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Abstract: The article presents the results of tests of the functional properties of oxide layers produced
on AISI 316L austenitic steel in an air atmosphere at three different temperatures (400 °C, 450 °C and
500 °C). X-ray diffraction showed that the formed phases, after all variants of oxidation, were Fe20s,
Cri3Feo7Os. Low peak intensity indicates that the formed layers are very thin, but despite this they
influenced the functional properties of the steel. The best properties were characterized by steel
subjected to oxidation at 400 °C. Layers obtained at a higher temperature did not give better results
compared to steel without layers. Microhardness tests showed that the process increased hardness
only at lower indenter loads, which is another confirmation of the very low thickness of the layers.
The greatest increase in hardness was observed for the sample oxidized at the lowest temperature.
Tests performed using an optical profilometer showed a tendency for surface roughness to increase
with increasing oxidation temperature. Low surface roughness, increased microhardness and low
coefficient of friction resulted in steel oxidized at 400 °C obtaining the definitely lowest wear rate in
the ,ball-on-disc” test. The contact angle for each of the tested samples indicated hydrophilic
properties. In turn, corrosion tests showed a deterioration in the corrosion resistance of the steel after
oxidation at 450 °C and 500 °C. Oxidation at 400 °C did not cause a significant decrease in pitting
corrosion resistance, while an increase in polarization resistance and a decrease in corrosion current
density were observed.

Keywords: austenitic steel; 316L; oxidation; roughness; hardness; friction wear; corrosion; contact
angle; surface engineering

1. Introduction

Nowadays, there is a continuous search for materials that show high corrosion resistance, which
would ensure high durability of products, including bone implants and those working at offshore.
These materials often demonstrate low hardness and resistance to wear due to friction. A material,
which shows limited surface strength and corrosion resistance, especially in an environment
containing chlorides, is relatively cheap and commonly used AISI 316L austenitic steel, which is still
applied for implants and medical devices [1-3], as well as in several other industries [4,5]. These
problems can be solved to some extent by using surface engineering methods. Currently, the most
commonly used surface treatments of austenitic steels are: nitriding [6-16], carburizing [17-22],
nitrocarburizing [6,23-29] and DLC coating deposition [24,30-36]. The aim of these processes is to
improve various functional properties of steels, such as increasing hardness, resistance to wear due
to friction and corrosion [6,30], as well as improving hydrophilicity and reducing bacterial adhesion
to the surface [37]. One of the most common surface treatments of austenitic steels is ion nitriding
[6,7,38]. Properly performed nitriding of austenitic steel provides many benefits, including a
significant increase in surface hardness and increased resistance to wear due to friction or corrosion
[6,38]. However, the disadvantage of all the above methods is the relatively high cost of devices, the
need to use of clean gases (nitrogen, methane, hydrogen) and, in the case of ion treatments, the use
of vacuum systems, which makes them even more expensive.
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Despite the large amount of research on the surface treatment of austenitic steels, no research
center in the world has yet addressed the issue of thermal oxidation of austenitic steel in an air
atmosphere in order to improve its performance properties. There are no scientific publications on
this topic, which makes it an area requiring research. Ecological and cheap thermal oxidation process
of austenitic steel can potentially lead to the formation of layers with interesting and useful
properties, such as increased corrosion or friction wear resistance and also decorative values in the
form of changing the colour of the steel surface.

The aim of the work was to assess the effect of thermal oxidation of commonly used AISI 316L
steel on the phase composition and basic functional properties, such as: surface roughness, hardness,
wettability, friction wear and corrosion resistance of the produced oxide layers.

2. Materials and Methods

2.1. Specimen Preparation

The flat surface of AISI 316L steel samples (Table 1) in the form of $25x6 mm discs cut from a
round bar was subjected to grinding on 240 to 1200 grit abrassive SiC papers (Lam Plan, Gaillard,
France), then polished using a polishing disc and a 1 pm diamond suspension (Lam Plan, Gaillard,
France), and finally degreased in acetone (Chempur, Piekary Slaskie, Poland) using an ultrasonic
cleaner (Intersonic, Olsztyn, Poland). The oxide layers were formed by heating the steel in air at three
temperatures: 350°, 400°C and 450°C for 6 h at atmospheric pressure using a tube furnace
(Nabertherm, Lilienthal, Germany) (Figure 1).

Table 1. Chemical composition of AISI 316L (1.4404) steel (wt %), according to the PN-EN 10027-2 standard.

C Cr Mn Mo N Ni P S Si
<0.03 16-18 <2 2-3 <0.1 10-14 <0.045 <0.03 <1

Figure 1. Nabertherm tube furnace used for oxidation.

2.2. Surface Topography and Roughness Tests

The tests of the topography and roughness of the produced layers’ surfaces were carried out
using a Wyko NT9300 optical profilometer (Veeco, Plainview, NY, USA), measuring the Ra
(arithmetic mean deviation of the profile from the mean line) and Rz (the sum of the arithmetic mean
height of the five highest elevations above the mean line and the average depth of the five lowest
depressions below the mean line) parameters at 10x magnification with the Vision software. Five
roughness measurements were performed for each variant of the samples and selected 3D images of
the sample surfaces were presented.

2.3. X-ray Diffraction Measurements

Using the X-ray diffraction (XRD) method, the phase composition of the layers was measured.
The D8 Advance X-ray diffractometer (Bruker AXS, Karlsruhe, Germany) and a CuKa: tube with a
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wavelength of A=0.154056 nm were used for the measurements. The tests were carried out at a voltage
of 40 kV, a current of 40 mA, a step of A20=0.05 °, and a counting time of 3 sec. The thin oxide layers
were examined utilizing grazing incidence angle diffraction at an incident X-ray beam angle of 2°.
The obtained diffraction patterns were then analyzed using the Brucker’s EVA program.

2.4. Microhardness and Friction Wear Resistance Tests

The microhardness was measured using a Shimadzu HMV-G microhardness tester (Shimadzu,
Kyoto, Japan) with a Vickers indenter. In order to investigate the effect of the oxidation process on
the hardness of AISI 316L austenitic steel, three different loads were used: 0.05 kg, 0.1 kg, and 0.2 kg,
and seven measurements were taken for each load and sample. “Ball-on-disc” frictional wear tests
were conducted using a T-21 tribotester (ITEE, Radom, Poland), following the specifications outlined
in ASTM G 99-05 and ISO 20808:2004 standards, at an ambient temperature of approximately 22 + 2
°C and a relative humidity of 45%. The tests utilized 10 mm diameter AL:Os balls with a polished
finish. They were performed under a load of 5 N with measurements taken over a duration of 6000
revolutions, at a speed of 145 rpm. Wear resistance was assessed by measuring the size of the groove
profile created by wear in four different areas. The geometry of the grooves was analyzed using a
Wyko NT9300 optical profilometer (Veeco, Plainview, NY, USA), and the cross-sectional area was
computed with the Vision program. The wear rate (W) was calculated using the following equation:

1% mm3l

w,=——
vV F,-s|N-m

D

where: V represents the volume of material worn away, derived from the average cross-sectional area
of the grooves and the wear circumference, F» signifies the axial force, and s denotes the length of the
friction track. The wear rates and variations in the friction coefficient were presented on graphs, while
the Veeco optical profilometer was employed to visualize the selected wear tracks.

2.5. Corrosion Resistance Tests

The corrosion resistance of AISI 316L steel after surface treatment was tested in a non-
deoxygenated 3.5% NaCl solution (Chempur, Piekary Slaskie, Poland). A three-electrode system was
used for the tests, in which the sample was the tested electrode, the Ag/AgCl electrode (Eurosensor,
Gliwice, Poland) was the reference electrode, and a platinum wire was the auxiliary electrode. Before
the tests, the materials were kept in an open circuit for 2 hours using an Atlas-Sollich 1131 device
(Atlas-Sollich, Rebiechowo, Poland), which allowed for the stabilization of their potentials and the
determination of the open circuit potential (Eop) value. Then, the anodic polarization curves of the
tested materials were recorded using the potentiodynamic method. In the potential range of +250 mV
from the Eocp potential, a polarization rate of 0.2 mV/sec was used, in the remaining range up to 1000
mV, a rate of 0.8 mV/sec was used. The measurements were carried out using the AtlasCorr program.
The pitting potentials Epit of the tested materials were read from the obtained polarization curves.
Utilizing the AtlasLab program, the corrosion current density icor, the corrosion potential Ecorr with
the Tafel method within the scope of applicability of this method, and the polarization resistance
Rpol using the Stern method, were determined. At least three measurements were taken for each
layer variant. After potentiodynamic tests, the surfaces of corroded samples were documented using
a Nikon Eclypse LV150N microscope (Nikon Instruments, Melville, NY, USA).

2.6. Wettability Tests

In the study of wettability of oxide layers formed after oxidation of AISI 316L austenitic steel,
the liquid used was distilled water. A special, precise syringe was utilized to apply it to the sample
surface in the form of drops. A goniometer model 90-U3-PRO from Rame-Hart (ramé-hart
instrument, Succasunna, NJ, USA) was used to measure the contact angle. This device was equipped
with a precise, adjustable table, LED lamp and camera. The DROPimage program was used to
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measure the contact angles and take photos of the drops. Seven measurements were taken for each
variant and the average was calculated.

3. Results and Discussion

3.1. Surface Appearance

Figure 2 shows the appearance of the surface of austenitic steel after oxidation in an open furnace
in an air atmosphere. The initial state has a silver color, typical of polished austenitic steel (Figure 2a).
After oxidation at 400 °C, the color changed to light gold (Figure 2b). Further increase in the process
temperature caused the gold shade to become darker (Figure 2c), obtaining a shade of rose gold for
steel oxidized at 500 °C (Figure 2d). The darker color may suggest that the layer formed after
oxidation is thicker. Oxidation caused the AISI 316L steel to gain an additional aesthetic aspect.

(a) (b) (0) (d)

Figure 2. Macroscopic appearance of the surface of AISI 316L steel in its initial state (a) and after oxidation
processes at temperatures: 400 °C (b), 450 °C (c), 500 °C (d).

3.2. Surface Topography and Roughness

Based on tests performed with an optical profilometer, the roughness parameters Ra and Rz
were determined (Table 2). From the obtained results it can be concluded that the control sample
with a polished surface is characterized by the lowest roughness, i.e. Ra=33.1 nm and Rz=989.6 nm.
The parameters Ra and Rz after the oxidation process performed at a temperature of 400 °C remain
at almost twice the level of the parameters for the initial state. Definitely the highest values of
roughness parameters were obtained for steel oxidized at 500 °C. It can be seen that with the increase
of the oxidation temperature the roughness of the steel surface increases.

Table 2. Roughness parameters Ra and Rz of steel in the initial state and oxidized layers at 400, 450 and 500 °C.

Material Ra [nm] Rz [nm]

AISI 316L 33.1+£29 989.6 + 76.6
400 °C 51.1+1.1 1933.0 +274.8
450 °C 84.2+2.0 5266.7 +222.7
500 °C 190.7 + 8.6 11231.6 +71.7

The 3D images shown in Figure 3 confirm the increase in surface development with the increase
in oxidation temperature of the 316L austenitic steel, which makes it more uneven due to the
formation of oxides. The change in the shade of the steel from light gold to dark gold (Figure 2b-c)
may also be due to the significant development of its surface (Table 2, Figure 3).
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(a) (b)

(©) (d)

Figure 3. 3D images from an optical profilometer of the polished AISI 316L steel surface in its initial state (a) and
after oxidation processes at temperatures: 400 °C (b), 450 °C (c) and 500 °C (d).

3.3. Microstructure Analysis

Figure 4 shows X-ray diffraction patterns for the steel in its initial state and Figure 5 an example
pattern for steel oxidized at 500 °C, since all patterns for oxide layers are similar with no significant
differences in peak intensities and positions. AISI 316L steel is composed of austenite and
deformation martensite, which was formed in the surface layer as a result of grinding and polishing
(Figure 4). Due to the pressure exerted to the sample surface during mechanical preparation, a
martensitic transformation induced by plastic deformation occurred (TRIP effect) [12,39-42]. The
XRD studies confirmed that after oxidation of AISI 316L austenitic steel, there is a layer of oxides on
its surface (Figure 5). At all process temperatures (400 °C, 450 °C and 500 °C), two types of oxides
were detected, which are: Fe:0s3 (hematite) and CrisFeo7Os and the peaks in all cases were of very
similar, low intensity. Another phase identified after oxidation processes was austenite located under
the layers in the substrate. The peaks from austenite showed high intensity, and from oxides
relatively low, which indicates that the layers produced were very thin. This conclusion is also
supported by the fact that the layers were examined at a low angle of incidence of the X-ray beam
(2°). Due to their very small thickness, they could not be observed on cross-sections using SEM.
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Figure 4. X-ray diffraction pattern of AISI 316L steel in its initial state.
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Figure 5. X-ray diffraction pattern of AISI 316L steel oxidized at 500 °C.

3.4. Microhardness and Friction Wear Resistance Analysis

In order to investigate the effect of the oxidation processes of AISI 316L austenitic steel on its
hardness, microhardness tests were carried out using the Vickers method at different loads (Figure
6). The measurements show that oxidation of samples made of austenitic steel does not significantly
affect their hardness. A slight tendency of hardness increase is visible at the lowest loads (HV0.1 and
HVO0.05). Among the oxidized layers, the lowest microhardness is shown by the one after oxidation
at 450 °C and it obtained slightly higher microhardness values than the steel in the initial state for
loads of 0.05 kg and 0.1 kg. In the case of testing at aload of 0.2 kg, all oxidized layers are characterized
by lower microhardness values with the most pronounced decrease of this parameter in the case of
the layer oxidized at 450 °C. In turn, the highest microhardness is shown by the sample oxidized at
400 °C, which reaches 363 HV0.1 and 367 HV0.05. The steel after the 500 °C process achieved an
intermediate hardness between the other variants after oxidation (i.e. 348 HV0.1 and 359 HV0.05). It
is worth emphasizing, however, that the differences in hardness obtained between the samples are
not large. Low values may result from the low thickness of the oxide layers, their brittleness and the
influence of the soft substrate.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Microhardness of AISI 316L steel surface in the initial state and after oxidation processes at
temperatures: 400 °C, 450 °C and 500 °C.

Among the abrasive wear obtained in the , ball-on-disc” test, the most noticeable is the wear
observed for steel oxidized at 400 °C (Figures 7b, 8). The wear made using a corundum ball is in this
case the shallowest, which indicates the lowest wear of this sample. The other samples do not show
such high resistance, they have worn more, and their widths and depths of abrasions are similar
(Figures 7a,c,d, 8).
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Figure 7. 3D images of wear tracks of the polished surface of AISI 316L steel in its initial state (a) and after
oxidation processes at temperatures: 400 °C (b), 450 °C (c) and 500 °C (d).
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Figure 8. Wear profiles of polished AISI 316L steel in the initial state and after oxidation processes at
temperatures: 400 °C, 450 °C and 500 °C.

From the graph presented in Figure 9, it can be concluded that during the tribological "ball-on-
disc" test, the surface oxidized at 400 °C showed different properties than the others ones. Throughout
the test, the friction coefficient for this sample is characterized by the lowest values, and at about 4000
revolutions it stabilizes and oscillates around 0.4, which is a value comparable to the coefficient of
friction of a carbon coating produced on AISI 316L steel under DC glow discharge conditions
measured at a load of 5N as well [24]. The friction coefficient for the other steels, in the initial state
and oxidized at 450 °C and 500 °C, remains at a similar level during the test, oscillating in the range
of about 0.6-1. The average friction coefficient for the layers oxidized at 450 °C and 500 °C was about
0.8 and is higher than the average friction coefficient for the steel in the initial state (0.7), which may
result from the greater roughness of the oxide layers (Table 2).

12
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A (R \ ‘ iy
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Figure 9. Graph of friction coefficient versus the number of revolutions of AISI 316L steel in the initial state and

after oxidation processes at temperatures: 400 °C, 450 °C and 500 °C.

The “ball-on-disc” tests showed that the steel after oxidation at 400 °C has the best tribological
properties. It has the lowest coefficient of friction among the tested samples (Figure 9). In addition,
the layer after oxidation at 400 °C shows the highest microhardness (Figure 6) and low roughness
(Table 2), which, combined with the low coefficient of friction, resulted in the most favorable wear
rate, i.e. over 40 times lower than for the steel in its initial state (Figure 10). The steel in its initial state
and oxidized at 450 °C performed almost identically in the test. Oxidation at 500 °C resulted in the
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least favorable wear rate, which, despite its higher hardness compared to polished steel, probably
results from the highest surface roughness (Table 2), detachment of oxides and acting as abrasive
particles.

80
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AlSI 316L 400 °C 450 °C 500 °C

Figure 10. Wear rate of AISI 316L steel in the initial state and after oxidation processes at temperatures: 400 °C,
450 °C and 500 °C.

3.5. Corrosion Resistance Analysis

Based on the values of the corrosion potential Ecorr, it can be stated that the highest resistance in
the 3.5% NaCl environment is characteristic of the steel in the initial state, because it goes into the
active state at the highest potential (-28 mV) (Figure 11, Table 3). There is a visible trend showing that
with the increase in the oxidation temperature, the corrosion potential decreases, down to the value
of -196 mV for the layer oxidized at 500 °C. The situation is similar with the breakdown (pitting)
potential Epi, after exceeding which pits start to form. The lowest value of Epit (160 mV) was observed
for the sample after oxidation at 500 °C. Only the sample after the process at 400 °C showed a value
of Epit similar to the initial state and was lower only by about 22 mV. The highest value of the
breakdown potential was observed for the initial state (420 mV). In turn, the clearly best value of the
corrosion current density icorr (41 nA/cm?) and polarization resistance Rpol (909 kQ-cm?) was observed
for steel oxidized at 400 °C, which indicates that for these parameters the layer showed the highest
dielectric properties, and electron exchange between the layer and the environment was the most
difficult. The other layers oxidized at 450 and 500 °C were characterized by a decrease in the
polarization resistance Rpol and an increase in the corrosion current density icor in relation to the layer
oxidized at 400 °C, while their Rpot and icorr values were lower than those for the steel in its initial state.
The highest corrosion current density icorr was characteristic of the initial state (227 nA/cm?), probably
due to the thinnest naturally formed passive layer compared to the thicker, more dielectric furnace
oxidized layers. Despite the reduced corrosion potential Ecorr and slightly lower breakdown potential
Epit compared to the steel in its initial state, oxidation at 400 °C guarantees an almost 2-fold increase
in polarization resistance Rpot and an over 5-fold decrease in corrosion current density icorr, which may
be caused by the high homogeneity of the oxide layer formed under these process conditions.
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Figure 11. Polarization curves of AISI 316L steel in the initial state and after oxidation processes at temperatures:
400 °C, 450 °C and 500 °C.

Table 3. Electrochemical values obtained from potentiodynamic curves for AISI 316L steel in the initial state and
after oxidation processes at temperatures: 400 °C, 450 °C and 500 °C.

Material icorr [NA/cm?] Ecorr [MV] Rpot [kQ-cm?] Epit [mV]

AISI 316L 227 + 138 -28+14 468 + 153 420+ 8
400°C 41+14 -62+19 909 + 217 398 + 26
450°C 79+18 -177 £ 8 275 + 51 267 + 14
500°C 109 + 14 -196 + 15 190 £ 17 160 £ 16

Figure 12 shows images of the steel surface and layers after corrosion tests. As expected,
exceeding the breakdown potential resulted in the formation of corrosion pits in all cases. In the case
of AISI 316L steel in the initial state, the pits are up to about 100 um in size, and the smallest ones,
which have only just started to form, are several pm in size. The number of pits in this case is high,
but they did not reach large sizes (Figure 12a). The layer oxidized at 400 °C showed pits of larger
diameters (Figure 12b), but of a much smaller number compared to the steel in the initial state. The
largest pits in this case are bigger than 100 um. Few small pits, which have only just started to form,
are also visible. In turn, the pits formed on the steel oxidized at 450 °C are even larger than those
obtained on the layer after the process at 400 °C, or the initial state (Figure 12c). They show a less
regular shape and there are no spherical pits observed, as in the case of the initial state or steel
oxidized at 400 °C. Their branched shape suggests that they were formed by combining a larger
number of small pits. The pits present on the steel after oxidation at 500 °C are the deepest in
comparison to the other variants and are characterized by an irregular shape and high density on the
surface of the layer (Figure 12d).
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Figure 12. Corrosion damage of AISI 316L steel surface in initial condition (a) and after oxidation processes at
temperatures: 400 °C (b), 450 °C (c) and 500 °C (d).

The number and size of pits correlate with the values of the breakdown potential (Table 3). It
can be seen that the lower the value of the breakdown potential Epit, the greater the number and size
of pits. A change in the color of the steel surface after the oxidation processes is also visible, which is
related to the formed iron and chromium oxides (Figure 12b-d). In the case of layers oxidized at 450
and 500 °C, bright areas were observed, where the oxide layers were most likely dissolved during
potentiodynamic tests (Figure 12¢,d). Such areas become anodic sites, where preferential pitting
propagation may occur. In the case of the layer formed at 400 °C, no such dissolution was observed,
which again confirms its high homogeneity, and the resulting pitting could have initiated in small,
single defects of its structure, hence a smaller number of corrosion damages in this case (Figure 12b)
compared to AISI 316L steel in the initial state (Figure 12a).

3.6. Wettability Analysis

The performed contact angle tests did not show any tendency linking this parameter with the
increase in the steel oxidation temperature (Figure 13). All tested sample variants showed smaller or
larger hydrophilic properties (<90°). The highest contact angle is characterized by the surface
oxidized at 400°C and is about 58° (Figure 13b). The second largest angle is that obtained for the
polished AISI 316L steel in the initial state (Figure 13a). In this case, the contact angle was about 51°.
Lower angle values, i.e. larger hydrophilic properties, were obtained for the steel after oxidation at
450°C and 500°C, which were about 40° and 47°, respectively (Figure 13c,d). In the case of samples
after oxidation at 450 °C and 500 °C, the most flattened water drops are visible, which indicates their
greatest hydrophilicity, and therefore they may exhibit the best biological properties in contact with
human tissue, however, their worse corrosion and friction wear resistance disqualify these materials.
Steel oxidized at 400 °C exhibits the highest contact angle, but these are still good hydrophilic
properties, and with very good values of the wear rate Wv and corrosion resistance exceeding in some
parameters (lcorr, Rpot) the initial state is a prospective and promising material in terms of biomedical
applications. Higher values of the contact angle may have also a positive effect when considering
antibacterial properties.

(b)
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Figure 13. Contact angles and drops of distilled water on the surface of AISI 316L steel in the initial state (a) and
after oxidation processes at temperatures: 400 °C (b), 450 °C (c) and 500 °C (d).

4. Conclusions

The tests carried out on the surfaces of ASIS 316L austenitic steel after the oxidation processes at
temperatures of 400° °C, 450 °C and 500 °C, in an air atmosphere allow to draw the following
conclusions:

e  The phases formed on the surfaces after oxidation are Fe20s (hemetite) and CrisFeorO, and the
layers obtained are very thin and could not be observed during the examination with a
microscope on their cross-sections.

e  Roughness tests using an optical profilometer showed a tendency for the roughness to increase
with the increase in the temperature of the oxidation process.

e  Due to their small thickness, the layers obtained did not significantly increase the microhardness
of the tested steel. The hardness measured at the lowest loads (0.05, 0.1 kg) increased the most
after oxidation at 400 °C.

e  The “ball-on-disc” tribological tests showed that the layer with the lowest roughness and the
highest hardness, which was formed during oxidation at 400 °C, had a significant impact on the
reduction of the friction coefficient and a very significant reduction of the wear rate. The
explanation of the phenomenon of very good wear resistance obtained after this process requires
in-depth analyses, which will be the subject of further research.

e  The corrosion tests showed a clear deterioration of the corrosion resistance of the steel after
oxidation at the two highest temperatures (450 °C and 500 °C). The steel oxidized at 400 °C
presented a corrosion potential and a breakdown potential slightly lower than the polished steel
in its initial state, but in turn it obtained significantly better values of the corrosion current
density and polarization resistance. After corrosion tests there are larger pits than on the steel in
its initial state, but there are definitely fewer of them.

e  All surfaces of the tested samples showed a hydrophilic character. The steel after oxidation at
400 °C has the lowest surface wettability, which may also be the reason for the good corrosion
resistance of this layer variant.

e  The steel changed colour to gold after oxidation, which may be a positive feature in some
applications where decorative values are important.
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