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potentiodynamic polarization technique. Crystallographic and morphological
structure of the samples were analyzed by X-ray diffraction (XRD) and atomic
force microscopy (AFM), respectively, before corrosion test, and scanning
electron microscope (SEM) after corrosion test. A clear correlation between the
physical analyses (XRD, AFM and SEM) and the potentiodynamic results is
achieved. The variation of corrosion resistance of the samples showed that the
optimum annealing temperature is 673 K. Prog. Color Colorants Coat. 10 (2017),
85-920© Institute for Color Science and Technology.

1. Introduction
In addition to desirable physical and mechanical

properties of stainless steels, the most important
property of these alloys, which determines their use, is
their ability to withstand corrosion in various
environments. During the past decades, multifarious
methods of surface modification techniques such as
physical vapor deposition, annealing, gas nitriding, ion
nitriding, and ion implantation have been conducted to
improve corrosion behavior of austenitic stainless
steels [1-9].

The properties of a specific steel type will thus be
determined by the combined effect of the alloying and
trace elements in that specific grade. Therefore, by
changing the amount of each element in the alloy
composition, it is possible to obtain different corrosion
behavior. Although the corrosion resistance of stainless
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steels comes from the presence of chromium, the
highest resistance to uniform corrosion is obtained with
the nickel-bearing asthenic types, and, in general, the
highest nickel-composition alloys in this class are more
resistant than the lowest nickel composition [9-14].
Nickel alloys are widely used in chemical process,
petrochemical, pulp and paper, energy conversion,
power  production, supercritical water, waste
incineration, pharmaceutical, and many other industries
where a better corrosion resistance is required, and the
main reason for adding nickel is to promote an
austenitic structure. On the other hand, nitrogen as a
remarkable austenitic former normally present in
commercial alloys to the extent of a few hundredths

percent. Although nitrogen forms chromium nitrides, it

is less effective than carbon in causing damage,
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perhaps in part because nitrides precipitate more
generally throughout the grains or they form islands
along grain boundaries, interrupting a continuous path
along which the corrosive agent can proceed [14].

Although much less literature has been published
about nickel nitrides due to the difficulties to
synthesize its nitrides, nickel nitrides can be obtained
by a few methods such as nitriding in gaseous
ammonia, reactive sputtering or ion beam implantation
[15-19]. We also reported the surface properties of
stainless steel by introducing nitrogen ion implantation
following to the deposition of nickel in previous
studies [1].

Therefore, due to above mentioned properties and
applications of both nitrogen and nickel and in order to
enhance the corrosion resistance of stainless steel, it is
worthwhile to mention that this work presents a new
method for protection of 304 stainless steel in H,SO,4
solution using PVD deposition of Ni and thermal
treatment of N, in form of nickel nitride thin films.
Also, there is a good correlation between our XRD,
AFM, SEM, and potentiodynamic polarization analyses
which confirms the proposed idea.

2. Experimental

Nickel films of 150 nm thickness were deposited on
304 stainless steels (18 mm x 18 mm x 1 mm) by
electron beam evaporation (PVD-EB, E19A3 Edwards
model, England) at room temperature. The purity of
nickel was 99.98%. A base pressure of 2x107 mbar
was used. The deposition rate was measured by a
quartz crystal deposition rate controller (Sigma
Instruments, SQM- 160, USA) positioned close to the
substrate.

Prior to deposition, all substrates were
ultrasonically cleaned in heated acetone and then
ethanol. Post-annealing of the Ni films was performed
at four different temperatures of 523, 673, 823, 973 K
in nitrogen environment with a flow rate of 600
cm®min™. The atmosphere air of the annealing tube
was flushed with argon gas several times before
introducing nitrogen and heating the samples.

Crystallographic structure of these films was
obtained wusing a STOE model STADI MP
Diffractometer, Germany (CuKo radiation) with a step
size of 0.01° and count time of 1.0 s per step, while the
surface  physical morphology/nanostructure  and
roughness was obtained by means of AFM analysis
(Auto Probe Pc, Park Scientific Instrument, USA; in
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contact mode, with low stress silicon nitride tip of less
than 200 A° radius and tip opening of 18°) and
scanning electron microscope (SEM: LEO 440i,
England).

Electrochemical behavior of the samples was
achieved using potentiodynamic method with a
potentiostat coupled to PC (273A, EG& G, USA). In
order to carry out this analysis, an area of 1.0 + 0.05
cm’ was exposed to the acidic environment. The
samples were polarized in 1.0 M H,SO,, a solution
made of analytical grade reagent and double distilled
water.

3. Results and discussion

3.1. XRD results

Figure 1 shows the XRD patterns of the post-annealed
Ni/SS films at four different temperatures using
nitrogen flow and 304 SS substrates. XRD pattern of
untreated sample mostly shows the presence of
austenite peaks at 26 = 43.7°, 50.7°, 74.8° and 90.0°
that correspond to y—Fe(111), y—Fe(200), y—Fe(220)
and y-Fe(311), respectively. In addition to the original
stainless steel peaks, the diffraction peaks in the
annealed samples mainly show nickel nitride
diffraction lines.

The effect of annealing temperature with flow of
nitrogen on different samples can be observed as
emergence of nickel nitride phases in XRD patterns.
Examination of the XRD patterns of sample prepared
at 523K annealing temperature with the flow of
nitrogen showed one peak which can be designated to
NigN(111) at 20 = 44.485°. For the higher annealing
temperatures of 673 and 823 K, the peak of NizN(111)
has intensified. The great intensity of nickel nitride
peak at 673 and 823 K indicates that at these
temperatures, highest amount of nitride is formed.

There is a phase transition in XRD pattern of
sample annealed at 973 K such that a new peak at 20 =
95.577° can be observed which belongs to Ni;N(320)
while Ni3N(111) peak is vanished. Hence, from the
XRD results (Figure 1) of annealed samples it can
clearly deduce that nickel nitride films are formed.
Moreover, the increase of SS peaks intensity at 973 K
relative to samples annealed at lower temperatures is
due to the formation of deep and wide grooves in Ni
film and detection of SS by XRD. The crystallite size,

D, is obtained using the Scherrer equation (1) [20]:

Kk
D= BcosO (1)
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where, k is a dimensionless constant that is related
to the shape and distribution of crystallites [21], A is the
wavelength of X-ray and 0 is the Bragg angle. B is the
full width at half maximum of the peak intensity
(FWHM) bsed on equation (2):

B= /W%—W% 3]

where, W, and W; are the FWHM of the sample

and of the stress-free sample (annealed powder
sample), respectively.

The crystallite sizes resulted from the Scherrer
relation and the full width at half maximum (FWHM)
of the Ni3N(111) and Ni4N(320) peaks are given in
column 3 of Table 1. It can be seen that with the
increase of annealing temperature, the crystallite size of
the nickel nitride phase is also increased.
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Figure 1: XRD Patterns of stainless steel and Ni/SS 304 samples annealed at different temperatures with flow of
nitrogen.

Table 1: Crystallite size, surface roughness and passive current density of samples

o . Passive
T ) current density (uA o)

1 Untreated SS 1218.12
2 523 11.02 41.04 46.65 97.85
3 673 14.43 46.12 49.97 2471
4 823 36.93 64.31 69.07 972.23
5 973 37.25 76.94 82.09 579.60

T(K): annealing temperature, Dygrp: crystallite sizes obtained from XRD results, R,: average surface roughness, rms: root
mean square surface roughness
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3.2. AFM results

The AFM images of Ni/SS304 samples are given in
Figure 2, while surface roughness of the samples
obtained from the AFM measurements are given in
Table 1. The results of AFM analysis of the samples
show that when the annealing temperature is increased,
the grains begin to grow. At the highest temperature,
some grains show the effect of diffusion. In other
words, due to the increase of diffusion process and
mobility of smaller grains, they join to each other to
form larger grains (Figure 2d). In addition, any
increase in annealing temperature which causes the
greater degrees of diffusion leads to rougher surfaces.
Average and root mean square (rms) surface roughness
results obtained from AFM measurements are observed
in Table 1. It can be seen that surface roughness
increases with temperature which, as discussed above,
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can be the result of increased diffusion effect. In
general, diffusion at higher temperatures is responsible
for the grooving effect [22] which in turn increases the
surface roughness due to the formation of deep grooves
between very large grains that can even extend to the
substrate surface (Figure 2d).

3.3. Polarization results

Potentiodynamic curves of samples annealed at
different temperatures as well as the bare stainless steel
are given in Figure 3. Table 1 also gives the
electrochemical characteristics containing obtained
from these curves. Electrochemical results show that
the deposition of Ni on stainless steel substrates
increases its resistance against acidic attack. The
corrosion resistance of the samples decreases by
increasing the annealing temperature above 673 K.
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Figure 2: AFM images of; a-d) Ni/SS 304 samples annealed at different temperatures of 523, 673, 823 and 973 K,
respectively
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Figure 3: Potentiodynamic polarization curves for stainless steel and Ni/SS 304 samples annealed at different
temperatures.
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Figure 4: Ecorr and Icorr for stainless steel and Ni/SS 304 samples annealed at different temperatures.

The corrosion potential and corrosion current
density versus annealing temperature are presented in
Figure 4. For all the samples, corrosion potentials were
higher than those for non-treated stainless steel. As
shown in Figure 4, with the increase of annealing
temperature to 523 K, corrosion potential increases
while for the samples prepared above 673 K, some
unexpectedly low values were obtained such that
obtained value for the sample annealed at maximum
annealing temperature is close to the value of the bare
stainless steel. The presence of rough surface areas is
responsible for the variation in the potential values

such that the obtained surface roughness from the AFM
images in section 3.2 showed that the surface
roughness increased with the annealing temperature
due to the formation of larger grains and appearance of
some grooves throughout the film. So, rough surface of
samples prepared at high temperatures resulted in
larger area being exposed to the corroding environment
and it is also expected that the film become thinner in
the grooves. Therefore, higher rate of corrosion
reactions between these enlarged surface areas and the
corroding solution is expected [22, 23]. The measured
values of the corrosion current densities also clearly

Prog. Color Colorants Coat. 10 (2017), 85-92
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confirm the effect of surface roughness on corrosion
behavior of samples (Figure 4). All the annealed

samples exhibit better corrosion resistance than the
bare stainless steel. The corrosion current density is
shifted to lower values in comparison to the bare
stainless steel. The samples prepared at 673 K
annealing temperature has the lowest corrosion current
density. Furthermore, from the results of Table 1, it can
also be observed that the lowest value of the passive
current density belongs to the sample annealed at 673
K temperature.

3.4. SEM results

SEM micrographs in Figure 5 show the corroded
surfaces of the samples examined  after
potentiodynamic polarization test. For the sample
annealed at 523 K, only little damage on the surfaces
was found and an example of it is presented in
Figure 5a. For the sample prepared at 673 K, the
corrosion behavior was different. Its surface was

compact and seems not to have been affected by the
corrosion test, i.e. its surface has the minimum effect of
corroding media. For the higher treatment temperatures
of 823 and 973 K, it could be seen that the corrosion
attack was particularly strong so that the most corroded
and damaged surface samples after corrosion test are
the samples annealed at high temperatures of 823 and
973 K.

As discussed in section 3.2, AFM images of the
samples showed that the samples annealed at 823 and
973 K have more rough surfaces. It can be concluded
that the rough samples are susceptible to the corrosion
attack since there are more ways for penetration of
corroding media. Vice versa, there is minimum sign of
corrosion attack for the samples with low annealing
temperature which have smooth surfaces. The above
presented discussion suggests that the protective
behavior of the annealed samples is influenced by their
morphology, roughness and porosity leading to defects
such as pits and cracks.

Figure 5: (a-d) SEM images of Ni/SS 304 samples annealed at different temperatures of 523, 673, 823 and 973 K,
respectively.
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4. Conclusions

The effect of annealing temperature under a nitrogen
flow on corrosion behavior of nickel coated stainless
steel was studied. Potentiodynamic polarization tests
implemented to measure the corrosion resistance of the
films were carried out in 1.0 M sulfuric acid solution.
There is no direct relationship between the increase of
annealing temperature and the protective properties of
prepared samples. The film structures were analyzed
using XRD and AFM before corrosion test and SEM
after corrosion test. The films showed nickel nitride
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