Materials Research. 2021; 24(1): €20200267
DOT: https://doi.org/10.1590/19020-080-5373-MR-2020-0267

Influence of Hastelloy’s Cathodic Cage Plasma Deposition on Corrosion Resistance of
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AISI D6 tool steel and AISI 304 stainless steel are among the most widely used material in the
industry. However, this application field can still be expanded through the coatings deposition. In
this regard, the objective of this work was to evaluate the impact of coatings application by cathodic
cage technique using Hastelloy’s cathodic cage, on corrosion resistance of these steels. Two treatment
temperatures were compared. The samples were characterized by Optical Microscopy, Scanning Electron
Microscopy, Energy Dispersive Spectroscopy, X-Ray Diffraction with the application of the Rietveld
routine and corrosion test. The results showed the formation of multiphase layers that contributed to
corrosion potentials reduction for treatments at 400 °C, being more effective when applied on AISI D6.
It was observed that the corrosion resistance is influenced by the temperature, which was attributed
to the precipitation of chromium nitride and iron oxide at 450 °C.
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1. Introduction

AISI D6 steel is a cold work tool steel, characterize by
high chromium and carbon content and high wear resistance.
Its applications include dies for stamping, punches, mandrels
and dies for wire drawing'. AISI 304 steel is of austenitic
stainless steel group, characterized by high corrosion resistance
which ensures its application in several industrial areas, with
emphasis on food, biomedical, petrochemical and nuclear®”.
However, its poor tribological and mechanical properties
and a significant tendency to adhesive wear limit its field
of application®’.

The implementing of Physical Vapor Deposition (PVD)
and Chemical Vapor Deposition (CVD) techniques is adopted
for deposition of coatings in structural parts and tools exposed
to aggressive environments, contributing to expand its field
of application. These coatings are composed mainly of Al,
Ti, Cr and N and can contribute significantly to the increase
in resistance to abrasive and adhesive wear mechanisms.
Additionally, many of these coatings are used to increase
corrosion resistance®!°.

Among the processing techniques for coatings deposition
we can highlight the cathodic cage plasma deposition,
consisting in the combination of the following mechanisms:
sputtering, which occurs in the cathodic cage and allows the
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deposition of several coatings depending on the material of
the cage; physical adsorption, from the combination with
plasma specimens, presenting as an advantage the possibility
of using the technique for both oxide and nitride deposition;
deposition; desorption and diffusion!"*, This technique is
widely disseminated in the literature for samples and cathodic
cages of various materials''*1° however, there are no reports
of'the use of Hastelloy’s cage, a nickel alloy characterized by
high molybdenum and chromium contents, which together
with nickel are responsible for their high pitting corrosion
resistance®, thus, it is considered that the use of Hastelloy as
a cathodic target can contribute to the synthesis of a coating
with high corrosion resistance.

In this work, the technique of cathodic cage plasma
deposition was applied, using Hastelloy cage, for coatings
deposition on AISI D6 tool steel and AISI 304 austenitic
stainless-steel aiming verify the influence of treatment on
corrosion resistance.

2. Materials and Methods

The materials used in this study were AISI D6 cold work
tool steel and AISI 304 stainless steel. The first was provided
by Villares Metals with the following composition (wt.%):
2.10%C, 11.50% Cr, 0.70% W, 0.15% V and 85.55 Fe. The
AISI 304 stainless steel was provided by Villares Metals
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with the following composition (wt.%): 0.08% C, 19.00 Cr,
10.00% Ni and 70.92 Fe*'#2. The samples have dimensions
of 35 x 20 x 6 mm?® polished by silicon carbide papers and
mirror finished with diamond paste.

The experimental configuration used in plasma deposition
is represented schematically in Figure 1. The samples are
positioned inside the cathodic cage and on an alumina disk
that keeps them in floating potential. The cathodic cage used
was made with Hastelloy C-276 alloy, with has the following
composition (wt.%): 47.30% Ni, 22.00% Cr, 9.00% Mo,
1.50% Co, 18.50% Fe, 0.50% Mn, 0.60% W and 0.10%
C. Its dimensions are 50 mm (height) x 90 mm (diameter),
with holes of 8 mm (diameter) uniformly distributed with
distance between centers of 9 mm.

Before all treatments, a pre-sputtering was carried at
350°C for 1 h, with mixture (H,:Ar=50%:50%) at 1.5 mbar
pressure, to remove oxides and contaminants from the
cage surface. In the AISI 304 samples the deposition was
carried out for 4 h at two temperatures, 400 °C and 450 °C,
with mixture (H,:N,=25%:75%) at 1.0 mbar pressure. The
treatment at 400 °C was repeated in the AISI D6 tool steel
sample. A different material was used for the A3 sample to
verify the influence of the substrate material on deposition.
Table 1 summarizes the parameters used in the treatments.

The thickness of deposited layers was evaluated using
a Bel Photonics Optical Microscope (MTM-1A model).
The elemental analyses were carried by Energy Dispersive
Spectroscopy (EDS) using a Fei Company Scanning Electron
Microscope (SEM) (QUANTA FEG 250 model), with
acceleration of 20 kV. In each sample, measurements were
performed at 5 different points. X-ray diffraction (XRD) was
carried with the aid of a Shimadzu Diffractometer (Labx-
XRD 600 model) with Cu-Ka radiation (A=1,5406 A) in
the 26 range from 10° to 105° with a scanning velocity of
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2°/min. Rietveld analysis?® was performed using the ReX
Powder Diffraction Software (0.9.1 version). The corrosion
resistance of steels was obtained through the potentiodynamic
polarization technique. All electrochemical tests were performed
using a three-electrode cell, with a graphite electrode as
a counter-electrode, a silver / silver chloride electrode in
saturated potassium chloride solution (Ag / AgCl / KClsat)
as the reference electrode and the samples with and without
nitriding, as working eletrode, delimited by an oring of 1 cm?
in area. The samples remained in open circuit for 01 hour
to stabilize the system. The electrolyte was a 3.5% NaCl
solution. The tests were performed on an Autolab Potentiostat
(PGSTAT302N model). The polarization test was performed
with an initial scanning potential of 0.15V below the open
circuit potential (ocp - open circuit potential) of each sample
and with a final potential of 1.2V; the scanning speed was
ImV /s. The potential and corrosion current density were
obtained using the Tafel extrapolation method.

3. Results and Discussion

3.1 Optical Microscopy Analysis

The Figure 2 shows the micrographs obtained for the
cross sections of A1, A2 and A3 samples. It can be observed
that all treatments resulted in the formation of a surface
layer. Figures 2a and 2b refer to treatments applied on the
AISI 304 stainless steel substrate at temperatures of 400 °C
and 450 °C, respectively, the layer thickness increases from
7.33 pm to 13.16 um as consequence of the increase in
treatment temperature, this increase agrees with the works
of Panjan®, Sousa et al."” and Li et al.”. Figure 2c¢ refer to
layer formed on the AISI D6 tool steel substrate, A3 sample.
The layer thickness, 7.00 um, is similar to that obtained on

Cathodic cage
Sample
Alumina disc
Sample holder

Figure 1. Schematic representation of the cathodic cage plasma deposition process.

Table 1. Parameters used in treatment of cathodic cage plasma deposition.

Processing Conditions

Samples Labeling Substrate Material Temperature (°C) Time (h) Processing Environment (Gasses)
Al AISI 304 Stainless Steel 400 4 H,: N,=25%:75%
A2 AISI 304 Stainless Steel 450 4 H,: N,=25%:75%
A3 AISI D6 Tool Steel 400 4 H,: N,=25%:75%
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Figure 2. Optical microscopy of the cross sections of treated samples: (a) Al; (b) A2; (c) A3.

AISI 304 stainless steel under the same treatments conditions,
A1 sample, which agrees with the layer growth models for
samples treated with floating potential presented in previous
studies'>?¢ and indicate the sputtering of the cage or of the
active screen as the main mechanism for layer growth.

3.2 Scanning Electron Microscopy and Energy
Dispersive Spectroscopy Analyses

The SEM images of the surfaces of Al, A2 and A3
samples are shown in Figure 3. The morphology analysis
of these samples reveals a typical characteristic of coatings
deposited by PVD processes, the presence of pores?’. A
more uniform layer was obtained in the treatment at 450 °C,
Figure 3b, which is evidenced by the absence of void observed
in the coatings deposited at 400 °C and indicated by arrows
in Figure 3. The result does not show any influence of the
substrate material for the presence of these defects, because
they went observed both in the coating deposited on AISI
304 stainless steel, and on the deposited on AISI D6 tool
steel, Figures 3a and 3c, respectively.

The defects in PVD coatings originate from irregularities
on the surface, considering the application of the same
metallographic preparation conditions for the three
samples and the occurrence of the same defects in different
substrates, the irregularities on the surface are originated in
the deposition process?**>3!. The coatings were deposited in
a reactor controlled by a direct current source in which the
temperature is controlled by the voltage, it was previously
proven that in the PVD coatings deposition higher voltages
favor a lower density of defects®, this behavior may be
associated with a higher sputtering rate on the target and the
consequently a higher deposition rate on the substrate, which
was evidenced by greater layer thickness in the deposition
at 450 °C in the results of optical microscopy, the higher
deposition rate improves the conditions to completely cover
the surface, reducing the influence of irregularities, and
may justify the greater uniformity presented by the coating
of the A2 sample. Another important factor for the greater
uniformity presented by A2 sample is the greater mobility
of atoms, provided by the increase in temperature, which
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favors obtaining denser coatings and the decrease number
of voids and pores®.

Table 2 presents the results of the quantitative analysis
made by EDS. The values presented are the averages of the
weight percentages with the respective standard deviations
of five distinct points in each sample. In all samples was
observed presence of carbon, nitrogen, oxygen, tungsten,
molybdenum, chromium, manganese, iron and nickel, was
also observed significant amounts of oxygen that can be
associated with surface reactions between oxygen and the
coating after treatment*. These reactions are favored by
the high percentage of transition metals, mainly chromium,
molybdenum, iron and nickel, which increase the oxygen
adsorption rate’>3¢, The A3 sample showed a higher amount
of oxygen, which is associated with a higher density of
defects in the coating (greater number of pores and voids)
and consequently, greater surface area, in agreeing with the
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differences presented for the layer morphology in Figure 3.
However, it is necessary to explain why the Al coating
presented oxygen content equal to that of A2 sample, even
with a greater number of visible defects. No other significant
differences were observed in the chemical composition of
the films formed on the substrates of A1 and A3 samples,
which reinforces the permanence of the samples in floating
potential during treatment, with a sputtering mechanism
concentrated in the cage®™’.

An important point is the highest nickel percentage
presented by the treated samples when compared to the
percentages presented for the starting materials. The measured
points average was 47.62% in Al sample and 48.96% in
A2 sample, which is approximately five times higher than
the value provided by the manufacturer, 10% for AISI 304
stainless steel. Regarding AISI D6 tool steel, the result is
even more significant, because the initial composition does

Figure 3. Surface morphology of samples with cathodic cage plasma deposition: Al; A2 and A3.

Table 2. Percentages by weight of the elements found by EDS — Energy Dispersion Spectrosopy in the treated samples.

Samples
Element Al e 3
C 3.84+3.,46 2.74+1.60 4.78+1.18
N 5.6+0.95 5.3243.25 6.4+1.30
O 5.68+1.09 5.54+1.26 8.12+1.38
W 2.08+0.04 3.12+0.38 2.42+0.43
Mo 7.68+0.29 10.9+0.83 8.2+0.37
Cr 11.240.92 12.76+1.07 10.4+0.81
Mn 0.925+0.05 0.72+0.41 0.64+0.38
Fe 15.64+1.36 9.66+0.70 10.8+1.09
Ni 47.62+2.87 48.96+3.59 47.60+2.65
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not present nickel among the constituents and A3 sample
presented an average of 47.60% nickel, what evidence the
elements transfer from the cathodic cage to the sample
during the formation of layers presented in the results
of optical microscopy and agreeing with the presence of
cathodic sputtering and physical adsorption mechanisms,
described by Zhao et al."?. Similar results were obtained
with application of ASPN with 304 austenitic stainless steel
active screen on samples of ferritic stainless steel 430*, The
nitrogen presence in considerable levels is an indicative of
the elements interaction removed from the cathodic cage
with the reactive gas for nitrides formation.

3.3 X-Ray Diffraction (XRD) Analysis

Figure 4 shows the X-Ray diffraction patterns for Al,
A2 and A3 samples and illustrates the phases Bragg peaks
identified in the coatings, as well as the profiles calculated
by the Rietveld routine#! and their respective differences
for the experimental patterns.

XRD patterns of samples submitted to plasma deposition
using a Hastelloy cage: (a) Al; (b) A2 and (c) A3.

According to the analysis of XRD patterns illustrated in
Figure 4a, the XRD peaks of A1 sample can be associated
with a combination of four distinct phases with the following
percentage values: 66.886% expanded austenite, 16.569%
nickel (Ni), 8.721% chromium (Cr) and 7.824% chromium
nitride (CrN), studies involving only conventional nitriding
did not show precipitation of chromium nitride at 400 °C, as
the lower temperature makes it difficult chromium removal
from the substrate for formation of chromium nitride®*>3,

the portion of chromium nitride presented (7.824%) may be
associated with chromium removed from the cathodic cage.

The respective positions of these peaks are in agreement
with the results reported in the Inorganic Crystal Structure
Database (ICSD), cards N° 31899, 76667+, 647114 and
53146, which were used to model the theoretical profile
of XRD with their specific positions. The parameters
obtained with refinement: Rp (%)=4.141, chp (%) =3.304,
R, (%) = 5.694, > = 2.969 and GOF = 1.723, prove the
agreement?“#, The experimental lattice parameters, atomic
positions and the positions occupancy calculated by the
Rietveld refinement method**! are presented in Table 3.

Results obtained for the A1 sample after application of
structural refinement by the method of Rietveld.

The patterns presented for A2 sample in Figure 4b
show the presence of five distinct phases with the following
percentage values: 47.125% expanded austenite, 7.765%
nickel (Ni), 1.728% molybdenum nitride (Mo,N, .,), 22.010%
chromium nitride (CrN) and 23.951% iron oxide (Fe,0,).
The expanded austenite phase in A2 sample is richer in
nitrogen than that formed in A1 sample, nitrogen occupancy
in expanded austenite Table 3 and Table 4, this difference
is related to the increase in nitrogen diffusion, provided by
temperature elevation, the temperature influence can also
justify the increase in the percentage of chromium nitride
formed, which occurs as a consequence of the diffusion of
chromium from the substrate at higher temperatures®. The
large percentage of iron oxide presented can be associated
with this higher precipitation of chromium nitride, which
contributes to the increase in the amount of free iron on the
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Figure 4. X-Ray diffraction pattern of treated samples: (a) Al; (b) A2 and (c) A3.
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Table 3. Results obtained for the A1 sample after application of structural refinement by the method of Rietveld.

Chromium (Cr) 8.721%

Lattice parameters (A)

a b
2.8698 2.8698
¢ Atomics positions
Atoms X y z Occupancy U,
Cr 0 0 0 1 0
Expanded Austenite 66.886%
Lattice parameters (A)
a b
3.5940 3.5940
Atomics positions
Atoms X y z Occupancy U,
Fe 0 0 0 1 0
N 0.5000 0.5000 0.5000 0.0324 0
Nickel (Ni) 16.569%
Lattice parameters (A)
a b
3.5382 3.5382
Atomics positions
Atoms X y z Occupancy U,
Ni 0 0 0 1 0
Chromium Nitride (CrN) 7.824%
Lattice parameters (A)
a b
2.9950 4.1659
Atomics positions
Atoms X y z Occupancy U,
Cr 0 0 0.2400 1 0
N 0 0.5000 0.2600 1 0

R (%)=4.141,R_ (%) =3.304, R

exp wp

surface and consequently to its combination with oxygen
in the atmosphere after treatment*.

The peaks positions are in accordance with the results
published in the Inorganic Crystal Structure Database
(ICSD), cards N° 31901%, 76667+, 6545424, 53146* and
31156, the XRD theorical profile with its specific positions
was modeled from these cards. The parameters obtained
with the refinement: Rp (%) = 4.560, Rexp (%) = 3.623,
Rwp (%) = 6.568, 2 = 3.287 and GOF = 1.813, prove the
agreement®*®. The experimental lattices, atomics positions
and positions occupancy calculated by Rietveld refinement
method®*! are presented in Table 4.

According to Figure 4c the XRD peaks of A3 sample can
be associated with a combination of four distinct phases with
the following percentages values: 64.403% chromium (Cr),
0.358% chromium nitride (CrN), 22.266% iron-nickel (FeNi,)
and 12.973% iron nitride (Fe,N). As already discussed, the
treatments of A1 and A3 samples were performed under the
same conditions, the results obtained in the characterization
by EDS did not show significant differences in the coatings
chemical composition, which was expected, because the
sputtering and adsorption mechanisms are not influenced by
the substrate, but the XRD results presented different phase
formation for the two samples, which can be explained by
the presence of the desorption and diffusion mechanisms,

(%) =5.694, > =2.969 and GOF = 1.723

which are directly related to the crystalline structure and the
chemical composition of the substrate'?.

The expanded austenite formed in the coating of Al
sample consists of the nitrogen solid solution in the austenite
phase of vy iron and is facilitated by the greater nitrogen
solubility in the face centered cubic (fcc) structure. In the
A3 sample, AISI D6 tool steel is ferritic and presents the
(bee) body centered cubic structure, the low solubility of
nitrogen in this phase explains the precipitation of iron nitride
only in the A3 sample?'-?>152, As discussed for A2 sample,
chromium nitride precipitation is facilitated at temperatures
from 450 °C, which explains the low percentage presented
for the sample treated at 400 °C**>%%, The A3 sample was
the only one to present Fe,N phase formation, what can be
associated with the differences in diffusion coefficients in
the phases, the iron and nickel diffusion coefficients in ferrite
are three orders of magnitude greater than in the austenite™.

Peaks positions are in agreement with the results published
in the Inorganic Crystal Structure Database (ICSD), cards
N° 33576%, 53146%7, 632929%, and Crystallography Open
Database , card 1534885. Based on these cards, the XRD
theoretical profile with its specific positions was modeled.
The parameters obtained with refinement: R (%)=5.770, R,
(%)=2.873, R, (%)=7.608,y’=6.416 and GOF =2.533,
prove this agreement™*. The experimental lattice parameters,
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Table 4. Results obtained for the A2 sample after application of structural refinement by the method of Rietveld.

Expanded Austenite 47.125%
Lattice parameters (A)

a b c
3.5999 3.5999 3.5999
¢ Atomic positions
Atoms X y z Occupancy U,
Fe 0 0 0 1 0
N 0.5000 0.5000 0.5000 0.0560 0
Nickel (Ni) 7.765%
Lattice parameters (A)
a b c
3.5366 3.5366 3.5366
Atomics positions
Atoms X y z Occupancy “@
Ni 0 0 0 1 0
Molybdenum Nitrede (Mo, N, _) 1.728%
Lattice parameters (A)
a b c
42119 42119 8.0745
Atomics positions
Atoms X y z Occupancy U,
Mo 0 0 0.2580 1 0
N 0 0 0 0.7600 0
Chromium Nitride (CrN) 22.010%
Lattice parameters (A)
a b c
3.5102 4.1343 2.5890
Atomics positions
Atoms X y z Occupancy U
Cr 0 0 0.2400 1 0
N 0 0.5000 0.2600 1 0
Iron Oxide (Fe,0,) 23.951%
Lattice parameters (A)
a b c
5.7060 5.9249 7.9067
Atomics positions
Atoms X y z Occupancy U,
Fel 0 0.2500 0.1250 1 0
Fe2 0.2500 0.2500 0.7500 1 0
Fe3 0 0 0.5000 1 0
02 0 0.5237 0.2400 1 0
02 0.2445 0.2500 -0.0154 1 0

R (%) =4.560, R, (%)=3.623, R, (%)=6.568, =3.287 and GOF = 1.813

atomic positions, and positions occupancy calculated by the
Rietveld refinement method**! are presented in Table 5.

3.4 Corrosion Resistance Analysis

The Figure 5 shows the potentiodynamic polarization
curves for the A1, A2 and A3 samples, in addition to those
referring to samples without treatment, AISI 304 and AISI D6.

The result of applying the Tafel Extrapolation Method
to the experimental curves from Figure 5 is presented in
Table 6 and allows a better analysis of the samples behavior.

The positions of the potentiodynamic polarization curves
for the AISI 304 stainless steel samples with and without
treatment, presented in Figure 5a, reveal an increase in

corrosion resistance as an effect of the treatment at 400 °C,
Al sample, and a decrease in corrosion resistance when
the treatment is performed at the temperature of 450 °C,
A2 sample.

The curves for Al and AISI 304 samples present a
well-defined range showing passivation behavior, indicated
by arrows in Figure 5, this behavior was not observed in
A2 sample.

The data presented in Table 6 express this effect
quantitatively, it is noted that the A1 sample presented
corrosion and pite potentials nobler than those of the untreated
sample. Although these parameters indicate the increase of
corrosion resistance, since the active processes occur in
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higher potentials than for the untreated sample, AISI 304,
we can observe that the sample presented a higher corrosion
current density, which implies that once the corrosion
potential is reached, the process occurs more quickly. The
A2 sample did not suffer passivation because it presented a
high percentage of CrN (22.010%) as can be observed in the
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results of x-ray diffraction for the sample. Such precipitation
promotes an impoverishment of chromium in the matrix,
resulting in a decrease in the resistance to corrosion, also
hindering the formation of the characteristic passive layer of
these materials®. Besides presenting the above mentioned
phase, there is a high percentage of iron oxide (23, 951%)

Table 5. Results obtained for the A3 sample after application of structural refinement by the method of Rietveld.

Iron Nitride (Fe,N) 12.973%

Lattice parameters (A)

a b c
4.6820 4.6820 4.3600
¢ Atomics positions
Atoms X y 4 Occupancy U,
Fe 0 0 0.3333 1 0
N1 0 0 0 1 0
N2 0.3333 0.6667 0.5000 1 0
Chromium Nitride (CrN) 0.358%
Lattice parameters (A)
a b c
3.0000 2.8803 3.1887
Atomics positions
Atoms X y 4 Occupancy U,
Cr 0 0 0.2400 1 0
N 0 0.5000 0.2600 1 0
Iron Nickel (FeNi,) 22.266%
Lattice parameters (A)
a b c
3.5394 3.5394 3.5394
Atomics positions
Atoms X y z Occupancy U,
Fe 0 0 0 1 0
Ni 0 0.5000 0.5000 1 0
Chromium (Cr) 64.403%
Lattice parameters (A)
a b c
3.6008 3.6008 3.6008
Atomics positions
Atoms X y 4 Occupancy o
Cr 0 0 0 1 0
R (%) =5.770,R (%) =2.873,R (%) =7.608, ¥’ =6.416 and GOF =2.533
(a) (b)
. . 0,6 4 . .
o5 Passivation passivation
= = 044
2 2
g é:': 0,2
z 0,04 2 0,0
w w
S E 0,2
o 054 :|15| 304 DC_> -0,4 —
— 0,6 —A3

T T
10" 10" 10° 10°

T T T T T T
107 10° 10° 10* 10° 10% 10

Current density (j/ A cm?)

T T T T T T T T T
10" 10" 10° 10° 107 10° 10° 10* 10° 10% 10"

Current density (j/ A cm?)

Figure 5. Potentiodynamic polarization curves of treated samples: (a) AISI 304, Al and A2; (b) AISI D6 and A3.
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Table 6. Values of the corrosion potential (E__ .
potential (Ep“e) of the samples: A1, A2, A3, AISI 304 and AISI D6.

), corrosion current density (i

cormosion) PASSIVation current density (i, ...) and pitting

Samples corrnsinn(V) icorrusion(A cm2) ipnssivntion(A cm-2) Epne(v)

AISI 304 -0.17 1.27x 10 1.29x 107 0.13
Al -0.03 1.31x 107 6.13x 107 0.34
A2 -0.23 2.04x 10°¢ - -

AISI D6 -0.26 1.49x 107 330x10° 0.22
A3 0.19 4.12x 107 8.37x 10°% 0.45

that presents a lot of porosity, offering interaction channels
between the external environmental and the substrate*?,
and consequently low resistance to corrosion. These phases
do not induce the passivation of the material, occurring a
phenomenon known as anodic dissolution, as can be observed
in the anodic part of the curve of the sample A2.

In the region of passivation occurs the manifestation
of micropites and their immediate repassivation, because
the passivation reactions are still more predominant than
the formation of pites. However, when there is an abrupt
increase in current density in samples Al (Epite= 0.34V),
AISI 304 (Epite= 0.13V), AISI D6 (Epite= 0.22V) and A3
(Epite=0.45V) the phenomenon known as transpassivation
occurs; that is, the mechanical breakdown of the passive film.

The A2 sample, besides not presenting passivation also
presented at the lower corrosion potential and at the higher
corrosion current density. The better behavior of A1 sample
can be associated with the phases formed in the coating.
Previous studies®** showed that nitrogen increases the
austenite corrosion resistance, as observed in the XRD
results, 66% of the coating consists of expanded austenite.
The presence of significant amount of chromium may
explain the passivation behavior, considering that chromium
is the main responsible for the formation of passive film in
stainless steels®*. The presence of chromium nitride usually
displaces the potentiodynamic curves to higher corrosion
current densities, what can explain the higher current value
compared to the untreated sample®%’. The increase in the
corrosion resistance of Al sample corroborates in the
hypothesis raised that the chromium nitride presented in the
diffractograms of A1 sample was formed from the sputtered
chromium from the cathodic cage.

The application of deposition in the AISI D6 tool steel
substrate showed promising results in increasing corrosion
resistance, which can be observed by the relative position of
the potentiodynamic curves in Figure 5b. The arrows indicate
that curves represented region corresponding to sample
passivation behavior. The qualitative results confirm this
behavior, as show can be in Table 6. There was a substantial
increase in corrosion and pite potentials, showing a greater
resistance to the active corrosion events. The decrease in
the corrosion current density indicating a lower corrosion
speed for the A3 sample, an effect not observed with the
treatment on stainless steel AISI 304. Thus, the treatment
presents more satisfactory results on AISI D6 tool steel,
the which is also observed directly comparing the results
obtained for Al and A3 samples, that are clearly more nobles
values for the last one, even starting from a material less
corrosion resistant. The results corroborate with presented
in the diffractogram for A3 sample, where chromium it is

the main phase formed, in addition to the formation of Fe,N
iron nitride and of the FeNi, phase, that in comparison with
a iron, have less chemical affinity with the oxygen**.

4. Conclusions

The results of this work allowed us to conclude that
plasma deposition with Hastelloy cathodic cage can be
used to effectively increase the corrosion resistance of AISI
304 stainless steel and especially of AISI D6 tool steel. It
was verified that all treatments resulted in multiphase films
and that the structure of these phases was influenced by the
treatment temperature and the substrate material.

It was verified that the treatments at 450 °C, present more
uniform films and less visible defects in the morphology,
but they contribute to the decrease of corrosion resistance
which was associated with the formation of chromium nitride
and of iron oxide.

The temperature of 400 °C was more suitable for
the application of the coating, with the samples showing
passivation behavior for the two studied substrates. When
applied on AISI 304 stainless steel, the film predominantly
formed by expanded austenite reduced the corrosion potential.
However, the best result was presented on AISI D6 tool steel,
the film composed mainly of free chromium and iron-nickel
phase proved to be efficient in decreasing the interaction
between iron and oxygen and contributed to the reduction
of the corrosion rate of the AISI D6 tool steel.
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