
concentration of CO in the resulting gas mixture also increases [1, 2].

According to [20–22], it is important to know that gas mixtures (CO + CO₂) cause decarburization of 
steel if their composition lies below or to the right of the equilibrium line for this steel, while they cause 
carburization if their composition lies above or to the left of this line.

During heating for quenching in air, decarburization of steel is initiated by the general oxidation of the 
steel surface due to the high partial pressure of oxygen. The oxidation and decarburization reactions occur 
simultaneously; therefore, various effects on both processes are intertwined, some directly proportional and 
some inversely proportional. As mentioned earlier, decarburization is visible only if the oxidation of the 
steel surface is slower than its decarburization, i.e., when the oxidation of carbon and the rate of carbon 
diffusion are greater than the oxidation rate. Visible decarburization depends on the oxidation potential of 
the atmosphere in the quenching furnace, which also determines the degree of surface oxidation. This is the 
reason for the large differences in visible decarburization that occur when heating in air or, for example, in 
a mixture of N₂ + 2% O₂ [8].

Visible decarburization is always greater when heated in low-oxygen atmospheres [8, 10]. It is also 
influenced by the adherence of the oxide layer to the steel surface (poor adherence of the oxide layer increases 
decarburization due to a decrease in the oxidation rate) and its permeability to gases (an impermeable 
oxide layer reduces decarburization), the carbon content of the steel, and the cooling rate after heating, 
while different alloying elements affect the kinetics of oxidation and decarburization. At low cooling 
rates, decarburization also occurs during cooling, especially in the two-phase (α + γ) region where the 
surface ferrite layer thickens due to slower oxidation. In hypoeutectoid unalloyed steels, the overall visible 
decarburization decreases with higher cooling rates. This is a consequence of the decrease and convergence 
of the temperatures Ar3 and Ar1 and the resulting decrease in ferrite content due to the increased pearlite 
content [1, 2]. At some point for each steel characteristic, the critical cooling rate is reached, Ar3 and Ar1 
temperatures become equal. At this point, there is no longer any hypoeutectoid ferrite in the microstructure. 
If the cooling rate is thus high enough for the partially decarburized layer, then hypoeutectoid ferrite will 
no longer form in this layer either, and only pearlite will exist there.

At even higher cooling rates, bainite or martensite is formed in the partially decarburized layer. Because 
of this, the partially decarburized layer is not fully visible at higher cooling rates and may disappear 
completely at a sufficiently high cooling rate, leaving only the fully decarburized surface layer visible. 
The metallographically determined decarburization depth is always smaller than the actual depth [1, 2]. 
In metallographic analysis, it is also necessary to take into account the limited ability of the human eye to 
detect small differences in the content of ferrite and pearlite or globular cementite in ferrite (spheroidized 
state), which further reduces the estimated thickness of the decarburized layer and increases the observation 
error. More accurate values for the decarburization depth are determined by microhardness measurements, 
but these are still not as accurate as the actual depths measured by chemical analysis [19, 22].

Thus, our experiments show a significant increase in carbon content by more than three times with 
longer equalizing periods during the carburizing process (Fig. 3).

The observed increase in carbon content can be explained by carbon diffusion, which is influenced by 
both the absorption rate and the carburizing duration. This diffusion process facilitates the reaction with 
iron in the low alloy gear steel, resulting in the formation of a new carbon-based phase. A similar trend of 
increasing carbon content in the surface layer of Fe-C-Mn steels with longer carburizing periods has been 
observed [14–20]. The increase in thickness indicates successful diffusion of carbon into the surface layer 
during carburizing. As carbon diffuses into the steel, it combines with iron to form a new carbon-based 
phase, resulting in an increase in the layer thickness. This increased thickness is desirable, as it implies 
improved mechanical properties after quenching.
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Conclusion

1. Oxidation, maximum visible surface decarburization, and the completely decarburized ferrite layer increase 
with increasing heating period during quenching in a furnace with an air atmosphere, following the parabolic growth 
law. It is shown that with increasing heating temperature for quenching, the depth of the decarburized layer increases 
exponentially. The decarburization temperature plays a more important role in the decarburization rate compared 
to other influencing factors, since decarburization is a thermally activated process and exhibits high temperature 
sensitivity.

2. It was found that heating to a quenching temperature of T = 850–870 °C for t = 1 hour, under oxidizing furnace 
conditions, leads to decarburization of the surface layer to a depth of 5–10 μm.

3. It was found that heating to a quenching temperature of T = 1,100 °C in the oxidizing atmosphere of the 
furnace, with holding times ranging from 0.5 hours to 2 hours at an ambient temperature of Ta, results in the formation 
of a ferrite layer with a thickness of 50‑100 μm.
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