Materials Research. 2024; 27:¢20230406
DOT: https://doi.org/10.1590/1980-5373-MR-2023-0406

Study of the Properties of Iron and Vanadium Nitride Coatings by CCPD on 1080 Steel
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In this study, nanostructured coatings of VN /Fe N/Fe N are synthesized by Plasma Deposition
(CCPD) using a vanadium cathodic cage and subject to cathodic and floating potential treatments.
Microstructural and mechanical properties of coated SAE 1080 steel samples are investigated using
X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Vickers microhardness (HV), and
surface roughness analysis. The coating produced under cathodic potential treatment exhibited a nitride-
based microstructure (VN,, Fe N, Fe, N), with surface morphology consisting of clusters of granular
structures with varied particle sizes. The coating produced under floating potential predominantly
exhibited the iron nitride phase (Fe,N) with a morphology composed of uniformly sized grains.
Microhardness testing showed that both layers exhibited more excellent plastic deformation resistance
than the substrate. Roughness measurements confirmed a more organized microstructure profile for
the sample treated under floating potential. This study demonstrates that the CCPD-produced cathodic
potential coating can be utilized in tribological applications.
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1. Introduction

Plasma nitriding significantly improves the mechanical
and tribological properties of materials exposed to ionized gas
mixtures, typically rich in nitrogen'. By forming a nitride-rich
layer on the material’s surface, distinct characteristics emerge,
such as corrosion resistance. This makes steel particulary suitable
for applications requiring high mechanical performance?3.

Vanadium nitride (VN) has garnered research attention
due to its versatile applications, including coating for cutting
tools*, components in internal combustion engines’, heat sinks®,
and as an additive in alloy manufacturing’. Furthermore,
vanadium nitride coatings exhibit protective capabilities for
metallic alloys®, electronic shielding’, and systems operating
under extreme temperature and pressure conditions'®!!.

The literature reports the use of various plasma processing
techniques for the deposition of vanadium nitride coatings'>">.
These techniques come with limitations, such as environmental
issues'®, low deposition efficiency'’, and unsuitability for
large-scale processing'®, due to complex equipment and high
costs'®. In conventional plasma nitriding, samples are treated
at a cathodic potential, directly bombarded by high-energy
plasma ions, allowing nitrogen to react with the metallic
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material’s surface, forming a hardened layer of nitrides®.
During this process, ion-surface interactions can sometimes
lead to overheating?', edge effect, and hollow cathode effect
due to the high cathodic potential on the sample’s surface?*2*,
To minimize the limitations of conventional nitriding,
more than two decades of research have led materials
scientists to develop a new technology initially referred
to as active screen plasma, which is currently reported as
Cathodic Cage Plasma Deposition (CCPD)?>2528 In this
process, samples are maintained at a floating potential, and
a screen (cathodic cage) is added to enclose the samples
and act as the cathode®. Film formation occurs due to the
material being sputtered from the cell. Simultaneously, a
hard nitride layer forms beneath the deposited film due to
the diffusion of implanted nitrogen atoms into the sample.
This layer can act as a barrier to the diffusion of unwanted
interstitial elements (oxygen and its oxides)®. Due to the
absence of direct ion bombardment on the sample surface,
it is possible to reduce or eliminate overheating and edge
effects. Factors such as the chemical composition of the
cage material, applied potential, gas mixture, gas pressure,
time, and temperature can result in films with an excellent
mechanical and tribological response?.
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The literature reports the use of different alloys (silver®,
copper™®, titanium®', nickel®2, chromium?, nickel/chromium?*)
in the composition of the cage for the treatment of metallic
samples?. Macedo et al.”*, increased samples’ hardness and
wear resistance with niobium cathodic cage plasma treatment.
Silva et al.?, demonstrated that CCPD on stainless steel
exhibited good performance in terms of corrosion resistance
at low temperatures (350°C). Medeiros et al.’®, performed
CCPD treatment on AISI 6160 samples using a Hastelloy
C-276 alloy cage. The authors showed that the steel exhibited
higher surface hardness and wear resistance compared to
samples subjected only to conventional nitriding.

Like all transition metal nitrides (Group VB), VN possesses
relevant mechanical properties®, a high melting point'8, high
electrical and thermal conductivity”’, good catalytic activity*®,
and considerable resistance to oxidative processes’. However,
areport suggests that the tribomechanical properties of VN
are influenced by surface roughness and texture, which
consequently reflect the degree of microstructural network
organization®. Additionally, according to the author, the
synthesis of VN assisted by various plasma treatments and
the analysis of its mechanical response to wear need to be
explored in greater depth.

Hence, comprehending the microstructure formation
dynamics of this film in conjunction with the deposition
parameters adopted during the treatment is essential for
producing high-quality VN coatings. Given the scarcity
of studies on this nitride, there is a need to investigate the
relationship between the mechanical and physical properties
of VN and the process parameters. In this way, CCPD
emerges as a promising technique capable of synthesizing
these nitrides with high quality for characterization.

In this context, this study aims to investigate the
microstructural and mechanical aspects of films deposited
by CCPD with a vanadium cage at different polarization
potentials (floating and cathodic) on SAE 1080 steel samples.

2. Materials and Methods

Samples of SAE 1080 steel used in this study, with a
chemical composition (wt%) of 0.75 - 0.88% C, 0.60 - 0.90%
Mn, max 0.030% P, max 0.050% S, and Fe balance, were
commercially acquired. The samples were cut under cooling
in a cubic geometry (20 x 20 x 5 mm?). After missing, the
samples underwent metallographic preparation according to
ASTM E3-11 (2017) standard.The plasma nitriding reactor
used to treat the samples is described in references?**42. In
the first treatment, a model was positioned on an insulating
material disk (AL,O,) to maintain it at a floating potential.
In contrast, in the second treatment, the sample was placed
directly on the sample holder, subjecting it to a cathodic
potential. In both treatments, the samples were kept inside
a cathodic cage made of vanadium with dimensions of 35
mm in height, 70 mm in diameter, 3 mm in thickness, and
uniformly spaced holes with a diameter of 8 mm.

In both treatments, the samples underwent a pre-sputtering
process for 1 hour at 623.15 K in an argon-hydrogen
mixture (45 cm?*/min - 50% Ar + 50% H,) to remove surface
contaminants. For the treatment at a floating potential, despite
the lower quantity of ions bombarding the sample surface
compared to the cathodic potential treatment, these ions still
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have sufficient minimum energy to clean the surface®. The
floating and cathodic potential treatments were conducted
at 673.15 K for 3 hours using a nitrogen-hydrogen mixture
(75 cm*/min of N, - 25 cm*/min of H,).

The samples were characterized by X-ray diffraction
(Shimadzu DRX-6000) using Cu-Ko radiation (A= 1.55418 A).
The copper tube was operated at a voltage of 45 kV, a
current of 40 mA, and a 20 scanning range from 30° to 90°.
Vickers microhardness testing (INSIZE model ISH-TDV
1000 A-B) was performed with a 25 gf load, resulting in
an average value from five measurements. Topographical
and cross-sectional analysis was conducted via scanning
electron microscopy (SEM) using the FEl COMPANY
QUANTA FEG 250 model. Roughness testing was carried
out using a profilometer (MITUTOYO model SJ-210), with
four measurements on each sample, an evaluation length of
12.5 mm, and a sampling length of 2.5 mm.

3. Results and Discussion

The phase structures of the substrate (base material)
and the samples treated with a vanadium cage at different
potentials (cathodic and floating) are shown in the diffraction
pattern in Figure 1. For the base material, diffraction peaks
related to the a-Fe phase - ICSD 064998, typical of the
ferrite structure present in SAE 1080 steel, are observed.
The cathodic potential treatment resulted in the appearance
of phases of vanadium nitride-II (VN,) - ICSD 144473,
iron nitride-III (Fe,N) - ICSD 080930, and iron nitride-IV
(Fe,N)-ICSD 060195. As in other cases»*>*, the formation
of these primary iron nitrides was expected. The emergence
of the VN, phase is related to the CCPD deposition process
in which the cage material undergoes sputtering. Vanadium
atoms stripped from the cage react with the nitrogen-rich
atmosphere, and the resulting interaction product (gas +
cage) is deposited on the sample surface. The iron nitride
phases are formed by bombarding more energetic nitrogen
ions on the sample surface. These impacts can dislodge iron
atoms, which recombine with atmospheric nitrogen and
are deposited on the sample. Saturation of the composite
layer causes excess nitrogen to transfer to the inner regions
of the sample, producing a diffusion layer®. In addition
to SEM images, the diffusion layer can also be evidenced

Va-Fe mVN, ¢ Fe;N eoFeN
Ve

4 o v v
I % . Y e + ) *dcathodic
3 Ve
s
2
‘@
c
] M v
£ b ¢ v ¢ ’_|Floating

X LBase

35 40 45 50 55 60 65 70 75 80 85
20 (degrees)

Figure 1. Diffraction pattern of the base material and SAE 1080

steel samples treated at cathodic and floating potentials.
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by the slight shift of the a-Fe phase peaks to the left. The
initial microstructure of the steel, including features such as
grain boundaries and defects, plays a crucial role in nitrogen
diffusion and the subsequent formation of nitrides*. When
the microstructure has a favorable grain distribution and an
adequate density of defects, it can facilitate the absorption
and diffusion of nitrogen atoms into the material**%. Other
authors report that these conditions are conducive to nitrogen
atoms entering the interstices of the metallic matrix, forming
both types of iron nitrides****°, On the other hand, the
treatment at a floating potential produced a layer with only
one crystalline phase (Fe,N). In this case, the low occurrence
of direct ion bombardment on the sample surface allows for
more intense sputtering of the cage material. As a result, it
was insufficient to form the VN, phase and the diffusion
zone beneath the layer, resulting in a film with the soft Fe,N
phase in its microstructure®’.

It is expected that the deposited layer is sufficiently
thick to suppress the diffraction peaks of the base material,
and only the peaks of the sputtered material are seen in the
diffractogram®?. However, the diffraction peaks of the base
material are still observed in the diffraction patterns of both
cathodic and floating potential treatments, indicating that
the deposited layer does not have the minimum thickness to
suppress the formation of substrate diffraction peaks fully.

The coatings’ average crystallite size (D) was calculated
using X-ray diffraction, with estimated values derived from
the Debye-Scherrer equation®.

Do 0.894 (1)
PcosO

where A is the wavelength of the radiation (\=1.5418 A), 0
is the Bragg diffraction angle, and f corresponds to the full
width at half maximum (FWHM). The estimated average
crystallite size for the coatings at floating and cathodic
potentials varied around 36 nm, respectively, and is reported
in Table 1. In this case, it can be observed that the crystallite
size is larger for the cathodic potential coating, which may
be due to the higher mobility of N* ions induced in the
layer formation process by the cathode potential, causing
microstructural deformation in the lattice due to small
changes in the 20 values, resulting in the slight narrowing
of diffraction peaks, which in turn leads to an increase in
crystallite size®*13.

The induced lattice strain in the coatings produced at
different potentials was estimated using the Williamson-Hall
graphical relationship®2.

Table 1. Crystallite size obtained by the Debye-Scherrer equation D( ), crystallite size D(

Hall graphical relationship.

Y] cosH=(%j+4s sin@ 2)

where B is the full width at half maximum, A is the X-ray
wavelength, 0 is the Bragg diffraction angle, k is the
Debye-Scherrer constant, D is the crystallite size, and € is
the microstrain present in the crystal lattice of the coating.
Figure 2 presents the Williamson-Hall plot between the
y-axis (P cos0) and the x-axis (4 sinf), where the microstrain
values were determined based on the slope of the fitted line.
The diffraction angles corresponding to the Fe,N phase
peaks, joint to both treatments, are reported in Table 1.
The values of the crystallite size D (WH) obtained through
the Williamson-Hall relationship were close to the D (DS)
values found using the Debye-Scherrer equation (Table 1).

Figure 3 shows SEM images of the morphological
characteristics of the samples treated at cathodic and floating
potentials. The change in polarization potential profoundly
influenced the formation of the treated surfaces, resulting in
distinct morphologies. A comparative examination of these
surfaces provides information about the effects of vanadium
cathode cage treatments at different potentials on surface
characteristics. The sample subjected to cathodic potential
treatment (Figure 3a) exhibits a surface characterized by
clustered granular structures with relatively larger particle
sizes than those formed during floating potential treatment.
This phenomenon is supported by previous investigations
employing cathode cage configurations under cathodic
potential conditions. Morgiel et al.”, attribute the formation

0.0060
@ Cathodic 113)
—— Linear fit
0.0055 -
Q@ Floating (112) g
—— Linear fit
0.0050
=3
g 0.0045
o (111) (200)
[<=8
0.0040 %

0.0035
? (110)
0.0030 + T T T T

1.2 1.4 1.6 1.8 2.0 22 24 2.6 28
4 sin6

Figure 2. Williamson-Hall plots the Fe,N phases in the nitride
coatings at cathodic and floating potentials.
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Figure 3. Surface morphology of coatings treated at cathodic (3a)

and floating potentials (3b) and particle size distribution histogram
of treated samples (3¢ cathodic potential and 3d floating potential).

of such granular structures to the interaction between ion
bombardment and surface diffusion mechanisms during
cathodic potential treatments. The presence of the cathode
cage in the process contributes to localized variations in ion
flow, which, when combined with the cathodic potential,
creates irregular granular morphologies®**%,

On the other hand, the surface morphology resulting
from the floating potential treatment (Figure 3b) exhibits
a more compact and uniform structure composed of grains
with consistent sizes. This type of morphology formed
under floating potential conditions is frequently reported
in the literature®3'*¢, These observations align with Maciel
de Sousa et al.’’, research, which emphasizes the role of
ion energy in promoting surface diffusion and the growth
of uniform structures. Stable and uniform ion energy under
floating potential conditions contributes to the homogeneous
grain growth observed in this treatment.

Furthermore, Figures 3¢ and 3d provide information
on grain size distributions for surfaces treated at cathodic
and floating potentials. Figure 3¢ reveals that the coating
obtained at cathodic potential exhibits an average particle
size of approximately 728 nm, with size distribution ranging
from 200 to 2500 nm. This variation can be attributed to
deposition phenomena associated with cathodic potential
treatments, as well-documented in the work of Nacem et al.?.
In contrast, Figure 3d demonstrates a relatively uniform
grain size profile for the floating potential treatment, with
an average particle size distribution close to 350 nm. The
symmetrical distribution curve reinforces the thesis of
uniform grain growth in this case.
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Figure 4 presents SEM images of cross-sections of the
samples treated at different potentials. The thickness of the
deposited layer at cathodic potential (Figure 4a) was estimated
at approximately 0.95 um. The diffusion zone, located beneath
the layer and characteristic of cathodic potential treatment,
had an estimated thickness of about 1.54 pum, demonstrating
the diffusion of nitrogen ions into the steel microstructure and
justifying the shift in diffraction peaks. The layer exhibits a non-
uniform profile with slight thickness variations and is relatively
porous. According to Nacem et al., the lack of uniformity in
the layer occurs due to the edge effect, a common feature in
plasma atmosphere processes where the sample is maintained
at the cathodic potential. Considering that in this work, the
plasma deposition system included the addition of the cathode
cage, it is possible to justify the topographical irregularity of
the layer due to the high cathodic potential generated within
the cage. This potential promotes the formation of a strong
electric field at the ends of the sample, directly influencing
the interaction between the cage’s pulverized material and
the substrate surface. Thus, it may occur that some ionic
species do not reach certain regions of the sample, resulting
in an irregular topographical profile of the layer. The sample
treated at floating potential exhibited a layer with a high
degree of homogeneity and high density. The inhibition of
ion bombardment and cathodic cage sputtering contributes to
forming a more consolidated layer®'*%. It is also noticeable that
there was no formation of a diffusion zone beneath the layer,
even with the appearance of iron nitride phases shown in the
diffraction pattern. It is deduced that these crystallographic
phases are from the nitrides present in the boundary region
between the substrate surface and layer®.

Figure 5 presents the surface microhardness values of
the analyzed samples. Both treated samples exhibited more
excellent resistance to plastic deformation in the Vickers
indentation test compared to the untreated sample. However,
a more significant increase in hardness is observed in the
sample subjected to cathodic treatment (550.21 HV). The
presence of a composite layer followed by a non-uniform
diffusion layer in the ‘Cathodic’ sample justifies the higher
deviation in the measured Vickers hardness values®®. This
low uniformity results from the plasma ion bombardment
on the sample, creating points of higher temperature on the
material’s surface and, consequently, regions of diffusion
deeper than others>*. The absence of a diffusion zone in the
‘Floating’ sample results in a smaller plasma-treated region
than that observed in the ‘Cathodic’ sample (Figure 4).
Therefore, this explains the lower hardness compared to
the sample subjected to cathodic treatment.

The average roughness of the base sample and the
plasma-treated samples reflects the quality of the topography
resulting from surface modifications. The sample preparation
process through grinding and polishing significantly reduced
the roughness of the samples, as shown in Figure 6. The
sample subjected to the floating potential treatment showed an
increase in roughness due to the formation of the iron nitride
composite film. The SEM image (Figure 4b) shows that this
film has good uniformity compared to the modified surface
ofthe sample subjected to cathodic potential treatment. This
sample exhibited higher average roughness and a higher
standard deviation of the measured values.
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Figure 5. Microhardness of the 1080 steel samples without and
with cathodic and floating potential treatment.
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Figure 4. Cross-sectional SEM images of the nitride layers with cathode cage at cathodic potential (4a) and floating potential (4b).

4. Conclusions

In this study, we investigated the effects of applying
vanadium cage treatments at different potentials to 1080
steel, resulting in the following conclusions:

The CCPD treatment with a vanadium cage can be
used to produce composite coatings of vanadium
nitride (VN,) with iron nitride (Fe,N and Fe,N)
at cathodic potential and individual iron nitride
coatings at a floating polarization potential.

The sample treated at cathodic potential consists
of granular structures with irregular sizes ranging
from 200 to 2500 nm. In contrast, in the floating
potential treatment, the coating exhibits a high degree
of uniformity, attributed to grains of uniform size
that form a compact and dense structure.

The thickness of the coatings did not vary significantly
with the change in the treatments’ polarization
potential. However, the crystalline phase structure
of each coating was directly related to the deposition
kinetics of each treatment.

The sample treated under cathodic potential showed
higher resistance to plastic deformation in the
Vickers indentation test due to the non-uniform
diffusion layer beneath the coating. However, the
sample treated under floating potential exhibited
satisfactory roughness values compared to the
base and cathodically treated samples, indicating a
high-quality topography resulting from the surface
modifications.

In CCPD deposition with a vanadium cage, it is
recommended to use floating potential for iron nitride
coatings and cathodic potential for coatings with specific
mechanical or physical properties, such as VN,, Fe,N, or
Fe,N compounds. This system is industrially viable and
characterized by low treatment temperature, high process
efficiency, and, consequently, short treatment time, resulting
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in a good cost-benefit ratio. This study focuses exclusively
on the synthesis and structural analysis of coatings generated
by CCPD treatment with vanadium cages.
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