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A uniform and dense TiN coating was successfully prepared on the 310S stainless steel by magnetron
sputtering. The morphologies and chemical composition of the TiN coating were analyzed by using
scanning electron microscopy (SEM) and X-ray diffraction (XRD). The electrochemical corrosion
behavior was investigated in a simulated electric water heater environment. The results reveal that the
TiN coating exhibits good stability in synthetic tap water and 3.5% NaCl solution at 80 °C. The values
of polarization resistance, corrosion potential and pitting potential of TiN-coated 310S stainless steel are
much higher than those of the 310S substrate. It is suggested that TiN coatings can provide excellent
corrosion resistance for 310S stainless steel in an aggressive environment containing chloride ions.
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1. INTRODUCTION

Electric storage water heaters are widely used in daily life and are mainly composed of inner
tanks and heating tubes. As a major component of electric storage water heaters, heating tubes operate
in a complex variable temperature environment for long periods. In general, the internal temperature of
the heating tube is approximately 200~300 °C, the temperature in the tube near the water is
approximately 100 °C, and the water temperature is in the range of 25~80 °C. In addition, the water
quality varies significantly in different regions, and the water generally contains chloride ions. However,
the actual working status of the heating tubes is difficult to monitor, so corrosion failure events occur
frequently. Corrosion of the heating tubes often shortens the service life of the electric water heater.
Additionally, once the heating tubes burst and leak, there is a risk of electric shock to the human body.
Therefore, reducing the corrosion risk of heating tubes is a critical problem for the safe use of electric
water heaters, and this topic has attracted increasing attention from the electric water heater industry.
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At present, 300 series stainless steels (e.g., 316L and 310S) are widely used in heating tubes for
electric water heaters because of their excellent mechanical properties and corrosion resistance.
However, the design life of an electric water heater is usually as long as 8 to 10 years, so corrosion of
the stainless steel heating tubes is still inevitable. Fabricating various protective coatings on stainless
steel surfaces to reduce the corrosion rate is a widely used method in the industry [1-10].

Titanium nitride (TiN) coatings have been widely applied in several fields due to their high
hardness, wear resistance and low friction coefficient [11-14]. In addition, TiN coatings are also
corrosion resistant and have metal-like thermal conductivity characteristics [15]. The corrosion behavior
of TiN coated metallic materials has also been widely investigated in some application environments
[16-20]. Liu et al. showed that TiN-coated 316L stainless steel showed a lower corrosion tendency and
higher corrosion resistance than the bare substrate in simulated bodily fluid [21]. Chu et al. prepared
multilayered Ti/TiN and single TiN coatings on NiTi alloys by pulse-biased arc ion plating and found
that the coatings displayed much higher corrosion potential and impedance and lower passive current
density in artificial saliva [22]. In the past decade, most of the research on the corrosion behavior of TiN
coatings has focused on the fuel cell environment of the proton exchange membrane [17, 22-26]. To
date, there is still little information on the corrosion properties of TiN coated stainless steel in hot tap
water environments that appear in electric water heaters.

In this paper, a TiN film was coated on 310S stainless steel using magnetron sputtering
technology and the electrochemical corrosion behavior of the coated material was investigated in
synthetic tap water. The results will provide fundamental information on the corrosion performance and
the application of TiN film in heating tubes.

2. EXPERIMENTAL

2.1 Materials and solution

A commercial 310S stainless steel plate (0.5 mm in thickness) with a chemical composition
(wt.%) of C 0.045, Si 0.74, Mn 1.21, S 0.003, P 0.023, Cr 23.91, Ni 19.02, N 0.17 and Fe balance was
used. The specimens were fabricated into 11x11 mm pieces by electric discharge machining and then
cleaned with acetone to remove contaminants. Prior to the deposition process, the substrates were
polished with 400 to 1000 grit SiC waterproof abrasive papers and then ultrasonically cleaned in
anhydrous ethanol and distilled water. After that, the specimens were dried in cold air for later use.

The TiN coatings were deposited by utilizing a high vacuum magnetron sputtering system (JGP
280). In the electrochemical corrosion tests, the TiN coating and uncoated specimens were embedded in
epoxy resin with an exposed area of approximately 1 cm?. Before the electrochemical experiments, the
TiN-coated specimen was rinsed with ethanol and distilled water, and the uncoated specimen was ground
slightly with 1000 grit SiC paper and then cleaned in the same way.

To obtain more information about the electrochemical corrosion behavior of the TiN coating,
synthetic tap water and 3.5% NaCl solution were used for the electrochemical tests. Synthetic tap water
was prepared according to the results of a literature study [27] that involved the analysis of 75 samples
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of tap water collected from 25 typical urban regions in China. The chemical composition of synthetic
tap water is listed in Table 1. The pH was adjusted to approximately 7.6 by using 0.5 M H2SO4 solution.
All the tests were conducted at 80 = 1 °C (i.e., the maximum water temperature inside the electric water
heater).

Table 1 The chemical composition of the test solution (mg L™)

CI SO4* HCOs" Ca*! Mg*"
0.045 0.74 1.21 0.003 0.023

2.2 Electrochemical experiments

All electrochemical tests were conducted in a three-electrode cell through a Princeton
electrochemical workstation (Versa STAT 3F). The specimen was used as the working electrode, and a
saturated calomel electrode (SCE) with a salt bridge and a platinum plate (20 x 20 mm) were used as the
reference electrode and the auxiliary electrode, respectively. The corrosion potential was first recorded
for 60 min to attain a relatively stable surface state after the specimen was immersed in the test solution.
After that, electrochemical impedance spectroscopy (EIS) was conducted at the corrosion potential with
an AC disturbance signal of 10 mV (rms) in the frequency region of 99 kHz-10 mHz. All impedance
data were analyzed using ZsimpWin software. Finally, the potentiodynamic polarization curves were
recorded from the corrosion potential at a scan rate of 20 mV min until the current density reached 100
nA cm. The electrochemical tests were repeated at least three times with different specimens.

2.3 Surface analysis

The coated specimen was examined by X-ray diffraction (XRD) using a Rigaku diffractometer
(D/IMAX 2550 V) with Cu Ka radiation. The scanning rate was 4° min for 26 in the range of 10° to
90°. The surface and cross-sectional microstructures of the TiN coating were characterized by electron
microscopy (SEM, HITACHI S3400).

3. RESULTS AND DISCUSSION

3.1 Microstructure characteristics of TiN coating

Fig. 1 presents the XRD patterns of the uncoated and TiN-coated 310S stainless steel. Both the
310S substrate and TiN coating had an FCC structure. The diffraction peak intensity of the austenite
substrate in the TiN-coated specimen noticeably weakened. The main diffraction peaks of the TiN
coatingare (111),(200), (220)and (31 1). Inaddition, the (1 1 1) diffraction peak is stronger than
that of (2 0 0), which can be attributed to the fact that the TiN coating mainly grows along the <1 1 1>
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direction with a columnar structure [16, 28, 29]. These results are in accordance with reports in the
literature [16, 17, 30, 31].
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Figure 1. XRD patterns of (a) TiN coated and (b) uncoated 310S stainless steel

Fig. 2 shows the planar and cross-sectional SEM micrographs of the TiN coating prepared on the
310S stainless steel surface. The TiN coating presents a uniform and dense microstructure. There are
some spindle- or round-shaped microparticles on the TiN surface, which is similar to the result in the
literature [30]. The cross-sectional morphologies in Fig. 2b show that the coating/substrate interface is

well defined and that the thickness of the TiN coating is approximately 7 pm.
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Figure 2. The planar (a) and cross-sectional (b) SEM micrographs of the TiN coating

3.2 Electrochemical corrosion characteristics

Fig.3 shows the typical EIS curves of the TiN coating and 310S stainless steel substrate after 1 h
of immersion in synthetic tap water and 3.5% NaCl solution at 80 °C. The Nyquist plots present a similar
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impedance characteristic with an incomplete capacitive semicircle. It is apparent that the semicircle sizes
of the TiN coating in both test solutions are much larger than those of the 310S stainless substrate. In
synthetic tap water, the time constants from the charge transfer process in the low-frequency region and
passive film in the high-middle-frequency part overlap together and show one 6 peak in the Bode curves.
This result is similar to the results for 444 stainless steel in hot tap water [27]. Moreover, the 6 value of
the coated specimen is slighter than that of the uncoated specimen. For the 3.5% NaCl solution, the two
time constants overlapped as a horizontal platform. This result is in accordance with the results reported
in the literature [32-34]. In addition, both the 8 value and frequency range of the horizontal platform for
the TiN coating are larger than those of the 310S substrate.
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Figure 3. Typical EIS plots (a, ¢) Nyquist and (b, d) Bode for the specimens in (a, b) synthetic tap water
and (c, d) 3.5% NaCl solution at 80 °C

Based on these characteristics, the equivalent circuit displayed in Fig. 4 was adopted to fit the
EIS spectra in Fig. 3, where Rs represents the solution resistance, Rs and Cs represent the resistance and
capacitance of the passive film, and Rt and Cq represent the charge transfer resistance and double layer
capacitance, respectively [34]. Due to the nonideal capacitive response of the stainless steel/solution
interface, all the capacitance elements were replaced by the constant phase element (CPE) in the fitting

process [8, 34, 35]. The impedance of CPE can be expressed as follow:
1

Zeps = ———
CPE Yo(j(l))n
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where Yo is the admittance magnitude of CPE and n is the exponential term [34, 35].

Figure 4. Equivalent circuit for the electrode system stainless steel/NaCl solution

Table 2. The fitted results of EIS spectra in synthetic tap water and 3.5% NacCl solution.

Specimen  Rs (Qem’) (10-533 Qem? M (10-53503l cm?) M (k(ipmz)
Synthetic tap water
310S 198.2 9.69 0.87 9.85 0.87 3334
TiN coating 201.1 5.18 0.89 4.06 0.91 629.5
3.5% NaCl solution
3108 3.2 6.34 0.91 5.33 0.86 453.2
TiN coating 3.5 2.81 0.93 3.31 0.91 824.2

Table 2 presents the fitted results of the parameters. According to the literature, the polarization
resistance Rp, which represents the corrosion resistance, can be theoretically calculated by taking the
sum of Rfand Rt [8, 34, 35].
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Figure 5. Anodic polarization curves for the specimens in (a) synthetic tap water and (b) 3.5% NaCl
solution at 80 °C

In comparison with 3.5% the NaCl solution, the Rs value (approximately 200 Q cm?) is apparently
higher due to the low conductivity of the synthetic tap water. Both the TiN coated and uncoated 310S
stainless steel specimens have large R, values on the order of 10°~10° Q cm? in the test solutions at 80
°C. Moreover, compared to those of the 310S substrate, the R, values of the TiN-coated specimen are
much larger, whereas the Yo and Yo.ai values are clearly lower.Fig. 5 gives the potentiodynamic
polarization curves for the specimens in synthetic tap water and 3.5% NaCl solution at 80 °C, and the
corresponding electrochemical parameters are listed in Table 3. Both the coated and uncoated 310S
stainless steel specimens can passive spontaneously in the test solutions. In comparison with those of the
uncoated specimens, the passive current density of TiN-coated specimens was obviously lower and the
corrosion potential (Ecorr) was higher in both test solutions. In synthetic tap water, the current density of
the 310S substrate increased noticeably when the applied potential reached approximately 700 mVsc,
which corresponds to the oxygen evolution in the reaction: 2H,0 + 4e- — O + 4H" [36, 37]. For the
TiN-coated specimen, the oxygen evolution potential (Eevo) increased to approximately 950 mVsce. It is
believed that the oxygen evolution on the specimen surface could reduce the pitting sensitivity of
stainless steel [38].

However, the anodic polarization curves measured in 3.5% NaCl solution displayed some
different characteristics, as shown in Fig. 5 (b). The current density enlarged suddenly when the applied
potential was increased to a critical value, indicating the occurrence of stable pitting corrosion on the
electrode surface and the corresponding potential was defined as the pitting potential (Ep). The Ecorr and
E, values of the TiN-coated specimen were clearly higher than those of the 310S substrate specimen,
which agrees with the EIS results. The E, value of the 310S substrate shifts positively from 231+26 to
951+15 mVsce, whereas the AE (AE = Ep — Ecorr) value enlarges form 474+18 to 1089+23 mV. The
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obviously higher Ecorr and Ep values and much larger passive region indicate a tremendous improvement
in the pitting resistance of 310S stainless steel by the TiN coating.

Table 3. The corrosion parameters extracted from Fig. 5.

Sample Coated Uncoated

solution Synthetic tap water 3.5% NaCl Synthetic tap water 3.5% NaCl
Ecorr (mVscE) -142+10 -143+6 -353+16 -237+£5
Eevo o1 Epit (MVscE) 942+38 951 %15 70415 23126
AE (mV) 1084+ 14 1089123 1039427 474118

‘g‘.‘-“a‘ . L%
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Figure 6. SEM morphologies of the specimen surfaces after the polarization measurement: (a, b) in the
synthetic tap water, (c, d) in 3.5% NaCl solution; (a, c) for uncoated specimens, (b, d) for TiN
coated specimens

Nevertheless, the corrosion essence of the coatings is generally considered because aggressive
electrolytes diffuse to the substrate through defects (e.g., micropores and pinholes) in the coatings and
lead to corrosion [16, 40]. Additionally, TiN coatings inevitably contain defects [40]. Therefore,
additional work on the corrosion evolution of TiN coatings is necessary for the application of TiN-coated
310S in an electric water heater environment.
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4. CONCLUSIONS

Dense TiN coating with a thickness of about 7 pm was prepared on 310S surface via magnetron

sputtering. The growth orientation of TiN coating is mainly in the <1 1 1> direction with a columnar
structure. The TiN coating shows excellent spontaneous passivation property in hot tap water and 3.5%
NaCl solution. In comparison with the bare substrate, the corrosion potential, polarization resistance and
pitting potential of TiN-coated specimens are obviously higher. Clearly, the TiN coatings can
significantly enhance the pitting corrosion resistance of 310S stainless steel in aggressive environments
containing CI" such as hot tap water and brine solutions. These indicate that the TiN coating may be a
suitable choice for the corrosion protection of heating tubes in electric water heater.
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