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1. Introduction

The use of thin films for protection has been of interest

and corrosion characteristics of materials is to create a resistant thin

film using the physical vapor deposition process. Various ions are
substituted or interspersed on the surface of metal or non-metal parts using
accelerators. This article investigates the structural, corrosion, and mechanical
properties (hardness) of zirconium nitride coatings prepared by ion beam
sputtering and nitrogen ion implantation on 304 stainless steel. For this purpose,
a coating of zirconium with a thickness of 100 nm has been deposited on 304
stainless steel by the ion beam sputtering method. Nitrogen ion implantation was
performed at a temperature of 400 K and a dose of 5x10'" N* cm ™~ at energies
of 10, 20, 40, and 80 keV. The crystallographic investigation, hardness,
corrosion tests in 0.6 M NaCl solution, and SEM were done for different
samples. The correlation between the test results, considering the increase in the
implantation energy, introduced the optimal energy of 40 keV to make the
sample with the highest degree of corrosion resistance and hardness. Prog.
Color Colorants Coat. 16 (2023), 409-415© Institute for Color Science and
Technology.

O ne of the common methods to improve and change the structural, wear,

result in a high density of microscopic defects within the
coating structure, making the film vulnerable to
corrosion attack. Essentially, the presence of these

to humans for a long time. Many modern and complex
electronic and optical parts are made in thin film [1-4].
Over the past few years, transition metal nitrides have
emerged as the most promising coating options for
enhancing the corrosion resistance of less noble
materials like steel. Despite possessing beneficial
properties such as chemical stability, hardness, good
adhesion to steel substrates, and attractive colors, metal
nitrides coatings tend to exhibit poor corrosion resistance
due to the presence of certain imperfections, including
pores, cracks, pinholes, and transient grain boundaries.
Physical vapor deposition techniques, in particular, often

defects creates paths that allow corrosive media to
penetrate the substrate, compromising the system's
corrosion resistance. Consequently, researchers have
explored various techniques to improve the coatings'
quality [5-8].

Recently, compared to other metal nitrides,
zirconium nitride thin film has been used the most in
industrial fields, such as hard coatings, corrosion-
resistant coatings, and creating penetration barriers in
microelectronic devices. The formation of zirconium
nitride coatings is more complex than TiN or CrN films
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because zirconium has a high melting point and low
vapor pressure and is highly susceptible to oxygen and
carbon pollution. Fewer studies have been done about
zirconium nitride compared with nitride films of other
transition metals [9-11].

To deposit zirconium nitride on different substrates,
a long time and high temperature are required;
therefore, various methods of physical vapor deposition
(PVD) have been used to increase the deposition rate
and lower the temperature [12, 13]. In 2003, Pilloud
and Dehlinger fabricated a zirconium nitride film
through magnetron sputtering using an Alcatel
SCM650 sputtering system. They investigated the
effect of changing substrate bias, substrate temperature,
and nitrogen gas flow on structural and mechanical
properties [14]. In 2003, Hu and Li deposited
zirconium nitride on the glass substrate by a magnetron
sputtering with different nitrogen gas flows in an argon
and nitrogen gas mixture. They showed that if the flow
of nitrogen (F (Ny)) is between 5 and 12 %, the film
with NaCl structure (fcc) with the preferred direction is
formed. ZrN, structure does not change with increasing
nitrogen flow from 12 to 24 %, and ZrN(111) peak is
the preferred direction. When F(N,) is more than 24 %,
no more peak is observed, which means that ZrN, films
are formed in an amorphous form [15]. Han, Lee, and
colleagues subjected zirconium to nitrogen ion
implantation. By examining the wear test results, they
found that with the process of nitrogen implantation
and formation of zirconium nitride, the wear of
zirconium decreases with the increase of the ion dose,
and the wear also decreases [16].

The first step of this research involved depositing
thin films of zirconium onto 304 steel substrates using
an ion-sputtering device. Then a thin zirconium nitride
film was made using an ion implantation accelerator
with a constant ion dose at different energies. In the
following, its structural properties, corrosion behavior,
and SEM analysis after the corrosion test have been
investigated as a function of implantation energy. The
deposition techniques used are chosen due to their

ability to precisely control the thickness of the coating
and produce a uniformly coated surface with superior
adhesion.

2. Experimental

In this study, Zirconium nitride thin films with a
thickness of 100 nm were deposited on AISI 304
stainless steel substrates by ion beam sputtering (IBS)
at room temperature. Table 1 [17] provides information
on the chemical composition and element abundance of
the stainless steel alloy employed in the study. lon
beam sputtering is a highly effective coating method
that uses ion beams to apply materials onto a substrate's
surface. The schematic diagram of the IBS for the
deposition of ZrN films is shown in Figure 1. This
study accelerated Ar ions toward a Zr target at a fixed
energy of 2.2 keV and a 25 mA/cm? current throughout
the experimental process. The substrate temperature
during deposition was consistently maintained at 400
°C. For a more detailed overview of the deposition
conditions, please refer to Table 2. The purity of the
zirconium target used in the experiment was 99.98 %.
The deposition process was carried out in an advanced
(E19 A3 Edwards, England) coating plant, which
maintained a base pressure of 2x10™° mbar. A quartz
crystal deposition rate controller (Sigma Instruments,
SQM-160, USA) was positioned close to the substrates
to measure the deposition rate precisely.

To safeguard against scratching and oxidation, the
production factory shielded the stainless steel
substrates with a protective polyethylene sheet. The
sheet was removed by soaking the substrates in
ethanol, which were cut to a size of 20 x 20 x 1 mm.
Before deposition, all substrates underwent a thorough
ultrasonic cleaning process in heated acetone and
ethanol. Nitrogen ion implantation of the samples was
done at a temperature of 400 °C, a dose of 5x10''
N*/em?, and four different energies of 10, 20, 40, and
80 keV.

Table 1: Chemical composition and abundances (%) of different elements in 304 stainless steels [17].

KT IR TN T T N G

SS(304) 66-71  18-20 8-10.5
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Table 2: The deposition conditions for zirconium nitride thin films by ion beam sputtering.

Deposition parameters specifications

Target
Sputtering gas
Base pressure (mbar)
Working Pressure (mbar)
Substrate temperature (°C)
Electron beam current (mA)
Acceleration voltage (kV)
Deposition time (min)
N* dose (N*/cm?)

Implantation energy (keV)

Sample Holder
_———————

AA AAADA

Vacuum System

Zirconium
Argon
2x107
4x10°®

400
25
2.2
40
5x10"
10, 20, 40, 80

Ton Source

Figure 1: Schematic diagram of the lon Beam Sputtering system.

The crystallographic structure of the thin films was
analyzed wusing a STOE model STADI MP
Diffractometer from Germany, which employed CuKa
radiation and used a step size of 0.01° with a count time
of 1.0 s per step. The surface physical morphology and
nanostructure were characterized using a scanning
electron microscope (SEM: LEO 440i, England. The
hardness of the samples was determined by a Vickers
microhardness tester (Leitz Hardness Tester). A weight
of 25 g was used for applying a force equal to 25.254 x
10" N on the surface. The electrochemical behavior of
the samples was assessed using the potentiodynamic
polarization method and device (IVIUM-Compact-
State 20250 model). A specially designed holder was
used to ensure precise measurements, exposing only a
surface area of 1+0.05 cm® to the corrosive
environment. The test medium consisted of a 0.6 M
NaCl solution, with Ag/AgCl and platinum electrodes
as a reference and auxiliary electrodes, respectively.

The samples produced were utilized as working
electrodes in the electrochemical cell. All potentials
used were expressed relative to Vocp, With the starting
potential set at -400 mV relative to Vocp.

3. Results and Discussion

3.1. Crystal structure analysis

The XRD patterns of the untreated and coated samples
with different implantation energies are shown in
Figure 2. As expected, three iron peaks related to 304
steel are observed as substrate peaks in the spectrum of
samples. Zirconium nitride peaks are observed in the
sample produced by the implantation process with 10
keV energy. As it is known, ZrN(111) peak has the
highest intensity. Therefore, the preferred direction in
the film belongs to this peak. In this sample, zirconium
nitride can also be seen on peaks of (200), (220), (222),
and (311).

Prog. Color Colorants Coat. 16 (2023), 409-415 411
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Increasing the implantation energy to 20 keV,
increases the intensity of the peak belonging to
ZrN(111). This increase is also observed in other
zirconium nitride peaks. Also, increasing the
implantation energy to 40 keV, increases the intensity
of the peak in the preferred direction (111). The
intensity of the peaks related to the (200), (220), (311),
and (222) directions has been increased compared to
the previous sample. By increasing the implantation
energy to 80 keV, the intensity of the peak belonging to
the (111) peak of zirconium nitride has decreased
significantly. For the other peaks, the intensity decrease
is visible. In other words, increasing the implantation
energy to 80 keV has resulted in the disruption of the
arrangement of the crystal plates, leading to a reduction
in the level of crystallization.

By comparing the peaks, it is concluded that by
increasing the implantation energy up to 40 keV, the
intensity of the zirconium nitride peak or the degree of
crystallization has increased, reaching its maximum
value for 40 keV energy. However, at the maximum
energy of 80 keV, the intensity of the zirconium nitride
peaks decreases and reaches its lowest value, and the
degree of crystallization decreases.

By using Scherer's law and the diffraction pattern of
different samples, it is possible to calculate the crystal

size (Eq. 1):
k)

d= (1)

D cosb

Whee d: the crystal size, A: wavelength, D: Full
width at half maximum(FWHM), 6: Bragg angle, k:
constant value 0.9 [10].

The crystal size of the samples for different
amounts of implantation energy is calculated and given
in Table 3. Increasing the implantation energy up to 40
keV makes the crystal size larger. The crystal size has
decreased for the sample produced at the highest
implantation energy, equivalent to 80 keV.

3.2. Hardness measurement

The samples produced at different implantation energies
were studied to check the mechanical properties,
including hardness. Table 3 exhibits implantation
energy's influence on the produced samples' hardness.
The hardness of the samples deposited on 304SS was
measured using a Vickers microhardness tester and
calculated using the following equation (Eq. 2):

H,=2 cos 22° 1§=1.8541§kg/mmz )

Where |, is the diameter of the rhombus or pyramid,
and F is the weight mass [1].

The measured values for the samples can be used as
long as the indentation rate is about one-tenth or less
than the thickness of the film so that the hardness of the
sample does not affect the hardness of the combination
of the film and the substrate.

Considering the constant conditions of the process
in all the samples, a weight of 25 grams was used. As
seen in Table 3, the hardness increases and then
decreases by increasing implantation energy. By
increasing the implantation energy up to 40 keV,
initially, the hardness increased, and for the maximum
implantation energy of 80 keV, the hardness of the
sample decreased.
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Figure 2: The crystallographic pattern of different samples produced at different implantation energies.
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Table3: Calculated crystal size for (111) preferred direction and hardness of different samples.

Crystal size (nm)

Film hardness 362

454

561 417

Table 4: Corrosion parameters of samples produced on 304SS substrates.

Ener
(ke\?)y Corrosion current density (LA cm Corrosion potential (V vs. SCE)

304 SS

3 1 10
£

3 2 20
2

= 3 40
8

g 4 80

3.3. Potentiodynamic polarization

Potentiodynamic curves of the bare 304 stainless steel
substrates and those implanted at various energies of
10, 20, 40, and 80 keV are shown in Figure 3. The
polarization plot shows that the deposition of ZrN on
the stainless steel substrate improves its corrosion
resistance. Figure 4 shows that the polarization plot of
treated 304SS samples has shifted towards lower
corrosion current density and higher corrosion
potential, which indicates that corrosion protection has
improved for these samples. As can be seen in Table 4,
for the 304SS sample that has been implanted in 40
keV, the optimal value of corrosion current density and
corrosion potential were obtained as 0.0194 pA/cm?
and 0.020 V vs SCE, respectively; in contrast, these
values for bare 304SS substrate were obtained 17.7828
pA/cm? and -0.363 V vs SCE.

For optimal measured hardness and maximum
corrosion resistance, a critical value of 40 keV is
observed. The XRD results also showed that the
intensity of ZrN(111) was highest at this implantation
energy. Therefore, it can also be concluded that the
volume of zirconium nitride formed on this sample is
more significant than that produced at lower and higher
energies. Therefore, all of the above discussions point to
correlations between the results reported in this study.

17.7828
0.4897
0.1862
0.0194
4.3651

Corrosion potential

[V vs. SCE]

-0.363
-0.161
-0.017
0.020
-0.227

0.3

0.0

Potential [V vs. SCE]

-12 10 -8 -6 -4 -2 0

Log. Current density (A/sz)

Figure 3: Potentiodynamic polarization curves for
304SS and Zr/304SS samples implanted at different

energies.
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O Corrosion current density =
o 212
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3<
0.3 N 7 g e
0.5 g
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Implantation energy [keV]
Figure 4: Variations of corrosion potential and

corrosion current density as a function of implantation
energy for 304SS and Zr/304SS samples implanted at

different energies.
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3.4. SEM Analysis

Figure 5 presents the surface morphologies of the
implanted samples at different implantation energy and
the untreated 304 stainless steel substrate after
undergoing corrosion tests. The uncoated substrate
(Figure 5a) displays obvious signs of corrosion attack
and dissolution distributed across the sample's surface.
However, the SEM images of implanted samples show
different morphologies with varying types and sizes of
corrosion effects, such as pits, cracks, peel-offs, and
dissolutions. From Figure 5, it is evident that the
sample implanted at 40 keV (Figure 5d) exhibits the
least amount of corrosion effects mentioned above, and
it has also produced the best results for the
potentiodynamic test. On the surface of the samples

(b)

(d)

1pn —f

implanted at 10, 20, and 80 keV, pits and peel-offs of
the zirconium nitride layer or deeper attacks of the
corroding medium into the SS substrates (Figure 5e)
can be distinguished in comparison small pits or
imperfections have caused an almost uniform
distribution of corrosion on the surface of the sample
implanted at 20 keV (Figure 5c). These features can be
likened to bubbles on the film surface that may also be
expected during the corrosion or reaction.

Upon implanting the sample at the highest energy
level of 80 keV, the resulting SEM image reveals a
significant deterioration in the surface of the zirconium
nitride coating such that the corrosive solution can
penetrate the steel substrate and ultimately causes the
complete removal of the layer.

Figure 5: SEM images of different samples produced at different implantation energies: (a) 304 SS, (b) 10 keV, (c) 20
keV, (e) 40 keV and (e) 80 keV.

414  Prog. Color Colorants Coat. 16 (2023), 409-415
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4. Conclusion

Zirconium nitride thin films were deposited on 304
stainless steel substrates at 400 °C and then implanted
at different energies. The XRD pattern of ZrN/SS
samples shows the formation of the ZrN crystal phase
with the preferred growth direction (111). The peak
intensity corresponding to this direction increases with
the implantation energy up to 40 keV. Increasing the
implantation energy to 80 keV has decreased (111)
peak intensity. With the increase of energy up to the
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