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Abstract - The surface of the austenitic 316 stainless steel was modified by using two processes, i.e, de¢
glow discharge plasma and RF magnetron sputtering. The plasma nitriding was carried out at 500°C
under 3 mbar pressure for 5 h in presence of 4N,:1H, gas mixture. A thin layer of TiN was coated on
plasma nitrided samples by using RF magnetron sputtering.The phase formation, nitride layer, surface
nanohardness and corrosion current density were evaluated by X-ray diffractogram, optical microscope
and SEM, nanoindenter and electrochemical analyser. The untreated sample showed only yFe diffraction
pattern while after nitriding CrN phase with yFe and after coating only TiN phase diffraction pattern is
observed. The nitride layerof about 8-10 pm is observed in nitrided sample and TiN layer of about 200
nm is measured in TiN coated plasma nitride sample.The untreated 316 steel shows the surface
nanohardness about 1. 59 to 1.88 GPa. The nitriding improved the surface hardness about five times
(8.45GPa) and TiN coating further enhanced the surface hardness about seven times (13.16GPa) than
untreated sample. The corrosion potential (Ec,) of the plasma nitrided and TiN coated plasma nitrided
316 samples showing positive shift with reference to the untreated sample. The corrosion potential(Ec)
value of untreated, plasma nitride and TiN coated plasma nitrided 316 samples are -0.593 V, -0.443 V and
0.074 V, respectively. The corrosion current density (I, ) is considerably enhanced after nitriding and
TiN coating, i.e., 4.46 pAcm™ and 2.24 pAcm™ respectively than 15.13 pAcm™ for untreated sample. The
passivation current densities of samples measured at 0.6 V vs SHEare about 69.18 pAcm?, 18.62 pAcm™
and 3.16pAcm™, respectively.
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I. INTRODUCTION

The austenitic stainless steel is commonly used in chemical plant, food industries and corrosive environment
because of its excellent corrosion resistance property. The tribological industrial applications of this steel is
limited due to relatively lower wear resistance and hardness. Hence, to make it wide applicable for industrial
purpose, the surface properties is generally modified by using techniques like thermal nitriding, carburizing,
PVD and CVD coating, plasma source ion implantation, plasma immersion ion implantation and plasma
nitridingetc. Among these techniques, plasma nitriding is showing better improvement in mechanical and
tribological properties without losing the corrosion resistance properties and damaging the surface finish of the
component [1-4].Recent study shows that the stainless steel with improved surface properties could be an
alternative choice of graphite for bipolar plate application in fuel cell.

The functions of the bipolar plates in the fuel cell are (i) to separate the reaction gas, (ii) channeling the
reactive gas, (iii) providing supports to the membrane electrode assembly,(iv) bringing fuel to anode and oxygen
to cathode, and (v) working as a current collector for the electrons available in electrochemical reaction [5, 6].
The functionality can only be achieved if the materials stand with the properties like high electrical conductivity
to minimize power loss, good corrosion resistance, high gas impermeability and good mechanical strength [7,
8]. Additionally, it must be inexpensive and low processing cost involvement along with minimal volume and
weight because it accounts about eighty percentage of total weight and about forty five percentage of stack cost
[91.

Moreover, the graphite and its composites were conventionally used as a bipolar plate material due to low
interfacial contact resistance (ICR) and high corrosion resistance. But,high machining cost, low mechanical
strength, brittle in nature and large volume of graphite bipolar plates limits the commercialization of the fuel cell
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[10]. Therefore, the development of suitable light materials easy to construction and design the bipolar plates
possessing ideal characteristic are the key issue for the commercial application. In this regard, stainless steel of
316 grade is regarded as an alternative materials for bipolar plates due to low corrosion resistance in acidic
medium, superior manufacturability, cost effectiveness, low gas permeability, higher mechanical strength, better
durability to shock and vibration[11].The formation of passive layer and the dissolution of corrosion product in
catalyst increase the ICR and decreases the efficiency of the fuel cell [12]. Hence, the further attempt has been
taken by various researchers to enhance the corrosion current density and also improve the ICR in order to meet
the Department of Energy (DOE) 2020 technical targets of 1 pAcm™ (0.5 M H,SO, + 5 ppm HF, 70°C) and 10
mQcm? at compaction pressure of 1.5 MPa [13].

Furthermore, it is also reported that the surface modification of steel with metal nitride significantly improves
the surface hardness,corrosion current density and ICR. The surface modification perform below 550°C
enhanced the surface hardness about three to four fold than base materials [1, 2] and improves the corrosion
properties considerably. For example, CtrN coated (4.5 mm thick) 316L steel achieved current density (lorr)
about 10 pAcm™and ICR about 30 mQem?*[14],Cr,N films (2 mm thick) achieved |grand ICR of 1.77 pAcm™
at 0.6 V (1 M H,SO, + 2 ppm HF, 80°C) and 50 mQcm?at 1.5 MPa respectively[15]. A coating ofCr,N film on
316L sheets showed |y about 5 uAcm’2 at 0.6 V (0.5 M H,SO, + 5 ppm HF, 70°C) and ICRabout 6.9-10.0
mQcm’under 0.8-1.2 MPa. [16]. Further amorphous carbon coating on CrN coated 316L steel results enhanced
leorof 3.56 pAcm™ at 0.6 V and contact resistance of 8.3-5.2 mQcm”under 1.2-2.1 MPa than CrN coated 316L
steel [17].0n other hand, TiN has been well established materials for coating the cutting tool because of their
high wear resistance, hardness and low friction coefficient characteristics [18]. Subsequently, it is also observed
that TiN coating shows very good corrosion resistance and metal-like electrical conductivity [19].

However, little attention has been paid to determining the corrosion performance of TiN coatings on a
metallic substrate under fuel cell environmental conditions. There is no report available on the study of
corrosion behavior of TiN coated plasma nitride 316 stainless steel. Hence, the present study was aim to develop
a hybrid coating on austenitic 316 stainless steel base materials for improving the mechanical and corrosion
current density. In this regard, the austenitic 316 stainless steel has been selected as a base materials and which
was plasma nitrided at 500°C. Thereafter, the TiN was coated on plasma nitridedaustenitic 316 stainless steel
sample using RF magnetron sputtering. The structural, mechanical hardness and corrosion resistance of surface
modified 316 stainless steel was investigated in order to improve the protective ability for bipolar plate
applications. After surface modification, the phase formation, diffusion layer thickness, surface hardness, and
the corrosion properties have been analyzed using X-ray diffraction (XRD), optical microscopeand SEM,
nanoindenterand Electrochemical analyzer, respectively.

II. EXPERIMENTAL PROCEDURE
A. Materials and sample preparation

Commercial AISI 316 austenite stainless steel of chemical compositions (C: 0.03, Cr: 16.00-18.00, Ni:10.00-
14.00, Si:0.8, Mn:1.7, S:0.030, P:0.045, and Balance Fe) was selected as a base materials for the present
investigation. The stainless steel sheets of 1.5 mm thickness were cut into specimens of 10x10 mm size in
square shape. The specimen were grounded with SiC papers from #80 up to #1200 grit and polished
mechanically with 1 pm diamond paste. The polished specimens were washed with acetoneand dried at room
temperature.

B. Plasma nitridingprocess and Titanium nitride film deposition

Glow discharge plasma nitriding process was carried out in anautomated bell shaped stainless steel vacuum
chamberusing a D.C. pulsed power supply. The mechanically prepared surface finished samples were placed on
the sample holder in the reactor. After that, the vacuum chamber was evacuated to a base pressure of 1 mbar for
sputter cleaning. Prior to the plasma nitriding, the samples were sputter cleaned in presence of Arand
Hjatmosphere for lhat 250°C to remove the native oxide layer if present and expose the surface for
plasmanitriding. The plasma nitriding was carried out in presence of 80% Nitrogen (N,) and 20% Hydrogen
(H) under a pressure of 3 mbar at 500°C for 5 h.After plasma nitriding, the samples were cooled in same
atmosphere up to room temperature. Thereafter, the nitrided sample were transferred into RF-magnetron
sputtering unit made by Plasma consult, Germany for TiN film deposition. In this process, a typically Ti target
of two inch were sputtered in presence ofAr and N, (1:1) mixture at at 5 x10” mbar for 2h.

III. CHARACTERIZATION PROCEDURE
A. Structural analysis
The phase analysis ofuntreated, plasma nitrided and TiN coated plasma nitride 316 steel were analyzed by
using Powder x-ray diffraction (XRD) with a Bruker D8 Advance x-ray diffractometer.The X-ray diffraction
(XRD) studies was carried out using Cu anode X-ray tube, operated at 40 kVand 40 mA to get Cu Ka radiation
(A=1.5406 A). The diffraction patterns were obtained in the 20 ranges of 30-90° with the step size of 0.02° and
counting time of 1 s per step. The case depth of the nitrided layer was revealed by using a 2% Nital etchant and
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examined with a Liecamade optical microscope at a magnification of 100X.The TiN layer was examined using
Scanning electron microscope (SEM), Jeol, Japan, Model JSM-6390LV.

B. Nanoindentation Testing

The nanoindentation measurements were performed to measure the surface hardness of untreated, plasma
nitrided and TiN coated plasma nitride 316 stainless steel samples by using Nano-indenter, CETR Brucker,
model DFHS5, USA. Prior to the indentation, the sample was kept under the AFM and an appropriate area was
chosen for indentation. Indentations were made on the desired area using a Berkovich diamond indenter of 100
nm tip radius. Multi-cycling progressive load and depth control nanoindentation methods have been used to
evaluate the surface hardness properties of the samples.

C. Electrochemical analysis

Corrosion behavior of untreated, plasma nitrided and TiN coated plasma nitrided 316 stainless steel samples
were carried out by potentiodynamic test in 0.5M H,SOysolution in astimulated environment by conventional
three electrode system. The potentiodynamic test were conducted with CH instrument, USA, model 680B
electrochemical workstation equipped with CHI660B software controlled by a computer. In this test, the
samples was worked as a working electrode, platinum as a counter electrode and Ag/AgCl electrode as the
reference electrode. A copper wire was connected to backside of the all samples for electrical connection and
further backside of the samples were covered with insulating epoxy. Untreated surface,nitrided surface and TiN
coated surface were exposed to solution for electrochemical measurements. Prior to the corrosion tests, all the
samples were stabilized at open circuit potential for 30 min, and then the potential was swept from -1.2 V to 1.2
V (vs. SHE), below open circuit potential at a scanning rate of 1 mVs™. In order to evaluate the stability of the
samples, Potentiostatic experiments were conducted for approximately 1000 seconds in the solution as a
function of time under PEMFCs operation conditions.

IV. RESULTS AND DISCUSSION
A. Phase analysis

X-ray diffraction patterns of untreated, plasma nitrided and TiN coated AISI 316 austenite stainless steel
samples are shown in Fig. 1. The untreated 316 sample (Fig. l1a) displays total three characteristic y-phase
peaks. These observed peaks correspond to the (111), (200), and (220) reflection planes [20]. After plasma
nitriding, the CrNpeaks are observed along with small displacement in y (111) peak towards higher diffraction
angle as shown in Figure 1(b).Figure 1(c) shows the diffraction peaks of TiN phase that corresponds to the (111)
and (200) planes of TiN, and the intensity of the y-phases is decreased in comparison to uncoated plasma nitride
sample. The decrease in intensity confirms the TiN coating is thin.In Figure 1(c), the diffraction peaks of (111)
plane is strongest in present case that of (200) plane in standard diffraction pattern [21]. Further the intensity
ratio (111)/(200) is about 1.5 times higher than standard ratio.Thus, the growth orientation of the TiN was
mainly in the (111) direction, which is consistent with the findings of other researchers [22-24]. The interplaner
spacing (d) of all the observed y-peaks are calculated using Bragg’s equation 2d Sn® = nA. With plasma
nitriding, the d-value is decreased from 0.20742 nm for untreated to 0.20711 nm for plasma nitrided. The
reduction in d-value is probably due to compressive stress resulting from CrN phase segregation on the surface
of the steel sample. Using Debye Scherer formula, the TiN crystallite size of 200 nm was estimated.

B. Nitride and TiN layer thickness

Figure 2 shows the surface images of austenitic 316 stainless steel after plasma nitridng and TiN coating,
nitride depth and TiN coating thickness. Figure 2 (b) shows the golden color surface image taken from the TiN
coated plasma nitrided sample surface. This is the characteristics color of TiN coating. The nitrogen diffusion
about 8-10 pm measured from optical microscope is shown in Figure 2(c). Further the SEM image of the TiN
and nitride layer is shown in Figure 2(d). The TiN layer thickness about 200 nm and nitride layer about 10 pm is
observed.
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Fig. 1. X-ray diffraction patterns of (a) untreated (b) plasma nitrided and (c) TiN coatedplasma nitrided austenitic 316 stainless steel.
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Fig.2.Surfaceimage of austenitic 316 steel after (a)plasma nitridingand (b) TiN coating on plasma nitrided surface; (c) optical image of
nitride depth;and (d) SEM image of TiN and nitride layer.

C. Surface hardness

The nanohardness of the untreated, plasma nitrided and TiN coated plasma nitrided austenitic 316 stainless
steel was measured using a nanoindenter by applying a uniform load of 2 to 25 mN. The hardness values as a
function of penetration depth for these samples are displayed in Figure 3. All samples shows the decreasing
trend of hardness with the penetration depth. In Figure 3 (a), the hardness of untreated 316 steel is in the range
of 1. 59 to 1.88 GPa. The untreated samples shows initially a maximum hardness of about 1.88 GPa which
could be contributed due to stress induced near the surface during sample preparation. After plasma nitriding,
the nanohardness values is enhanced and lies in the range of 2.92 to 8.45 GPa which is two to five times higher
than untreated sample. The enhancement in hardness in nitrided sample is due to formation of CrN phase at the
surface of 316 steel as observed in X-ray pattern in Figure 1(b) [1]. The surface hardness is further enhanced
after TiN coating. The value of the surface hardness are ranging from 3.46 to 13.16 GPa as depicted in Fig. 3(c).
The enhancement in hardness could be explained on the basis of the stress gradients arising from two competing
stress generation mechanism, namely growth-induced point defects known as compressive stress as a
consequence of atomic peening, and void formation known as tensile stress as a consequence of surface
roughness and shadowing effect.
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Fig.3. Surface hardness of (a) untreated (b) plasma nitrided and (c) TiN coated plasma nitride austenitic 316 stainless steel
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Fig.4.Polarization curve of (a) untreated (b) plasma nitrided and (c) TiN coated Plasma nitrided 316 stainless steel.

D. Electrochemical study

The electrochemical polarization curve of untreated, plasma nitride and TiN coated on plasma nitrided 316
austenite stainless steel samples are portrayed in Figure 4. The polarization curves were recorded in simulated
PEMFCs environments through air purging. The activation and passivation turning points in polarization curve
supports the formation of passive film on the surface of both plasma nitrided and TiN coated plasma nitrided
samples. In Figure 4 (b and c), the corrosion potential (Ecqyy) of the plasma nitrided and TiN coated plasma
nitrided 316 samples showing positive shift with reference to the untreated 316 sample confirms the surface
modification impeding the corrosion in the present environment. The obtained Ecy; value of untreated, Plasma
nitride and TiNcoated plasma nitrided 316 samples are -0.593 V, -0.443 V and 0.074 V, respectively. The
corrosion current density (Icor) is 15.13 pAcm™, 4.46 pAcm?, 2.24 pAcm?, respectively. The passivation
current densities of samples measured in the PEMFCs cathodic environment (about 0.6 V vs SHE) are about
69.18 pAcm?, 18.62 pAcm™ and 3.16 pAcm?, respectively. The TiN coating significantly improves the current
density in comparison to both samples. The enhancement in current density is probably due to smooth TiN
coating on the 316 steel surface (as shown in Fig. 2(c) and also the conducting nature of the TiN coating.
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Fig. 5.Potentiostatic curves of (a) untreated (b) plasma nitrided and (c) TiN coated plasma nitridedaustenitic 316 stainless steel

Furthermore, the stability of untreated, plasma nitrided and TiN coated plasma nitrided 316 stainless steel
samples were analysed by performing potentiostatic test in simulated environment solution for 1000 seconds.
The current density measured as a function of operating time from the potentiostatic polarization test are shown
in Fig. 5. In Figure 5, it can be seen that the current density is decreased rapidly when potential was applied.
Initially, the current density of all samples decreases in the beginning and gradually stabilizes at a lower current
density which implies that the a stable passive film is formed on the surface of the samples. The current density
of the untreated sample stabilized in the range of 1x10°Acm™, plasma nitride in the range of 4x10°Acm™ and
TiN coated plasma nitride in the range of 8x107Acm™. The stabilization current density of plasma nitrided
sample is one order of magnitude lower than that of untreated sample. However, for TiN coated plasma nitrided,
it is two order of magnitude lower than that of untreated sample.

V. CONCLUSIONS

The surface modification of the austenitic 316 stainless steel was successfully carried out in two different
stages, i.e, using dc glow discharge plasma nitriding at 500°C under 3 mbar pressures for 5 h in the presence of
Ny:H, gas mixtures of 4:1 ratios and RF magnetron sputtering for titanium nitride (TiN) coating. The bare
austenitic 316 stainless steel shows only pure YFe characteristic peaks. After plasma nitriding the new phase
CiN is formed. The growth of the TiN particles in <111> direction is identified from X-ray diffraction. The
nitrogen diffusion depth of is about 10 um and the thickness of TiN layer is about 200 nm. Plasma nitriding
enhanced the hardness about five times (8.45GPa) whereas the TiN coating about seven times (13.16 GPa) than
untreated samples (1.88GPa). The potentiodynamic result shows the positive shift in the corrosion potential
(Ecorr) after surface treatment. The TiN coating considerably enhanced the corrosion current density () to
2.24 pAcm? from 15.13 pAcm™ for untreated stainless steel. The passivation current densities of after TiN
coating measured at 0.6 V vs SHE is 3.16 pAcm™.
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