Materials Research. 2022; 25:¢20210475
DOT: https://doi.org/10.1590/1980-5373-MR-2021-0475

Oxide Layers Growth on AISI 1006 Steel through ‘Asymmetric Bipolar Pulsed Plasma’
Process

Paula Fin®, Abel A. C. Recco*

, Juliano Sadi Scholtz®, Luis C. Fontana"*

“Universidade do Estado de Santa Catarina, Departamento de Fisica, R. Paulo Malschitzki, 200, Zona
Industrial Norte, 89219-710, Joinville, SC, Brasil.

Received: September 18, 2021; Revised: December 16, 2021; Accepted: January 12, 2022

The main problem in metal oxidation is the spalling and de-cohesion of the oxide layer, which
results in delamination due to strong compressive stress gradient through the layer. Present paper
proposes the use of a modified process named Asymmetric Bipolar Pulsed Plasma (ABiPPS) for
plasma-oxidation treatment of low carbon steel AISI-1006 samples. Results show that the ABiPPS
process ensures high plasma stability and enables the growth of uniform oxide layers (with thickness
up to 6 um) on metal surfaces. Plasma generated through bipolar asymmetric voltage pulses provides
better control on surface bombardment through interspersed jets of ions and electrons, during the
oxidation process. The control of intermittent ions and electrons bombardment (through voltage
peaks up to 1.5 kV and period about 1us), during plasma oxidation, make it possible to improve the
adhesion between the oxide layer and the substrate, moreover the control of crystalline phases, such

as hematite and magnetite.
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1. Introduction

Low temperature plasma (LTP) has been successfully used
for surface treatments, such as plasma nitriding and plasma
carburizing. However, little attention has been paid to plasma
oxidation, which may improve surface properties such as
corrosion resistance and hardness. In addition, oxide layers
can be used as insulating surfaces in electrical, electronic,
and optoelectronic devices. Iron oxides are used in a wide
array of applications such as corrosion protective coatings,
catalysis, spintronics, magnetic nanoparticles (MNPs),
biomedicine, photoelectrochemical water splitting and
groundwater remediation. Due to their low toxicity, stability,
and economic viability, make them ideal for application in
a wide range of emerging fields'.

Iron oxide can exist in several phases, the three main
phases are magnetite, hematite and maghemite. The basic
distinguishable properties of iron oxide phases are the magnetic
and the electrical behavior?, which make the applications
directly related to the oxide phases.

Surface oxidation of metals are often damaged by
spalling and de-cohesion of the oxide layers. The spalling
and de-cohesion are consequences of the growth strain
associated to the formation of the oxide layer on substrate.
The possible origins for the growth strain are the following:
incompatibility of the crystalline lattices between the oxide
layer and the substrate; incompatibility of the molar volumes;
possibility that the oxide growth in the oxide grain boundary
leads to a compression stress state in this layer®. Rhines—Wolf
model* have established that the associated stresses cannot
be due to incompatibilities at the metal/oxide interfaces or
along grain boundaries parallel to these interfaces. These
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authors propose that only oxide growth along grain boundaries,
lying perpendicular to the interface, generate a lateral strain,
concomitantly to inward diffusion of oxygen and outward
diffusion of metal ions. Therefore, the microstructure and
diffusion are important factors on the oxide layer stress.
Clarke model® improved the Rhines—Wolf model for the
lateral strain rate accompanying the growth of an oxide is
developed based on trapping of counter-diffusing cations
and anions at the core of edge dislocations causing them to
climb through the oxide thickness. The Clarke model also
predicts that the lateral growth strain rate increases linearly
with the oxide thickening. Panicaud et al.® proposes a model
to predict the evolution of the residual stresses in the growing
oxides layers, during isothermal high temperature oxidation.
They assume a proportional dependence of the growth strain
with the oxide layer thickness, so they use a system of
equations that predict the stresses evolution with oxidation
time. The model consider diffusion in the grain boundaries
and consider both the growth strain term and the relaxation
phenomena. The macroscopic growth strain follows the
kinetic evolutions of the oxide layer thickness. The equations
proposed by Panicaud et al.®, consider two main parameters:
on the one hand the parameter D (m™) which influences the
oxidation process and generate a significant evolution of the
lateral growth strain; on the other hand, the creep parameter
J (Pa! s') dominates the relaxation of stresses in the oxide
layer, which indicates a decreasing regime of stress after a
maximum value has been attained. The oxide tends to expand
laterally but suffer substrate constraints, which produces
compressive stress in the plane of the oxide layer and a
corresponding tensile stress on the substrate itself. So, the
spalling and de-cohesion take place generally at interface due
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to the stress between substrate and oxide layer. As reported
above, the oxide/metal system has a growth strain term and
the relaxation phenomena, related through respectively the
parameters D__and J. Therefore, these parameters depend
on the thermodynamics and the diffusion of atoms (inward
or outward). Based on the above explanation, we propose
a modified methodology to produces more adherent oxide
layer on low carbon steel. The proposition consists of
promoting interspersed ionic/electronic bombardment on
sample surface, during the oxidation through asymmetric
bipolar pulsed plasma (ABiPPS). Since the ABiPPS oxidation
process allows to control the energy delivered to surface
during the treatment, it could control of stress and creep
kinetics in the oxide layer.

A variety of methods have been used to produce oxide
layers on metal substrate such as plasma electrolytic oxidation
(PEO), Radio frequency plasma (RFP) and pulsed plasma.
Nowadays, PEO is the most studied process for metal
oxidation. However, PEO process presents some issues as
high porosity of the oxide layer formed on the surface and
high-energy consumption’. Low-pressure RF plasma has also
been used for metal oxidation; however, this process is most
suitable for thin oxide films in semiconductor manufacturing
processes®’. The use of DC discharge for surface oxidation,
through plasma, is not suitable due to the insulating oxide
layer growth on the piece surface, which can produce plasma
arcing and make it difficult to maintain the plasma discharge,
besides produces damage on surfaces being treated'’.

This paper proposes a new technique for low-pressure
plasma oxidation which consists of a modified voltage
waveform for plasma generation, named Asymmetric
Bipolar Plasma Power Supply (ABiPPS). The bipolar pulsed
voltage, composed of intense positive and negative pulses
as short as 1ps, allows the surface to be sequentially hit
by ion and electron bombardments, which, consequently,
significantly increases the plasma ionization rate due to high
secondary electrons emission from electrode'!. In addition,
the bombardment interspersed with ions and electrons
make possible the plasma manutention, despite the surface
becoming an insulator (oxide layer).

The electronic/ionic bombardment can heat the work
piece in a controlled manner and may activate both, chemical
reactions, and diffusion of atoms on surface, providing better
control in the oxide layers growing'?. In turn, the electron
bombardment has a pivotal role on chemical reactions in
condensed matter'>. For example, the electron impact has been
shown to enhance the oxidation of Si (100) and form a thick
film of silicon dioxide'*. The ion/electron energy distribution
(IED/EED) may be controlled by tuning the intensity and
the period of voltage pulses. In this way, a pulsed power
supply may allow an ion/electron energy most suitable to
promote heating, diffusion, and electron-induced reactions
on substrate surface'. Consequently, it may be possible to
control the growing kinetics of the oxide layers through the
ion/electron bombardment, during the treatment.

This paper aims to investigate the growing of cohesive
oxide layers on low carbon steel AISI 1006 through Asymmetric
Bipolar Pulsed Plasma (ABiPPS) technique. The ABiPPS
system provides flexibility to control the voltage waveform
and the intensity of voltage pulses, so it makes possible the
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control of the energy deliver to surface through electronic
and ionic bombardment. Consequently, the use of ABiPPS
plasma power supply for metal oxidation may render feasible
the control of both phenomena predicts by Panicaud et al.®:
the kinetic of growth strain and relaxation phenomena.

2. Experimental Details

Samples of AISI 1006 steel were oxidized through plasma
generated by ABiPPS process. The chemical composition of
low carbon AISI 1006 steel samples used in this work is the
following: Fe (99.43-99.75%); C (0.08% max); Mn (0.35%
max); P (0.04% max); S (0.05% max). Samples were treated
at different time and temperature, namely: 2.0h and 0.5h;
300°C (573K) and 500°C (773K). Prior to the treatment, the
samples were polished (with alumina 1,0pm) and cleaned
in ultrasound (with isopropanol) during 10 min. The final
pressure into the vacuum chamber was 1,3 Pa, and the
treatment was carried out in oxygen plasma (99.999%) at
working pressure of 67 Pa. Figure 1A shows the schematic
experimental apparatus and special focus was placed on the
waveform voltage provided by an ABiPPS power supply.

The bottom of Figure 1 illustrates the interspersed
bombardment of electrons and ions hitting the electrode,
at different voltage values provided by the ABiPPS power
supply: B1) illustrates the electrode (e. g., the piece to be
treated) biased during positive voltage peak, when it is
bombarded by energetic electrons and by possible negative
ions of oxygen; (B2) illustrates the electrode bombardment
by positive ions, during intense negative voltage pulse; (B3)
illustrates the electrode being bombarded by low energy
positive ions during longer period negative lower voltage.
This voltage pulse waveform promotes the bombardment
of the electrode by high energy electrons, high energy ions
and lower energy ions. Table 1 show the values of period
and voltage peaks used in this work. The adjustment of
those variables’ values allows the adjustment of the average
temperature of the samples at 300°C and 500°C (573 K and
773K). The temperature measurement was performed through
a thermocouple attached to a standard sample.

3. Results and Discussions

Figure 2a shows the surface of a sample treated at 500°C
for 2h (O500-2). The picture show that the oxide layer was
almost completely detached from the surface. Figure 2b
shows the cross section of a region where the oxide layer
was not detached. It is possible to notice in region I, pointed
on the Figure 2b, one of the transverse cracks in the layer.
The region II indicates a non-cohesive layer, where it is
possible to see a crack between the layer and the substrate.
According to Panicaud et al., the oxide tends to expand
laterally but suffer substrate constraints, which produces
compressive stress in the plane of the oxide layer and a
corresponding tensile stress on the substrate itself, as the
film thickness increase. So, the spalling and de-cohesion
take place generally at interface due to the stress between
substrate and oxide layer. Figure 2¢ and Figure 2d show
the surface and the cross-section, respectively, of a sample
treated in low temperature and short time, namely 300°C and
0.5h. It is not observed any detachment on surface. In fact,
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Figure 1. (A) Voltage waveform provided by ABiPPS power supply connected to the samples during the plasma oxidation. (B) forces
experienced by electrons and ions in different point-in-time on voltage waveform graphics: (B1) high positive voltage, so negative charge
carriers (electrons and negative ions) are accelerated toward the electrode (samples); (B2) negative high voltage, so positive ions are
accelerated toward the electrode; (B3) lower negative voltage (during longer time), so positive ions hit the electrode with mild mean energy.
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Figure 2. Samples treated under unfavorable condition for generation of homogeneous, thick, and adherent oxide layers. Sample (O500-
2h) treated at 500°C for 2,0h: a) detached layer region; b) cross section micrography showing spalling and de-cohesion at interface layer-
core. Sample (0300-0,5h) treated at 300°C for 0,5h: ¢) homogeneous surface after oxidation; d) cross section indicating non-formation
of a well-defined oxide layer.

X10,000 WD 14.4mm

Table 1. Oxidation parameters and the resulting oxide layers thickness. Legend: -Vsn /-VIn / +Vsp (short-negative / long-negative /
short-positive voltage peaks); s / tl (short time / long time)

Sarmn T T ABiPPS parameters Resulting
S;lfl)ee .;fsg%t (i%gj Voltage peaks (V) Peak Period (ps) oxide layer
-Vsn -Vin +Vsp s Tl (thickness)
0300-0.5 0.5 >0.2 pm
03002 20 300 1000 360 600 1.0 10.0 m
0500-0.5 0.5 6.0£0.2 pm

500 1350 500 600 1.0 10.0
0500-2 2.0 spalling layer
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Figure 2d indicate that the region next to the surface was
changed but it is not possible identify any well-defined oxide
layer generation. On the other hand, different combinations
of time/temperature parameters (e. g. “0300-2" and “O500-
0.5” samples) can produces more homogeneous and better
adherent oxide layers through ABiPPS plasma process, as
it will be shown below.

Figure 3a and 3b show cross section scanning electron
microscopy (SEM) images of samples treated under more
suitable parameters combination. The samples O300-2 and
0500-0.5 shown homogeneous and more adherent oxide
layers. The samples treated in those conditions do not
shown spalling of the oxide layers. Samples treated in low
temperature, 300°C for a period of 2.0h (0300-2) show uniform
thickness about 1.1+0.2 pm. Although, macroscopically, the
layer appears to be homogeneous and adherent to substrate,
it is possible to observe some micro-scale de-cohesion
evidence at metal-oxide interface, as shown in Figure 3a.
Samples treated at higher temperature, namely 500°C, for
short period of time (0.5h), presented thicker oxide layers,
about 6.4+0.2 pm. Results show uniform and no spalling
of oxide layers growth on samples with surface area of

5.0kV X3,000 WD 159mm
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100 mm? (Figure 3b). The residual stress relieving during
surface oxidation is the main hypothesis to explain the better
cohesion of oxide layer. Such stress relieving is due to the
flexibility of process parameters, which enables the control
of energy delivered to surface through ions and electrons
bombardment, provided by ABiPPS system. Even though a
thick layer, it is feasible that the high energy bombardment,
through ion/electron, increases the localized temperature at
surface. Consequently, the localized heating can accelerate
the creep mechanism® and so, it promotes further stress
relieving in the oxide layer.

Figure 4 shows results of chemical analysis through
Energy-Dispersive Spectroscopy (EDS) technique. It is
observed high intensity oxygen peaks on the layers, as expected.
However, the carbon concentrations in the oxide layers at
the two temperatures differ greatly: the carbon concentration
in the layer increases for O300-2h sample and decreases for
0500-0.5h, if compared to the core substrate. The carbon
diffusion, from the core to the surface, is a well-known effect
in plasma nitriding process'®. Considering that the diffusion
increases exponentially as the temperature increases, it is
reasonable to consider that, at the temperature of 500°C the

5.0kV X3,000 WD 134mm 1pem

0500

keV

Figure 4. EDS results at different positions next to the surface: oxide layers (a, b); below oxide layers (c, d).
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carbon atoms can reach the surface of the sample. Those
carbon atoms can react with the oxygen from the plasma,
resulting in CO_ gas, which can be eliminated through the
vacuum pump. At lower temperature (300°C) the carbon
diffusion is lower, and the oxide layer acts as a diffusion
barrier for carbon atoms, which causes carbon concentration
in the layer. Figure 4c, d show traces of oxygen in substrate,
below the oxide layers, suggesting that may exist oxygen in
solid solution in this region of the samples.

Figure 5 shows the x-ray diffraction (XRD) results for
the samples 0300-0.5h, 0300-2.0h and O500-0.5h. The XRD
spectrum from 0300-0.5h sample (Figure 5a) shows peaks
corresponding to the magnetite phase Fe,O, (COD ID
1539747) which present low intensity in comparison to the
a-Fe peak (COD ID 4113928). The magnetite peaks appear
in very low intensity due to low thickness of the oxide layer
obtained in these conditions of treatment. Figure 5b shows the
XRD spectrum from O300-2h sample, where it is identified
more intense peaks corresponding to the oxide phase of
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Figure 5. X-ray diffraction results of following samples: a) 0300-
0.5h; b) 0300-2.0; c) 0500-0.5h.

magnetite Fe,O, (COD ID 1539747). Some a-Fe (COD ID
4113928) peaks also appear in the diffraction pattern due
to x-ray diffraction in the steel substrate. Figure Sc shows
results for 0500-0.5h samples, which indicates the formation
of two phases: magnetite and hematite a-Fe,O, (COD ID
1546383). This XRD spectrum does not show peaks of the
substrate due to the great thickness of the oxide layer (~ 6pm).
In short, XRD results from thicker films show two oxide
phases, namely, magnetite and hematite, whereas XRD from
thinner films show only the magnetite phase.

Figure 6 shows Raman spectra from the oxide layers
formed at 300 K and 500 K. The spectra for the 0300 samples
can be assigned to both magnetite and hematite, according to
Raman bands at 308 and 670 (characteristic of magnetite) and
at 227,293,301, 414 and 1333 (characteristic of hematite).
In turn, the spectral of O500 samples can be assigned mostly
to hematite according to Raman bands at 227,247, 293,301,
414, 499, 614, 660 and 1333.

The XRD and Raman analysis show complementary results
regarding to oxide layer phases identification. The penetration
depth of X-ray beams (Cu K-alpha, A=1.541 A) in Fe-O
material is up to 5 pum'". In turn, the radiation penetration
depth in Raman analysis is less than 3 um and depends
on the material and the LASER wavelength'®. The XRD
analysis of O300 samples shows only magnetite phase,
while the Raman measurements show both magnetite and
hematite. Therefore, it is probable that there is a thin layer
of hematite on the top, detected by Raman analysis, but it
does not appear on the XRD analysis due to lesser thickness
of the oxide layer. Samples O500 show clearly both phase
magnetite and hematite in Raman and XRD characterizations.
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Figure 6. Raman spectroscopy analysis: a) samples 0300, b)
samples O500.



Jonsson et al."’. reported a similar situation, where magnetite
is formed beneath a thin fine-grained hematite layer.

Hardness measurements were carried out on the surface
oxide layers, at room temperature, through an instrumented
nano-indentation testing using CETR-UMT-02, equipped
with a Berkovich Diamond indenter. Figure 7a illustrate a
load-vs-displacement curve taken by nanoindentation on
surface of an oxidize sample. Figure 7b shows the dwell
period at the peak load, which was fixed as 10 s. The test was
carried out by applying force on the surface, then releasing
and change to a different position, applying the new force
with an incremental loading. The analyzing load-depth
data was made according to the Oliver and Pharr method®.
The calibration process to obtain the penetrator area function
and the mechanical stiffness (machine compliance) were carried
out according to the ISO 14577-1 standard®'. The loading/
unloading cycles were repeated 10 times, with load ranges
between 20mN and 120mN. The Poisson’s ratios used were
0.37, that correspond to magnetite.

Figure 8a shows the hardness on the oxide layer for the
sample O300-2h. The first hardness value, for depth penetration
0f 0.16 um, is 11.0+0.2 GPa. For higher penetration depth,
the hardness values are highly influenced by the mechanical
properties of the substrate. As the oxide layer thickness
of O300-2h sample is thin (~1 pm), the surface hardness
begins to have contribution from the substrate early. This
contribution starts right after the first indentations and drops
steeply at first measurement points. The surface hardness
for the sample O500-0.5h is showed in Figure 8b and its
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value is 9.6+0.2 GPa for penetration depth around 0.46 um;
farther, for depths greater than 0.46 pm, the hardness values
decrease as the load was increased. The hardness decreases
as the depth of penetration increases because more of the
hardness contribution will arise from the substrate®.

The hardness values for iron oxides found in the literature
vary between 5.88 and 17.5 GPa, as shown in Table 2. This
difference may be explained by the oxidation conditions
conducted in each work as being different. All these works,
showed in Table 2, obtained the oxide iron by means of
steel oxidation and report more than one layer (magnetite
and hematite), except Glasscock et al.> who deposited pure
hematite on top of a silicon substrate.

Zambrano et al.?* suggest that this difference in
hardness measures may be due to the porosity in the oxide
layers and the oxide phases mixture in the same layer.
McCarty et al.”” pointed that the magnetite oxidation can
nucleate hematite inclusions. Initially the inclusions are

Table 2. Hardness values of hematite and magnetite report by a
few authors.

Oxide/ Hardness (GPa) Fe,0, Fe,0,
Glasscock et al.® 17.5 -
Zambrano et al.?* 12.0 6.5
Arabnejad at al.» 5.88 6.67

Takeda at al.> 6,70 4.00
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Figure 7. Load-displacement curves obtained from nanoindentation measurements on oxidized sample: a) Load-displacement curves;

b) dwell time at maximum applied load.
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isolated, then eventually the surface is covered by hematite
and there are crystalline planes where magnetite turns into
hematite faster. As the conditions and oxidation processes
of the works presented in Table 2 are different, it is possible
that the portion of hematite formed is different, which may
explain the different results in hardness measurements.

Current results are within the range found in the
literature and are corresponding to the hardness of hematite/
magnetite phases mixture in the oxide layer. The fact that
the hardness is less than pure hematite hardness reported by
Glasscock et al.® agrees to the Raman and XRD analyses,
that present a non-pure hematite phase. When the magnetite
turns completely into hematite there is a difficulty to maintain
the layer cohesion. The use of ABiPPS technology enables
more flexible control of the energy supplied to the surface
by controlling the intensity of high-voltage pulses and
the period of low-intensity voltage. In this way it may be
possible the control of oxidation process, to achieve different
proportion of oxide phases.

Stevenson et al.?® show that the microhardness of single
crystal hematite Fe, O, is highly anisotropy due to the multiple
slip systems of the material. Steel oxidation through plasma
ABIiPPS, may favor a preferential growing direction of
oxide layer, depending on the energy of ion and electron
bombardment during the process. Therefore, it is necessary
further investigation in order to better understand the Young’s
Modulus and the Hardness in oxide layer obtained through
plasma ABiPPS.

Figure 9 shows the Vickers micro-hardness profiles,
through the cross-section, for O300-2h and O500-0.5h
samples. The applied load was 98 mN (0.01HV) during 10 s.
Each point on the graph is a result of three measures average.
The hardness profiles show constant values for depth larger
than about 10pum, which indicates that the oxidation didn’t
reach the bulk in a significant way. The in-depth hardness
distribution is usually monotonously decreasing from the
treated surface. This monotonously decreasing is observed
only for O500-0.5h sample. It is not observed for O300-2h
samples because the Vickers indentation dimensions are larger
than the oxide layer thickness, which makes measurement
on the layer impracticable. In its turn, the O500-0.5h sample
shown similar hardness values, on the oxide layer, for both
measurements methods displayed in Figure 8b and Figure 9,
namely between 8 and 10 GPa (815 - 1020 HV).

Vickers Micro-Hardnes test

#0500 -m- 0300

e

B o=

[} 5 10 15 20 25 30 35 40 45
Distance from the top of the layer (um)

Hardness (GPa)
@«

Figure 9. Vickers Micro-Hardness profiles on the cross-section of
0300 and O500 samples.

4. Conclusion

The goal of present paper has been successfully
achieved: the oxidation of AISI 1006 steel surface through
the ‘Asymmetric Bipolar Pulsed Plasma’ (ABiPPS) process
demonstrates that the ABiPPS technique is viable for the
growth of oxide layers on metal surfaces. High energy bipolar
pulsed voltage produces sequential bombardment through
ions and electrons on the surface, during the oxidation
process. The interspersed bombardment can relieve the
residual stress in the oxide layer, avoiding its spalling and
de-cohesion from the substrate. Results of AISI 1006 steel
oxidation show the growth of homogeneous and thick oxide
layer in a short treatment time and low temperature: 6um
thickness for treatment during 0.5h at 500°C and 1pm for
2h at 300°C. Oxides produced in both temperatures were a
mixture of crystalline phases, composed by magnetite and
hematite. Hardness of resulting oxide layers were 11.0+0.2 GPa
for samples treated at 300°C, and 9.6+0.2 GPa for samples
treated at 500°C.
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